ABSTRACT
Gloria E. Malpass. INTERACTION OF MEMANTINE WITH ETHANOL CONSUMPTION
AND DOPAMINERGIC FUNCTION IN HIGH ETHANOL PREFERRING RATS. (Under
the supervision of Dr. Brian A. McMillen) Department of Pharmacology and Toxicology,
November 2009.
N-methyl-D-aspartate (NMDA) receptor antagonists have been reported to
decrease ethanol consumption in rodents, but these drugs often produce adverse side
effects. Memantine is a neuroprotective and low-affinity, noncompetitive NMDA receptor
antagonist shown to be an effective treatment for Alzheimer’s disease with a favorable
clinical profile. This study investigated effects of memantine on volitional ethanol
consumption in the Myers’ high ethanol preferring (mHEP) rat using a two-choice 24
hour access paradigm. Memantine was found to reduce ethanol consumption in an
apparent dose-dependent manner. Behavioral experiments indicated that memantine, at
a dose shown to decrease ethanol consumption, did not adversely affect locomotor
ability and activity, induce sedation, or add to ethanol-induced hypothermia. Previously,
ethanol has been shown to alter levels of dopamine metabolism (DA) in brain regions
receiving DA input in the DA reward pathway. Therefore, high performance liquid
chromatrography (HPLC) was used to compare levels of DA metabolism in the medial
prefrontal cortex (mPFC), nucleus accumbens (NAc), and striatum (STR) of rats treated
with saline, memantine (10.0 mg/kg, i.p.) and/or ethanol (1.0 or 2.5 g/kg, i.p.). No
significant treatment effects were detected in levels of DA or its metabolite, 3,4dihydroxyphenylacetic acid (DOPAC). Ethanol (2.5 g/kg) increased striatal DOPAC to
levels bordering on significance, but mematine clearly produced no effect. To determine
if memantine alters ethanol intake via signaling downstream of activation of the DA D1
receptor, Western blots were used to compare effects of the same treatments on levels

of DARPP-32, a protein implicated as an intracellular regulator in ethanol reward, and its
phosphorylation at Thr34 and Thr75 sites in the mPFC, NAc, and STR. Bands for
phospho-DARPP-32 (Thr34) in the mPFC were undetectable. All other blots indicated
no significant treatment effects on levels of DARPP-32 or its phosphorylation at Thr34
and Thr75 sites. Together, these results suggest that mechanisms which do not involve
glutamate and the NMDA receptor may also activate ethanol reward in the mHEP rat,
and a mechanism not downstream of the DA D1 receptor is involved. The effect of
memantine on consumption of ethanol does not involve modification of the DA/DARPP32 signaling system.
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CHAPTER 1

INTRODUCTION

2

LITERATURE REVIEW

Alcohol Use: A Historical Perspective
The production and consumption of alcohol has been prevalent throughout
history. Archaelogical artifacts and literary documents describe customs and regulations
developed around the production and use of alcoholic beverages. Historically, alcoholic
beverages have been used throughout the world for ceremonial, religious, medicinal,
and social purposes. While the use of alcohol has been described as good and
beneficial, there have also been reports of negative consequences associated with
alcohol use. Historical writings make reference to “the evils”, mental and physical
illnesses, and “all sorts of malign consequences” such as fatal accidents resulting from
alcohol consumption (cf. Keller, 1979).
In the 18th century, Anthony Benezet, a Quaker teacher, and Benjamin Rush, a
physician, challenged popular beliefs which held that alcohol use conveyed health
benefits. Rush, who has been called “the first American authority on alcoholism and the
father of the American public health movement”, referred to habitual drunkenness as a
disease, and more specifically, an addiction (cf. Keller, 1979). Today, alcohol may be
the most widely used drug of abuse in the world. In 2004, the World Health Organization
(WHO) estimated that approximately 2 billion people worldwide consumed alcohol and
76.3 million people worldwide exhibited diagnosable alcohol use disorders while the
United Nations Office on Drugs and Crime (2004) estimated that 185.0 million people,
globally, used illicit drugs annually between 2001 and 2003. Furthermore, the WHO has
reported a causal relationship between alcohol consumption and more than 60 types of
disease and injury. Alcohol use is an underlying risk factor for diseases including mouth
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and oropharynx cancers, ischemic heart disease, and cirrhosis of the liver, and for injury,
including road traffic accidents, poisonings, falls, and intentional injuries, and also incurs
significant social and economic costs (World Health Organization Department of Mental
Health and Substance Abuse, 2004). Alcohol addiction, also called alcohol dependence
and alcoholism, has been linked to the chronic consumption of dense alcoholic
beverages such as brandy, whiskey, and vodka rather than “the reasonable daily
consumption of light alcoholic beverages”, i.e. up to 300 g wine or 750 g beer (cf.
Karkoulias et al., 2008).

Alcohol Abuse and Alcohol Dependence
In the Diagnostic and Statistical Manual, 4th Edition (DSM-IV), the American
Psychiatric Association has defined alcohol abuse and alcohol dependence as
maladaptive patterns of alcohol use leading to clinically significant impairment or
distress. Alcohol abuse is manifested by one or more of the following in a 12-month
period: recurrent alcohol use leading to a failure to fulfill major obligations at work,
school, or home; recurrent alcohol use in situations in which alcohol use is physically
hazardous; recurrent alcohol-related legal problems; and continued alcohol use despite
its adverse effects on social or interpersonal situations. To be defined as alcohol abuse,
the symptoms must have not previously met the criteria for alcohol dependence. Alcohol
dependence is manifested by three or more of the following symptoms occurring at any
time in a 12-month period: tolerance; withdrawal; alcohol consumption in larger amounts
or over a longer period than intended; a persistent desire or failed attempts to reduce or
control alcohol use; a large amount of time being spent to obtain or consume alcohol or
to recover from the effects of alcohol; important activities being neglected or reduced

4

due to alcohol use; and continued alcohol use despite knowledge of having a persistent
or recurrent physical or psychological problem likely to have been caused or worsened
by alcohol (American Psychiatric Association, 1994).
Cloninger and colleagues (1988) have divided alcoholism into two subtypes
based on distinct alcohol-related symptoms, personality traits, ages of onset, and
patterns of inheritance. Type 1 alcoholics are characterized by anxious (passivedependent) personality traits and rapid development of tolerance and dependence on
the anti-anxiety effects of alcohol. These drinkers lose control, have difficulty ending
binges once they begin, feel guilty, and experience liver complications following socially
encouraged exposure to alcohol use. Type 2 alcoholics are characterized by antisocial
personality traits and persistent seeking of alcohol for its euphoriant effects. These
drinkers experience an early onset of inability to abstain entirely from alcohol use and
are involved in fighting and arrests when drinking (Cloninger et al., 1988).

Genetics and the Development of Alcohol Use Disorders
A review by Merikangas (1990) reports that most family, twin, and adoption
studies suggest that alcoholism can often be attributed to genetic factors, and that
exposure, metabolism, or pharmacological effects of ethanol may be preconditions that
lead to the development of tolerance and/or dependence. Mouse studies have shown
that glutamate activity in the nucleus accumbens has an active role in regulating alcohol
consumption, which suggests that predisposition to high alcohol intake involves genetic
factors that facilitate alcohol-induced adaptations in glutamate release within the nucleus
accumbens (NAc) (Kapasova and Szumlinski, 2008). Initiation and early patterns of
alcohol use have been attributed to social and familial environmental factors while later
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levels of alcohol use have been attributed to genetic factors (Kendler et al., 2008).
Variations in the influence of genetic factors on alcoholism may be partially due to
individual differences in motivations related to consumption of alcohol in social settings.
Although consumption of alcohol to manage mood may overlap with a genetic risk for
alcoholism, use of alcohol as a mood stabilizer is not viewed as a direct cause of
alcoholism (Prescott et al., 2004). Among drinkers of alcohol, the degree of twin
resemblance for consummatory behaviors is low to moderate and appears to be
regulated by shared genes rather than shared environments (Prescott et al., 1994).

Costs Associated with Alcohol Abuse and Alcohol Dependence
In addition to detrimental health and injury-related consequences, alcohol use
disorders severely impact the economy. In the U.S., the overall economic cost of
alcohol abuse was reported as being $185 billion for 1999 with greater than 70 percent
of the cost being attributed to lost productivity and another 14.3 percent attributed to
health care expenditures. Other costs involved alcohol-related automobile accidents
and judicial system costs due to alcohol-related crime (National Institute on Alcohol
Abuse and Alcoholism, 2001). A more recent report estimated the total economic costs
of alcohol in the U.S. to be $235 billion (Rehm et al., 2009).

Current Trends
Many reports indicate that the age at which a person first consumes alcohol is
associated with the development of later alcohol dependence or alcohol abuse
(Buchmann et al., 2009; Grant and Dawson, 1997; Grant et al., 2001a; Grant et al.,
2001b; Pitkanen et al., 2008; Prescott and Kendler, 1999; Substance Abuse and Mental
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Health Services Administration, Office of Applied Studies, 2008). In 2007, 15.9% of
adults (aged 18 or older) who first consumed alcohol at age 14 or younger met the
criteria for alcohol dependence or alcohol abuse while only 3.9% of adults who first
consumed alcohol at age 18 or older were classified with either disorder (Substance
Abuse and Mental Health Services Administration, Office of Applied Studies, 2008).
The Substance Abuse and Mental Health Services Administration defines a
person’s need for alcohol treatment as a person meeting the DSM-IV criteria for alcohol
dependence or abuse. Based on the SAMHSA 2007 National Survey on Drug Use and
Health (NSDUH), 7.8% (19.3 million) of persons aged 12 or older needed treatment for
their alcohol problems in the prior year, but the majority of those needing treatment
either failed to perceive the need or did not receive it for other reasons. Based on
combined data from the 2004 to 2007 SAMHSA NSDUH for those who felt that they
needed alcohol treatment but did not receive it, the most common reasons cited were
unpreparedness to cease alcohol use (45%) and cost or insurance barriers (34.5%)
(Substance Abuse and Mental Health Services Administration, Office of Applied Studies,
2008). A review by Clay and colleagues (2008) suggests that delaying treatment for an
addict who is unprepared to receive help can be dangerous and detoxification alone is
often ineffective. Pharmacological and cognitive-behavioral interventions with addicts
have been proposed as potentially being as successful in the treatment of addiction as in
the treatment of other chronic diseases (Clay et al., 2008).

Pharmacological Treatments for Alcohol Dependence
The pharmacological treatments currently used to treat alcoholism include
disulfiram, an aldehyde dehydrogenase inhibitor, naltrexone, an opioid receptor
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antagonist, and acamprosate, a glutamate receptor antagonist (cf. Heilig and Egli, 2006;
Mark et al., 2009). These drugs are characterized by different mechanisms of action as
well as limitations regarding their efficacies (cf. Heilig and Egli, 2006).

Disulfiram
For many years, disulfiram was the only medication used to aid sobriety.
Disulfiram inhibits aldehyde dehydrogenase, causing acetaldehyde to accumulate when
alcohol is consumed. This produces several adverse side effects which include flushing,
shortness of breath, tachycardia, headache, and nausea. The rationale for treatment of
alcoholism with disulfiram is based upon the belief that patients will avoid alcohol use to
prevent these adverse effects. However, due to the unacceptable medical risk
associated with the effects of acetaldehyde accumulation, patients who continue to
consume alcohol while taking disulfiram should not be treated with this medication.
While evidence for the efficacy of disulfiram is lacking, disulfiram has been found to be
effective when given under supervision, which indicates that compliance is another
major issue. Overall, this drug does not directly target the core phenomena of alcohol
dependence and is viewed as an outmoded treatment (cf. Heilig and Egli, 2006).

Naltrexone
Naltrexone, an opioid receptor antagonist with a relative selectivity for the μopioid receptor at lower doses, has been shown to be a clinically effective oral treatment
for alcohol dependence (cf. Heilig and Egli, 2006). It has been proposed that ethanol
stimulates opiate receptors by either increasing the release of endogenous opioid
peptides (Blum et al., 1982), which leads to mesolimbic dopamine release (DA), a known
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contributor to the acute positive reinforcing properties of drugs of abuse (cf. Kreek et al.,
2002), or by forming aberrant metabolites (Davis and Walsh, 1970; Myers, 1989). Since
naltrexone blocks the endogenous opioids that mediate the acute positive reinforcement
of ethanol, this drug should aid patients whose alcoholism is characterized by reward
craving (Anton, 2008; cf. Heilig and Egli, 2006). This implies that naltrexone is an
effective treatment for early onset, type 2 alcoholics. However, despite its welldocumented efficacy and safety, naltrexone has not been widely prescribed to alcoholic
patients (cf. Heilig and Egli, 2006).

Acamprosate
Acamprosate is a glutamate receptor antagonist whose precise molecular
mechanisms of action are unknown. It has been proposed that acamprosate attenuates
NMDA signaling by acting as a partial agonist at the spermidine site and by acting at
metabotropic glutamate receptors. This drug selectively blocks dependence-induced
drinking, and normalizes the progressive recruitment of elevated extracellular glutamate
that occurs with repeated cycles of intoxication and withdrawal (cf. Heilig and Egli,
2006). The recommended dosage of acamprosate is up to 2 g/day divided into three
doses (Saivin et al., 1998). The large doses and the dosing regimen required may limit
the efficacy of acamprosate as a therapy for alcohol dependence (cf. Heilig and Egli,
2006).

Other Proposed Pharmacological Therapies
Based on the idea that naltrexone and acamprosate might produce an additive
effect, combination therapy with these two drugs is being studied as a potentially more
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efficacious treatment for alcoholism. Other medications proposed for the near future
include the serotonin (5-HT) antagonist odansetron, the metabotropic GABA-B receptor
agonist baclofen, and the anti-epileptic topiramate. Novel treatments and targets being
explored as potential alcoholism therapies include cannabinoid CB1-receptor
antagonism, metabotropic glutamate receptor 5 (mGluR5) antagonism, metabotropic
glutamate receptor 2/3 (mGluR2/3) agonism, corticotropin-releasing factor (CRF)
receptor antagonism, neuropeptide Y (NPY) receptor antagonism, and nociceptin
receptor agonism (cf. Heilig and Egli, 2006).

Animal Models and Experimental Paradigms
The development of a pharmacological therapy for alcoholism requires an
appropriate animal model and an experimental paradigm that models the characteristics
of addiction in man. Many animals consume low to moderate levels of alcohol for its
gustatory or caloric properties, or for the modest positive reinforcing effects of its acute
pharmacological actions. However, a reduction in volitional consumption of ethanol
induced by a medication under these conditions does not provide adequate information
as to whether the same drug will be effective in reducing drinking, craving and relapse in
alcoholic patients. While many medications reduce basal alcohol consumption levels in
animals lacking a history of dependence or excessive drinking due to genetic selection,
these same drugs often fail to effectively decrease alcohol intake in alcoholic patients.
Therefore, paradigms which model the characteristics of addiction, such as excessive,
compulsive and persistent ingestion patterns, and those mimicking the conditions that
precipitate craving and relapse are important when determining the potential therapeutic
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efficacy of medications in the treatment of alcoholism (cf. Heilig and Egli, 2006;
McMillen, 1997).
The production of animals that are genetically susceptible to high volitional
consumption of ethanol and model the development of alcohol abuse and alcohol
dependence involves selective breeding which increases the genetic propensity
component, i.e. frequency of alleles, that influence alcohol preference and intake (Bice
et al., 2008; cf. Heilig and Egli, 2006; Myers et al., 1998; Winkler et al., 1999). The most
widely studied selectively-bred alcohol-preferring rat lines include the AA (Finland), P,
HAD (US), sP (Italy), and UChB (Chile) which all exhibit, in varying degrees, the
behavioral and physiological characteristics observed in children of alcoholics, alcohol
abusers, and alcoholics, which differ from those of non-drinkers or light drinkers. In
addition to high ethanol consumption and preference, selectively bred alcohol-preferring
rats exhibit phenotypic characteristics, including alterations in the functions of the 5-HT
and DA systems. that are evident in human alcoholics (cf. Heilig and Egli, 2006; Murphy
et al., 2002).
Myers and colleagues (1998) developed a genetic strain of high ethanol
preferring (mHEP) rats whose progenitors included three male alcohol-preferring P rats,
obtained from T.-K. Li of the Indiana University Alcohol Research Center, and three
female Sprague Dawley rats, purchased from Harlan Sprague Dawley Inc., whose
selection was based on an ethanol drinking screen. The line is maintained by breeding
non-sibling males and females that are selected based on an ethanol drinking screen. A
model for Type 2 alcoholism, the mHEP rat is characterized by early onset of heavy
alcohol consumption and a strong family history of severe alcoholism (Cloninger et al.,
1988). These rats exhibit profuse volitional consumption of ethanol, a preference for
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ethanol in the presence of palatable alternatives, and levels of blood ethanol that
correspond essentially with the respective amounts of ethanol consumed (Myers et al.,
1998).

Addiction
Addictive drugs, like natural rewards, preferentially stimulate DA transmission in
the NAc shell. While the response to natural rewards undergoes one-trial habituation,
addictive drugs produce a response that resists habituation, which allows addictive
drugs to activate DA transmission in the shell without attenuating the response upon
repeated self-administration. This process facilitates abnormal associative learning,
leading to excessive motivational value being assigned to the discrete stimuli or to the
contexts predictive of drug availability (cf. Di Chiara et al., 1999; cf. Di Chiara, 1999).
According to this associative learning hypothesis, drug addiction results from: (1) the
rewarding properties of drugs; (2) the ability of these drugs to activate DA transmission
in the NAc shell; (3) the resistance of both the rewarding properties of the drugs and the
activation of DA transmission in the NAc shell to properties of negative adaptive
modulation, consisting of satiation and habituation, after repeated drug exposure; and
(4) the adaptive changes induced by repeated drug exposure which lead to the negative
emotional state of abstinence (cf. Di Chiara et al., 1999).

Ethanol and Addiction
Multiple neurotransmitter systems, including DA, 5-HT, glutamate, GABA, and
opioid peptides, in the brain reward systems have been implicated in the reinforcing
properties of ethanol, and it has been suggested that some of these neurotransmitters
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may be acting on some of the same neural circuitry involved with the reinforcing actions
of other drugs of abuse. Alcohol dependence has been associated with changes in the
actions of these neurotransmitters in these reward systems as well as other
neurotransmitters such as brain corticotrophin releasing factor (CRF). A pathway that
connects the midbrain and forebrain and involves parts of the NAc and amygdala (AMY)
has been proposed as being a central component in the neuropharmacology of alcohol
reinforcement (cf. Koob, 1992; cf. Koob et al., 1994). Rassnick and colleagues (1993)
demonstrated that rats with 6-hydroxydopamine (6-OHDA)-induced lesions of the
mesolimbic DA system to produce major depletions of DA in the nucleus accumbens,
olfactory tubercle (OT), frontal cortex (FC), and AMY, did not change ethanol selfadministration as measured by total lever presses, but did show an altered pattern of
responding for ethanol. This suggests that the mesolimbic DA system may contribute to
ethanol reinforcement, but is not critical for maintaining the reinforcement.

Dopamine Receptors
DA is a catecholamine predominantly involved with reinforcement, reward, some
aspects of craving, sustained alcohol use, and potential relapse after prolonged
abstinence in an alcohol-dependent person (Anton, 2008). DA receptors are divided into
two major classes based on structure and opposing modulation of adenylyl cyclase (AC)
activity. The D1-like receptors include the D1 and D5 subtypes which are positively
coupled to AC. The D2-like receptors include the D2, D3, and D4 subtypes which are
negatively coupled to AC and inhibit the production of cyclic adenosine monophosphate
(cAMP). Widely expressed in several DA-innervated areas of the brain, DA D1 and D2
receptors are highly expressed in the dorsal striatum, nucleus accumbens, and OT, with
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lower levels of expression in the septum, hypothalamus (HYPO), and cortex (CTX). DA
D1 and D2 receptor expression in the hippocampus (HI) is minimal or non-existent. DA
D3 receptor mRNA is found in the OT, Island of Calleja complex, and in the medium
spiny neurons (MSNs) of the NAc shell. DA D3 receptor mRNA is also found in the
ventral tegmental area (VTA), AMY, HI, septum, and mammillary nuclei of the HYPO.
DA D4 receptor mRNA is found mainly in the FC, medulla, and AMY. Low levels of DA
D4 receptor mRNA are found in the STR, OT, and HI. DA D5 receptor mRNA is found
only in the HI, HYPO, and parafascicular nucleus of the thalamus with low levels located
in the CTX and striatal complex. DA D5 receptors are expressed in cholinergic neurons
in the basal forebrain, STR, and cerebral CTX (cf. Dalley and Everitt, 2009).
Acute alcohol use stimulates neurons in the VTA, inducing DA release in the
NAc. The NAc mediates reward, pleasure, and the assignment of salience to important
environmental stimuli, while environmental cues associated with alcohol use may
enhance this effect (cf. Anton, 2008).

Mesolimbic and Mesocortical Pathways
The mesolimbic DA reward pathway (Figure 1.1) and the mesocortical pathway
are the two major neurological pathways involved in addiction (cf. Clay et al., 2008).
Many drugs act at specific receptors in specific classes of neurons. Studies of drug
reward have implicated dopaminergic neurons as a major factor in brain reward. The
reward circuitry is multisynaptic with multiple transmitters and neurons being involved
(cf. Wise and Rompre, 1989). Most agents acting as substrates for self-administration
increase DA outflow in the mesolimbic or mesocortical areas (Brodie et al., 1990).
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Figure 1.1. Dopaminergic and glutamatergic projections in the limbic reward system. In
this illustration of the rat brain (sagital view), solid lines indicate dopaminergic projections
and broken lines indicate glutamatergic projections. (NAc = nucleus accumbens; NSTR
= neostriatum; PFC = prefrontal cortex; VP = ventral pallidum; VTA = ventral tegmental
area).
[Adapted from Sigma-Aldrich; Available November 18, 2009;
http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Instructions/limbic_reward_circuit.
Par.0001.File.ppt.]
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The mesolimbic system involves a large dopaminergic projection from the VTA
which is rich in DA-containing neurons (Brodie et al., 1990) to the NAc, tuberculum
olfactorium, septum lateralis, and nuclei interstitialis stria terminalis. This circuit also
consists of projections from the VTA to the amygdaloid nuclei, the olfactory nuclei, and
entorhinal CTX, and a minor projection to the HI (cf. Oades and Halliday, 1987). The
function of the mesolimbic DA pathway can be altered by drugs of abuse to produce
uncontrolled cravings (cf. Clay et al., 2008). The mesocortical pathway involves
projections to sensory, motor, limbic, and polysensory association cortices. The most
significant projections from the VTA connect to the prefrontal, orbitofrontal, and cingulate
cortices (cf. Oades and Halliday, 1987). The PFC, which is involved in decision-making
and suppresses inappropriate reward response, can be altered by drug abuse. Genetic
defects in neurotransmission within the reward pathway and stress-related
developmental brain abnormalities have also been cited as possible factors that
predispose a person to addiction (cf. Clay et al., 2008).

Ethanol and the Mesolimbic Dopamine System
The mesolimbic DA system is a site of action for the reinforcing effects of ethanol
and ethanol self-administration (Carroll et al., 2006; Hodge et al., 1997; Lof et al., 2007;
Phillips et al., 1998; Risinger et al., 2000; Thielen et al., 2004). More specificially,
evidence indicates that the mesoaccumbal DA system is involved (cf. Pierce and
Kumaresan, 2006; Yim and Gonzales, 2000). Activation of the mesocorticolimbic
pathway in alcohol dependence and reward involves the dopaminergic projection from
the midbrain VTA to several limbic structures which include the hippocampal formation

17

(HIP) and the AMY in addition to several cortical regions which include the FC, PFC and
cingulate cortex (CC) (cf. Zhang et al., 2006).
Increased DA transmission in limbic regions of the brain, and specifically the NAc
(cf. Di Chiara, 2002; cf. Di Chiara et al., 2004; cf. Pierce and Kumaresan, 2006; cf.
Weiss et al., 1993; cf. Weiss et al., 2001), partially mediates ethanol reinforcement.
Studies suggest that ethanol reinforcement is due to ethanol-induced elevations in the
firing rates of dopaminergic neurons in the VTA producing increased DA release in the
NAc (cf. Pierce and Kumaresan, 2006). It has been suggested that the ethanol-induced
positive feedback loop may involve somatodentritically released DA activating D1
receptors on glutamatergic nerve terminals, thereby increasing glutamate release and
subsequently leading to a rise in VTA neuronal firing which then increases DA release
(Xiao et al., 2009). By regulating dopaminergic cell firing, synaptic release, or a
combination of effects, ethanol may stimulate DA release which increases extracellular
DA levels in the NAc (Yim and Gonzales, 2000). One report showed that a synthetic
mixed DA D1/D2 receptor agonist, SDZ-205,152, decreased ethanol-reinforced
responding in rats trained to orally self-administer ethanol (10% w/v) in a free-choice,
two-lever operant task without altering responses for water. These results reinforce the
possibility that DA neural systems may partially mediate reinforcement for volitional
ethanol self-administration (Rassnick et al., 1993).

Glutamate Receptors
Glutamate, the major excitatory neurotransmitter within the central nervous
system, acts at both ionotropic and metabotropic receptors (cf. Schoepp et al., 1999; cf.
Watkins, 2000). The ionotropic receptors are categorized by agonist specificity into
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three subtypes: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methylisoxazole4-propionic acid (AMPA), and kainate (KA) receptors. Fast synaptic neurotransmission
occurs when these postsynaptic ligand-gated ion channels are activated by glutamate
released from presynaptic vesicles (cf. Dingledine et al., 1999). Slower transmission
occurs when glutamate activates metabotropic G-protein-coupled receptors which
modulate glutamate release, postsynaptic response, and the activity of other synapses.
The metabotropic receptors are sub-classified into eight subtypes (mGluR1-mGluR8)
with each subtype belonging to one of three groups (I-III). This classification is based
upon sequence homology, transduction mechanism, and pharmacological profile (cf.
Conn and Pin, 1997; cf. Pin and Duvoisin, 1995; cf. Pin et al., 1999; cf. Schoepp et al.,
1999). Predominantly located postsynaptically, group I metabotropic receptors (mGluR1
and mGluR5) couple to Gq and activate phospholipase C (PLC). Activation of these
receptors increases excitability. Mostly located presynaptically, group II (mGluR2 and
mGluR3) and group III (mGluR4, mGluR6, mGluR7, and mGluR8) metabotropic
receptors couple to Gi/Go and inhibit AC. Activation of these receptors decreases
glutamate release (cf. Pin et al., 1999; cf. Schoepp et al., 1999).
Swanson and Schoepp (2003) have identified several potential targets for novel
drugs as modulators of glutamate neuronal transmission. Drugs may act at mGlu2
receptors to potentiate glutamatergic neurotransmission, while mGluR 2/3 agonists may
act both presynaptically at mGluR2 and postsynaptically at mGluR 2/3 sites to block
transmission. Postsynaptic mGlu1 receptors and both presynaptic and postsynaptic
mGlu5 receptors may be the sites of action for antagonists that inhibit glutamatergic
transmission. Postsynaptically, both potentiators and inhibitors of glutamatergic
neurotransmission may target AMPA receptors, while antagonists may act at kainate
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receptors and modulators act at NMDA receptors. Most iGluR antagonists have shown
some efficacy in animal models of addiction, but exhibit serious adverse side effects
when tested in humans (cf. Olive, 2009).

NMDA Receptor as a Potential Target for the Treatment of Alcohol Dependence
The NMDA receptor has been identified as a major target for ethanol in the brain,
and the effects of ethanol on the NMDA receptor differ among areas of the brain (cf.
Ron, 2004). Chronic ethanol exposure upregulates NMDA receptor function and binding
in cortical cultured neurons. It has been suggested that this alteration in NMDA receptor
function may be responsible for the chronic ethanol-induced behavioral consequences
and withdrawal syndrome associated with chronic ethanol exposure and the subsequent
increased size of evoked Ca2+ responses, i.e. increased intracellular Ca2+ concentration
(Hu and Ticku, 1995).
The specific ethanol binding site or sites on the NMDA receptor protein, and the
molecular mechanisms by which ethanol modulates activity of the NMDA receptor
remain uncertain. One study suggests that ethanol inhibits NMDA receptors by acting at
a site located in a domain exposed to, or only accessible from, the extracellular
environment (Peoples and Stewart, 2000). It has been reported that ethanol does not
block the ion channel, alter the ion selectivity of the channel, or interact with previously
described binding sites on the NMDA/ionophore complex. Furthermore, it has been
suggested that ethanol may block the NMDA-activated current via a novel type of
interaction with a hydrophobic site associated with the NMDA channel (Weight et al.,
1991). Other studies have shown that ethanol interactions with NMDA receptors differ
among groups of neurons (Bhave et al., 1996). A study involving the effects of a novel
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NMDA glycine receptor antagonist, L-701,324, a polyamine receptor antagonist,
eliprodil, and a non-competitive NMDA receptor antagonist, MK 801 (dizocilpine), in rats
trained to discriminate ethanol from vehicle in a two-lever discrimination paradigm
demonstrated that a reduction of NMDA receptor activity, produced by the inhibition of
either non-competitive NMDA recognition sites or NMDA/glycine-sensitive regulatory
sites, had discriminative stimulus properties similar to those produced by ethanol. Also,
L-701,324 substituted for ethanol more effectively than eliprodil which suggests that
multiple NMDA receptor subunits are involved in the discriminative stimulus effects of
ethanol (Kotlinska and Liljequist, 1997).
Ethanol-induced inhibition of glutamatergic neurotransmission at the ionotropic
NMDA receptor (Lovinger et al., 1989; Lovinger et al., 1990; Morrisett and Swartzwelder,
1993; Peoples and Stewart, 2000) suggests that NMDA antagonists may be effective
drugs for treating alcohol dependence and/or alcohol abuse. Previously, our laboratory
demonstrated that LY 274614, a competitive NMDA antagonist, dizocilpine (MK 801), a
non-competitive NMDA receptor antagonist, and both (+)-HA-966 and 1aminocyclopropane-1-carboxylic acid (ACPC), antagonists of the strychnine-insensitive
glycine site, reduced the volitional consumption of ethanol by male Myers’ high ethanol
preferring (mHEP) rats (McMillen et al., 2004). However, the dose of MK 801 that
reduced ethanol consumption in mHEP rats also impaired the locomotor ability of
Sprague Dawley rats (McMillen et al., 2004). Although it provides very good blockade of
excitotoxicity, MK 801 has a high affinity for the Mg2+ binding site in the NMDA ion
channel and a long “dwell time” (slow “off-rate”) that causes blockade of critical normal
functions and may produce side effects such as drowsiness and/or coma. Other NMDA
antagonists with slightly shorter, but excessive, “dwell times” produce similar side
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effects, e.g. phencyclidine (PCP) produces hallucinations and ketamine produces
drowsiness (cf. Lipton, 2004a; cf. Lipton, 2004b; cf. Lipton, 2005). Furthermore, PCP
and related drugs, e.g. MK 801, tiletamine, and ketamine, induced acute
pathomorphological changes in CNS neurons in specific brain regions of adult rats
(Olney et al., 1989).

Memantine
Excitotoxicity is defined as “excessive exposure to the neurotransmitter
glutamate or overstimulation of its membrane receptors, leading to neuronal injury or
death.” Excitotoxic neuronal cell damage is partially mediated via overactivation of
NMDA receptors which produces excessive Ca2+ influx through the receptor-associated
ion channel and the subsequent formation of free radicals. However, a physiological
level of NMDA receptor activity is necessary to maintain normal neuronal function.
Therefore, potential neuroprotective agents that block virtually all NMDA receptor activity
are likely to produce intolerable side effects which has led to the failure of many potential
neuroprotective drugs tested in clinical trials (cf. Chen and Lipton, 2006; cf. Lipton and
Chen, 2004; cf. Lipton, 2004a; cf. Lipton, 2004b; cf. Lipton, 2005; cf. Lipton, 2006; cf.
Lipton, 2007; cf. Rammes et al., 2008).
Memantine, however, is a neuroprotective drug that exhibits a clinically-tolerated
mechanism of action and has been found to be an effective oral treatment for mild and
moderate-to-severe Alzheimer’s disease. An adamantine derivative and a
noncompetitive, low-affinity, open channel inhibitor, memantine has been shown to
preferentially block excessive NMDA receptor activity without disrupting normal activity.
This antagonist preferentially enters the receptor-associated ion channel when it is

22

excessively open, and, due to its relatively fast “off-rate”, does not substantially
accumulate in the channel. Therefore, memantine does not interfere with normal
physiological synaptic transmission (cf. Chen and Lipton, 2006; cf. Lipton and Chen,
2004; cf. Lipton, 2004a; cf. Lipton, 2004b; cf. Lipton, 2005; cf. Lipton, 2007; cf. Rammes
et al., 2008).
In most clinical trials, memantine has been administered to patients at a dose of
20 mg which exhibits a favorable side-effect profile in patients. Excretion of memantine
is through the kidney which alleviates any concerns regarding liver issues (cf. Lleo et al.,
2006; cf. Roman, 2009). Also, since memantine is not metabolized by the liver, plasma
levels are similar to the administered dose. Following oral ingestion, the drug is almost
completely absorbed, and absorption is not altered by food. Peak plasma levels are
attained in 5 to 6 hours (tmax) and, following a single 20 mg oral dose, peak plasma
concentration (Cmax) ranges between 22 and 46 ng/mL. Steady state levels are reached
around day 11 and the terminal half-life (t1/2) is 60 to 100 hours in humans (cf. van
Marum, 2009). In the rat, the half-life (t1/2) of memantine is 3 to 5 hours. (cf. Parsons et
al., 2007).
Recent reports indicate that memantine may also act at sites other than the
NMDA receptor. Memantine has been shown to produce DA receptor agonism on the
functional high-affinity state of the D2 receptors in the rat striatum. Since the potency is
similar in magnitude to that at the NMDA receptor, this suggests that the actions at both
types of receptor are involved in the clinical features of memantine (Seeman et al.,
2008).

Intracellular Pathways Involved in Alcohol Addiction
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Drug addiction, which involves chronic compulsive or uncontrollable drug use
followed by a withdrawal syndrome upon cessation of drug exposure (cf. Koob and
Weiss, 1992), is a form of drug-induced neural plasticity in which one of the molecular
mechanisms involves chronic administration of a drug of abuse which leads to an
upregulation of the cyclic adenosine monophosphate (cAMP) second messenger
pathway. This upregulation causes an activation of the transcription factor CREB (cAMP
response element binding). Induction of the transcription factor ΔFosB produces the
opposite effect, which suggests a possible association with sensitization to drug
exposure (cf. Nestler, 2001). Chronic stimulation such as chronic exposure to drugs of
abuse causes the transcription factor ΔFosB to accumulate and persist in the brain
(Perrotti et al., 2008; Soderstrom et al., 2007). Studies also indicate that chronic, but not
acute, administration of ethanol induces ΔFosB at varying levels in different regions of
the brain such as the NAc, PFC, HI, and AMY (Perrotti et al., 2008).
DA induces intracellular signal transduction pathways which consist of a wide
range of intracellular molecules including DA and cyclic adenosine 3’,5’-monophosphateregulated phosphoprotein-32 kDa (DARPP-32), ΔFosB, cyclin-dependent kinase 5
(Cdk5), and extracellular signal-regulated kinase (ERK) (Unterwald et al., 2003). Since
the phosphorylation of DARPP-32 can be regulated by both DA and cAMP (Figure 1.2)
in intact cells, DARPP-32 may be an effective marker for determining certain actions of
DA that are mediated through cAMP and its associated protein kinase (protein kinase A).
Immunocytochemical and biochemical studies indicate that DARPP-32 distribution in the
rat brain generally follows the pattern of dopaminergic innervation. DARPP-32 is
primarily present in dopaminoceptive neurons that possess DA-sensitive AC, i.e. DA D1
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Figure 1.2. Roles of dopamine and glutamate in the phosphorylation of DARPP-32.
Arrows indicate activation and T bars indicate inhibition. (D1R = dopamine D1 receptor;
NMDAR = N-methyl-D-aspartate receptor; P = phosphorylation). [Adapted from Nishi et
al., 2002.]
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receptors coupled to AC, and absent from dopaminergic cells (Hemmings and
Greengard, 1986; Ouimet et al., 1984; Walaas and Greengard, 1984).
Present in brain regions that receive a strong DA input, DARPP-32 is found in
neuronal cell bodies and dendrites in the caudate putamen, NAc, OT, bed nucleus
accumbens, bed nucleus of the stria terminalis, and parts of the amygdaloid complex. In
brain regions that receive input from these nuclei, the globus pallidus, ventral pallidum
(VP), entopeduncular nucleus, and the pars reticulata of the substantia nigra, DARPP-32
is localized in puncta, i.e. presumed nerve terminals, but not indigenous cell bodies and
dendrites. In the rat brain, DARPP-32 is most highly concentrated in the basal ganglia
(Hemmings and Greengard, 1986; Ouimet et al., 1984; Walaas and Greengard, 1984).
Protein phoshorylation is a key intracellular signaling mechanism associated with
transduction and modulation of the extracellular signal-induced effects. Glutamatergic
neurotransmission is modulated by a network of second messenger cascades and
phosphoproteins that act by transducing the actions of DA, other neurotransmitters, and
neuroactive drugs. Activation of cAMP-dependent protein kinase (PKA) or cGMPdependent protein kinase (PKG) leads to the phosphorylation of DARPP-32 at Thr34,
which then converts DARPP-32 into a potent inhibitor of protein phosphatase-1 (PP-1).
Conversely, Cdk5 phosphorylates DARPP-32 at Thr75, which then converts DARPP-32
into an inhibitor of PKA. Therefore, DARPP-32 is a dual-function protein, inhibiting either
PP-1 or PKA depending upon the site of phosphorylation. The phosphorylation state of
the two serine residues, Ser102 which is phosphorylated by casein kinase 2 (CK2), and
Ser137 which is phosphorylated by casein kinase 1 (CK1) protein, determine the
phosphorylation state of DARPP-32 at Thr34. Under basal conditions, Ser102 and
Ser137 are highly phosphorylated. Phosphorylation of DARPP-32 by CK1 or CK2 in
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intact cells increases the state of phosphorylation of Thr34. Protein phosphatase 2B
(PP-2B, or calcineurin) is the most effective phosphatase in the dephoshorylation of
phospho-DARPP-32 (Thr34), while protein phosphatase 2A (PP-2A) is the most effective
phosphatase in the desphorylation of phospho-DARPP-32 (Thr75). Due to its ability to
modulate the activity of PP-1 and PKA, DARPP-32 is an important intracellular molecule
in the regulation of electrophysiological, transcriptional, and behavioral responses to
physiological and pharmacological stimuli, including antidepressants, neuroleptics, and
drugs of abuse (cf. Svenningsson et al., 2004; cf. Svenningsson et al., 2005).
Nishi and colleagues (2000) have identified a positive feedback loop by which the
Cdk5/phosphor-DARPP-32 (Thr75) pathway regulates DA signaling, and conversely, DA
regulates the Cdk5/phospho-DARPP-32 (Thr75) pathway. According to this model, the
Cdk5 signaling and PKA signaling pathways are mutually antagonistic. Under basal
conditions, Cdk5 phosphorylates DARPP-32 at Thr75 causing the inhibition of PKA
which inactivates PP-2A leading to a subsequent decrease in the dephosphorylation of
phospho-DARPP-32 (Thr75). The inhibition of PKA also leads to a decrease in the
phosphorylation of DARPP-32 at Thr34, and therefore, causes activation of PP-1. By
acting synergistically, the inhibition of PKA and the activation of PP-1 decrease the
phosphorylation of various substrates. DA sequentially activates DA D1 receptors, PKA,
and PP-2A, which decreases the level of phospho-DARPP-32 (Thr75).
Dephosphorylation of DARPP-32 (Thr75) by PP-2A removes the PKA-induced inhibition.
The activation of PKA also increases phosphorylation of DARPP-32 at Thr34 and
inhibition of PP-1. By acting synergistically, the activation of PKA and inhibition of PP-1
lead to increased phosphorylation of various substrates.
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In the caudate putamen, glutamatergic cortical input and dopaminergic
nigrostriatal input produce antagonistic effects on the firing rate of striatal neurons.
Activation of NMDA receptors reverses the cAMP-stimulated phosphorylation of DARPP32 in striatal slices via NMDA-induced dephosphorylation of DARPP-32. This indicates
that stimulation of NMDA receptors causes activation of a neuronal protein phosphatase,
most likely PP-2B, and that signal transduction in the nervous system can be mediated
by protein dephosphorylation (Halpain et al., 1990).
DARPP-32 has been implicated in both acute and long-term responses to ethanol.
Conditioned place preference studies of wild-type and DARPP-32 knockout (KO) mice
suggest that DARPP-32 is essential for the mediation of ethanol reward (Risinger et al.,
2001). DA neurons exert a major modulatory effect on the forebrain with DARPP-32
being a key factor in the regulation of DA neurotransmission. DARPP-32 is converted
into a potent protein phosphatase inhibitor in response to DA. In addition to DA, other
neurotransmitters also produce physiological responses and regulate the
phorphorylation/desphosphorylation state of MSNs (Fienberg et al., 1998).
DARPP-32 KO mice demonstrated significantly attenuated ethanol selfadministration, but a greater sensitivity to the motor stimulant effect produced by a single
injection of ethanol. Another study showed that DARPP-32 regulates the ability of
ethanol to inhibit NMDA receptor function which is a critical component in ethanol
reinforcement (cf. Maldve et al., 2002). Ethanol exposure generally decreases NMDA
synaptic currents. In brain regions containing DARPP-32, DA, via D1 receptors,
activates PKA-mediated phosphorylation of the NR1 subunit of the NMDA receptor at
Ser897. However, in DARPP-32 KO mice, this regulation of NMDA receptors does not
occur, and activation of DA D1 receptors does not block ethanol-induced inhibition of
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NMDA receptors. Moderate levels of ethanol have been found to increase
phosphorylation of DARPP-32 at Thr34 in striatal slices, but the mechanism by which
this occurs is unknown (cf. Nairn et al., 2004; cf. Svenningsson et al., 2005).
A plethora of scientific studies and literature support the premise that DA and
glutamaterigic neuronal systems are central components in the reinforcing properties of
drugs of abuse, including ethanol. In animal studies, comparison of the effects of
systemically and NAc-microinjected DA receptor antagonist fluphenazine with the effects
of NAc-microinjected competitive NMDA receptor antagonist, 2-amino-5phosphopentanoic acid (AP-5) in a free-choice operant task, showed that both drugs
decrease ethanol self-administration. This suggests that both DA and glutamatergic
neurotransmission in the NAc may regulate ethanol self-administration and its reinforcing
properties (Rassnick et al., 1992).
Since the addictive properties of many drugs of abuse have been attributed to
drug-induced increases in extracellular DA in the NAc, and the subsequent alteration of
the plasticity of corticostriatal glutamatergic transmission, it has been proposed that
major molecular alterations occur in neurons in which both DA and glutamate inputs are
activated and that ERK, an enzyme important for long-term synaptic plasticity, may be a
central component. ERK is activated by a multi-level protein phosphatase-controlled
mechanism. This activation acts as a detector for coincident DA and glutamate signal
convergence on medium-size striatal neurons and is important for maintaining the longlasting effects of drugs of abuse (Valjent et al., 2005).
Ethanol-induced increases in DA transmission in the limbic regions of the brain
involve interaction with a variety of transporters and receptors. Although increased
mesolimbic DA transmission is an important component in the reinforcing effects of
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ethanol, self-administration studies indicate that DA-independent processes also
contribute significantly to the reinforcing effects of ethanol (cf. Pierce and Kumaresan,
2006). Ethanol is associated with changes in both excitatory and inhibitory systems of
the brain, which combine to produce behavioral changes including mood elevation,
anxiolytic effects, sedation, and ataxia. Ethanol positively modulates GABA-A receptors,
inhibits NMDA and kainate glutamate receptors, produces both inhibitory and excitatory
effects at the nicotinic acetylcholine receptors, enhances activation of Ca2+-activated
potassium channels, inhibits N- and P/Q-type Ca2+ channels, and modulates inwardly
rectifying K+ channels (cf. Davies, 2003; cf. Fleming et al., 2001; cf. Pierce and
Kumaresan, 2006).
Studies have shown that ethanol produces changes in the function of second
messenger proteins (cf. Davies, 2003; cf. Macdonald, 1995; cf. Pandey, 1998). The
cAMP and the phosphoinositide (PI) signal-transduction pathways have been implicated
as intracellular mediators for the action of ethanol and ultimate contributors to the
molecular events involved in the development of ethanol tolerance and dependence.
Reports have also demonstrated that various post-receptor events involving the cAMP
signal transduction cascade which includes Gs protein, PKA, and CREB in the rat brain
are modulated by chronic ethanol exposure. Both acute and chronic ethanol exposure
have been shown to modulate the PI signal-transduction cascade in a variety of cells.
Chronic ethanol exposure significantly decreased PLC activity in the cerebral CTX of
mice and rats. Both acute and chronic ethanol exposure altered protein kinase C (PKC),
an important component in the modulation of the function of various neurotransmitter
receptors including GABA-A, NMDA, 5-HT2A, and 5-HT2C, and muscarinic M1 receptors.
These reports suggest that alterations in the cAMP and the PI-signaling cascades during
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chronic ethanol exposure might be the critical molecular events involved in the
development of ethanol dependence (cf. Pandey, 1998).
Ethanol indirectly increases GABAergic neurotransmission through elevation of
endogenous GABAergic neuroactive steroids, presynaptic release of GABA, and
dephosphorylation of GABA-A receptors, and subsequently causes an increase in GABA
sensitivity. The effects of ethanol on intracellular signaling impact GABAergic
transmission in a number of different ways across various brain regions and cell types.
Adaptations in the function, expression, trafficking, and subcellular localization of GABAA receptors all influence the effects of chronic ethanol exposure, and thereby, can be
proposed to be involved in the development of ethanol tolerance, dependence, and
withdrawal hyperexcitability (cf. Kumar et al., 2009).
In reward-associated behaviors, GABAergic MSNs of the NAc process and
integrate information including glutamatergic input from the PFC and other limbic
structures such as the HIP and dopaminergic inputs from the VTA. Drugs of abuse,
including ethanol, alter the function of the MSNs, but unlike other drugs of abuse,
ethanol produces widespread effects on multiple intracellular and intercellular signaling
processes. Long-term alterations in the synaptic activation of these MSNs have been
implicated in ethanol dependence. The antagonistic regulation of these neurons by
coincident DA and NMDA inputs suggests that these neurons are critical sites of action
for ethanol in the mesolimbic pathway. The co-localization of glutamatergic and
dopaminergic receptors on MSNs also indicates that these two neurotransmitter systems
interact in the NAc at the neuronal level during cortical information processing (cf. Zhang
et al., 2006).
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The expression patterns and levels of DA receptor subtypes, the association of
receptor subtypes with projection patterns of MSNs, and intracellular signaling cascades
triggered by the activation of postsynaptic DA receptors are critical components in the
reward pathway. In the NAc, D1-like and D2-like receptors are co-expressed on a small
portion of the MSNs and are localized both presynaptically and postsynaptically. By
comparison, this co-expression can be found on at least 50% of MSNs in the dorsal STR
(Le Moine and Bloch, 1996; cf. Zhang et al., 2006) . The co-expression of D1-like and
D2-like receptors suggests that receptors from the two subfamilies interact at the
neuronal level. The presence of D1-like receptors on dendrites and soma of
approximately 50% of the MSNs in the NAc and on presynaptic terminals suggests that
DA modulation occurs at both pre-synaptic and post-synaptic sites. However, since DA
terminals in the NAc do not form synaptic connections with glutamatergic afferents from
the PFC, DA modulation of glutamatergic transmission is most likely non-synaptic
(Shetreat et al., 1996; cf. Zhang et al., 2006).
In the NAc, both DA D1 and D2 receptors are highly expressed (cf. Zhang et al.,
2006). However, only a small proportion of MSNs co-express DA D1 and D2 receptors
(Aubert et al., 2000; Le Moine and Bloch, 1995). In the NAc and dorsal STR, D1 and D2
receptors are often co-expressed with different peptides in different populations of MSNs
(Zhang 2006). Studies suggest that D1 receptors and substance P (SP) are coexpressed in approximately 50% of MSNs, with D2 receptors and enkephalin (ENK)
being co-expressed on separate MSNs, in the ventral and dorsal STR of rodents and
primates (cf. Zhang et al., 2006). In the NAc, co-expressed D1 receptors and SP are
predominantly localized in the shell, while co-expressed D2 receptors and ENK are
predominantly localized in the core of the NAc (Lu et al., 1998; cf. Zhang et al., 2006).
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Unlike in the STR, D3 receptors are highly expressed in the NAc and are co-expressed
with D1 receptors in a large number of SP-positive neurons in both the shell and core
regions of the NAc (Schwartz et al., 1998). The D4 and D5 receptor expression levels
are very low (cf. Zhang et al., 2006).
Generally, MSNs that selectively express D1 or D2 receptors project to different
targets. Most striatal MSNs that co-express D1-like receptors and SP project to the
substantia nigra while most striatal MSNs that co-express D2-like receptors and ENK
project to the globus pallidus (Le Moine and Bloch, 1995). In the NAc, MSNs that coexpress D1-like receptors and SP project to the VTA and VP while the MSNs that coexpress D2-like receptors and ENK selectively project to the VP (Lu et al., 1997).
In MSNs, D1-like receptor activation intitiates a cascade by which AC, cAMP and
PKA lead to the phosphorylation of DARPP-32 at Thr34. This phospho-DARPP-32
(Thr34) blocks the phosphatase, PP-1, and subsequently the phosphorylation state and
ethanol sensitivity of NMDA receptors. Therefore, D1-like receptors on MSNs may
regulate the ability of NMDA receptors to modulate synaptic plasticity during ethanol
exposure (cf. Zhang et al., 2006)
Reports suggest that drugs of abuse may induce NMDA receptor-dependent long
term potentiation (LTP) in the mesolimbic pathway, which may be an underlying
component of drug seeking behavior. However, acute ethanol has been shown to
significantly and reversibly block several forms of NMDA receptor-dependent LTP in
various brain regions which suggests that acute and chronic ethanol treatment may
produce opposite effects on NMDA receptor-dependent LTP in the mesolimbic pathway
(cf. Zhang et al., 2006).
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Studies have also shown that activation of D1-like receptors enhances NMDA
receptor function in the NAc, dorsal STR, and PFC, and D1-like receptor agonists dosedependently enhance NMDA-induced responses. It has been proposed that activation
of D1-like receptors may potentiate NMDA receptor function by regulating
phosphorylation of the NMDA receptor subunit NR1 through the DARPP-32/PP-1
signaling pathway. The level of sensitivity of the NMDA receptor to ethanol depends
upon the subunits which comprise the receptor. NR2B-containing receptors display the
greatest ethanol sensitivity. However, sensitivity of NMDA receptors to acute ethanol
varies by brain region. The inhibitory effects of ethanol on NMDA receptor function are
regulated by the state of phosphorylation of the receptor and the extracellular
concentration of Mg2+. While it is uncertain which sites ethanol acts upon on the NMDA
receptor, most studies indicate that ethanol acts by directly blocking the NMDA receptor
channel, and reports suggest that ethanol acts directly on a receptor channel protein in
the vicinity of the Mg2+-binding site with the site of action being accessible only from the
extracellular environment. Ethanol may also block NMDA receptor function by acting on
specific amino acid residues on the transmembrane domains of the receptor (cf. Zhang
et al., 2006).

PURPOSE OF THIS STUDY

As this literature review has shown, alcohol dependence is a significant health
problem with many serious consequences. Due to the diverse neural systems,
neurotransmitters, reward circuitry, and second messengers involved in alcohol
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disorders, there remain many questions to be answered. As researchers strive to
develop effective treatments for alcoholism, there is a need to understand how ethanol
exerts its reinforcing effects and how different drugs alter the signaling pathways
involved in ethanol reinforcement.
Based on previous reports, an NMDA receptor antagonist with neuroprotective
properties may effectively reduce ethanol self-administration with minimal adverse side
effects. The purpose of this study was determine if memantine, the noncompetitive
NMDA receptor antagonist with neuroprotective properties, can decrease volitional
ethanol consumption in a genetic high ethanol preferring rat model using an
experimental paradigm that models the drinking behavior of alcoholic patients, and to
further elucidate the effects of memantine on DA activity and intracellular pathways
during ethanol exposure.
The specific aims of this study focused on seeking answers to the following
questions:
1. Does memantine decrease volitional ethanol consumption in the mHEP rat in
a two-choice 24 hour access paradigm?
2. If memantine does decrease ethanol consumption under these conditions:
a. Is the reduction in drinking dose-dependent?
b. Can a direct cause, such as an anti-caloric effect, be attributed to
the reduction in drinking?
3. Does memantine, at the same dose that decreases ethanol consumption:
a. adversely affect locomotor ability or activity?
b. produce a sedating effect or anxiolytic effect?
c. alter ethanol-induced hypothermia?

36

d. change the levels of DA metabolism in the brain reward pathway?
Specifically, does memantine alone and combined with ethanol alter
the levels of DA and/or DOPAC in the mPFC, NAc, and/or STR?
Based on the role of ethanol in the mesolimbic reward pathway, we
hypothesized that memantine increases metabolism of DA, which
suggests that glutamate and the NMDA receptor are necessary for
activation of the ethanol reward pathway. If memantine fails to
increase the ethanol-induced metabolism of DA, this would suggest
that glutamate acts at the NMDA receptor downstream from the drive
by ethanol on the reward pathway.
e. alter the Ca2+-mediated response downstream of the DA D1 receptor?
Specifically, does memantine alone and in combination with ethanol
affect the levels of DARPP-32 and phosphorylation of DARPP-32 at
Thr34 and Thr75 sites in the mPFC, NAc, and/or STR? If the
combination of memantine and ethanol increases phosphorylation of
DARPP-32 greater than the levels of phosphorylation observed with
ethanol alone, this would suggest that memantine adds to the action
of ethanol. If memantine combined with ethanol does not further
increase phosphorylation of DARPP-32, this would suggest that the
drugs have independent actions in the CNS.
Since pretreatment with D1-like and D2-like DA receptor agonists and
antagonists were previously reported to alter ethanol self-administration (Pierce and
Kumaresan, 2006), this study included an evaluation of the effects of a D1 agonist and
both a D1 and a D2 antagonist on ethanol drinking behavior using the mHEP rat and the
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two-choice 24 hour ethanol access paradigm to validate our subjects and methods.
Also, since group I metabotropic glutamate receptor (mGluR5) antagonists have been
shown to effectively decrease ethanol consumption in rats (McMillen et al., 2005), the
effects of a group II (mGluR 2/3) agonist LY379268 and antagonist LY341495 on
volitional ethanol consumption by the male mHEP rat using the two-choice 24 hour
ethanol access paradigm were investigated.

CHAPTER 2

EFFECTS OF MEMANTINE ON VOLTIONAL ETHANOL CONSUMPTION IN THE
MALE MYERS’ HIGH-ETHANOL-PREFFERING RAT IN A TWO-CHOICE 24 HOUR
ACCESS PARADIGM
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ABSTRACT

Potent NMDA receptor antagonists decrease volitional consumption of ethanol by
rats. This study examined the effects of memantine, a low-affinity, open channel NMDA
receptor antagonist, on volitional consumption of ethanol by genetic drinking rats and on
potential locomotor, sedative, and hypothermic effects. Volitional consumption of
ethanol in a two-choice 24 hour access paradigm was determined for male mHEP rats.
Effects of memantine (0.3, 1.0, and 3.0 mg/kg, i.p., b.i.d.) or vehicle on volitional
consumption of ethanol, proportion of ethanol to total fluids consumed, total fluid intake,
and consumption of food were observed. To confirm that memantine dose-dependently
reduced volitional consumption of ethanol, the effects of 10.0 mg/kg memantine on
consumption of ethanol were determined in another group of male mHEP rats. Potential
sedating and locomotor effects of memantine (10.0 mg/kg, i.p., b.i.d.) were determined
using an elevated plus maze and an activity monitoring system. Rectal temperature was
measured to determine if memantine (10.0 mg/kg, i.p.) produces a hypothermic effect.
The results indicate that memantine dose-dependently decreased the amount of ethanol
and proportion of ethanol to total fluids consumed daily by up to 48% and 24%,
respectively. These effects did not appear to be anti-caloric. Memantine (10.0 mg/kg)
partially reversed ethanol-induced sedation and decreases in locomotor activity. This
dose did, however, produce a small, partially reversible hypothermic effect. In
conclusion, memantine may decrease ethanol consumption with fewer side effects than
other NMDA receptor antagonists.
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INTRODUCTION

Ethanol inhibits glutamatergic neurotransmission at the ionotropic NMDA
receptor (Lovinger et al., 1989; Lovinger et al., 1990; Morrisett and Swartzwelder, 1993;
Peoples and Stewart, 2000) which suggests that NMDA antagonists may be effective
drugs for treating alcohol dependence and/or alcohol abuse. Previously, our laboratory
demonstrated that LY 274614, a competitive NMDA antagonist, dizocilpine (MK 801), a
non-competitive NMDA receptor antagonist, and both (+)-HA-966 and 1aminocyclopropane-1-carboxylic acid (ACPC), antagonists of the strychnine-insensitive
glycine site, reduced the volitional consumption of ethanol by male mHEP rats (McMillen
et al., 2004), a validated animal model of alcoholism (Myers et al., 1998). However, the
same doses of LY 274614 and MK 801 that reduced ethanol consumption in mHEP rats
also impaired the locomotor ability of Sprague Dawley rats (McMillen et al., 2004).
Although it provides very good blockade of excitotoxicity, MK 801 has a high affinity for
the Mg2+ binding site in the NMDA ion channel and a long “dwell time” (slow “off-rate”)
that causes blockade of critical normal functions and may produce side effects such as
drowsiness and/or coma. Other NMDA antagonists with slightly shorter, but excessive,
“dwell times” produce similar side effects, e.g. phencyclidine (PCP) produces
hallucinations and ketamine produces drowsiness (cf. Lipton and Chen, 2004; cf. Lipton,
2004a; cf. Lipton, 2005). Furthermore, PCP and related drugs, e.g. MK 801, tiletamine,
and ketamine, induced acute pathomorphological changes in CNS neurons in specific
brain regions of adult rats (Olney et al., 1989).
In contrast to these drugs, 1-amino-3,5-dimethyladamantane (memantine), a
noncompetitive NMDA antagonist recently introduced for the treatment of moderate to
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severe Alzheimer’s disease and reported to reduce agitation as its main behavioral
effect in these patients (Gauthier et al., 2005), exhibits a better therapeutic profile (Chen
et al., 1992; Chen and Lipton, 1997; cf. Chen and Lipton, 2005; cf. Danysz et al., 2000;
cf. Lipton and Chen, 2004; cf. Lipton, 2004a; cf. Lipton, 2005; cf. Planells-Cases et al.,
2002). A low-affinity, open channel blocker, memantine only enters a channel opened
by an agonist and blocks excessively activated NMDA receptors while sparing normal
glutamatergic neurotransmission. Like MK 801, memantine binds at or near the Mg2+
site in the NMDA ion channel and exhibits a slower “off-rate” than Mg2+. However,
memantine has a faster “off-rate” and shorter “dwell time” than MK 801. These
properties may contribute to the improved clinical tolerability of memantine in
comparison to other NMDA antagonists (Chen et al., 1992; Chen and Lipton, 1997; cf.
Chen and Lipton, 2005; cf. Lipton and Chen, 2004; cf. Lipton, 2004a; cf. Lipton, 2005; cf.
Planells-Cases et al., 2002).
Memantine (3.75 or 7.5 mg/kg, i.p.) injected three times a day prior to intragastric
ethanol administration prevented the development of ethanol dependence measured as
ethanol withdrawal-induced audiogenic seizures in Wistar rats. It has been suggested
that memantine, given chronically prior to ethanol administration, could take control of
the NMDA receptors by blocking the receptors more stably than ethanol, preventing the
influence of ethanol on the receptors. Since memantine most likely lacks abuse
potential, it could prevent the development of ethanol dependence, expressed as
withdrawal seizures (Kotlinska, 2001). Also, memantine has been reported to reduce in
vivo seizures and to block alcohol withdrawal-related neurotoxicity in vitro (Stepanyan et
al., 2008).
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Furthermore, memantine suppressed relapse ethanol drinking behavior in
animals following a withdrawal period. Long-term free-choice ethanol drinking rat
models exhibit increased alcohol consumption and a preference for high concentrations
of ethanol following a phase of ethanol deprivation. At a dose producing serum levels
close to the therapeutic range in humans, memantine suppressed this ethanol
deprivation effect in male Wistar rats without producing sedative, dysphoric, or stimulant
side effects. This suggests that memantine produces an anti-craving effect for ethanol
(Holter et al., 1996). Treatment with memantine has also been shown to completely
reverse cognitive impairments associated with chronic alcohol consumption and
withdrawal. In the Morris water maze test, withdrawal from ethanol produced robust
deficits in the performance of male Wistar rats on the acquisition task and probe trial.
Rats treated with memantine during the first four weeks following the initiation of the
withdrawal period outperformed the withdrawn rats when tested ten weeks after initiation
of the withdrawal period (Lukoyanov and Paula-Barbosa, 2001).
Pretreatment with memantine prior to alcohol administration in human moderate
drinkers without alcohol dependence has been shown to reduce craving for alcohol
before alcohol administration, but not after alcohol administration. Furthermore,
memantine was reported to produce mild subjective effects including dissociation,
forgetfulness, dizziness, and stimulation, but no serious adverse effects, when combined
with alcohol (Bisaga and Evans, 2004).
Numerous reports indicate that ethanol produces hypothermia (Alari et al., 1987;
Beleslin et al., 1997; Holloway et al., 1993; Huttunen et al., 1988; Lomax et al., 1980;
Lomax et al., 1980; Pillai and Ross, 1986; Pillai and Ross, 1986; Rezvani and Levin,
2004). Dizocilpine (MK 801), a non-competitive NMDA antagonist, has been shown to
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increase body temperature in male Sprague Dawley rats (Yang et al., 2000). Both MK
801 and memantine have been reported to block the development of hyperthermia
associated with the development of 5-HT syndrome in rats (Nisijima et al., 2004).
Memantine, administered after ethanol, has been shown to produce virtually no effect on
ethanol-induced hypothermia (Beleslin et al., 1997).
In the present study, we determined whether or not memantine will decrease
ethanol consumption in genetic drinking rats given 24 hour access to solutions of
ethanol, and if so, whether the same doses of memantine produce locomotor, sedating,
and/or hypothermic effects. Locomotor and sedating effects were evaluated in an
activity monitoring system and the elevated plus maze. An increase in the number of
open arm entries and in the amount of time spent on the open arms in the elevated plus
maze would indicate an anxiolytic effect while an increase in the number of total arm
entries would indicate an increase in activity. We also evaluated the potential effects of
pretreatment with memantine on ethanol-induced hypothermia by measuring rectal
temperature.
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MATERIALS AND METHODS

Drugs
In all of the experiments, memantine hydrochloride (Sigma-Aldrich, Inc., St.
Louis, MO) was dissolved in deionized water and doses were calculated as the free
base. In the ethanol consumption experiments, deionized water was used as a vehicle.
In the elevated plus maze, rectal temperature, and activity monitoring experiments, 0.9%
saline was used as a vehicle. All drugs and vehicle were administered intraperitoneally
(i.p.). For the volitional ethanol consumption experiment, 95% ethanol was diluted in tap
water. For injections, 95% ethanol was diluted 1:5 in deionized water.

Volitional Consumption of Ethanol
Subjects and Screening
Ten male mHEP rats were selected from the F21 generation of breeding in the
East Carolina University colony. The progenitor rat strains for this line were three male
alcohol-preferring P rats, obtained from T.-K. Li of the Indiana University Alcohol
Research Center, and three female Sprague Dawley rats, purchased from Harlan
Sprague Dawley Inc., selected based on an ethanol drinking screen. The line of mHEP
rats, characterized by profuse volitional consumption of ethanol and a preference for
ethanol in the presence of palatable alternatives (Myers et al., 1998), is maintained by
breeding non-sibling males and females that are selected based on an ethanol drinking
screen. Previously, the levels of blood ethanol in these rats have been shown to
correspond essentially with the respective amounts of ethanol consumed (Myers et al.,
1998). The rats were initially housed with continuous access to food and water and
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maintained on a 12 h on/12 h off light cycle in a temperature-controlled room. Rooms
were maintained at 71° F to 75° F with humidity between 30% and 45% for all animal
housing and experiments in this study.
At 60 days of age, each male mHEP rat was placed in a suspended stainless
steel cage with three drinking tubes mounted on the front. One tube contained water
while the other two tubes remained empty. After the one-day adaptation, one tube was
filled with water, one was filled with 3% ethanol (v/v), and one remained empty.
Thereafter, the concentration of ethanol was increased daily: 5, 7, 9, 11, 13, 15, 20, 25,
and 30%. Rats were allowed free access to water, ethanol solution, and food at all
times. Body weight and amounts of water, ethanol solution, and food consumed were
recorded daily for each rat. To prevent a place preference, the positions of the bottles
were rotated daily based on a randomized schedule. The empty bottle was used to
prevent a side preference in drinking behavior. The concentration of ethanol producing
maximal ethanol consumption with the proportion of ml ethanol consumed to total ml
fluids consumed closest to 0.5 was selected as each rat’s maximally preferred
concentration to allow for the measurement of either an increase or a decrease in
ethanol consumption during treatments. Each rat received its maximally preferred
concentration of ethanol for the remainder of the experiment. Ethanol consumption was
allowed to stabilize before initiating drug or vehicle injections. The average preferred
ethanol concentration for these rats was 11.5%.

Experimental Procedures
During each regimen of treatments, rats underwent a 3-day baseline period
preceding a 3-day period in which injections (i.p.) were administered at two hours before
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and two hours following lights out and a subsequent 3-day post-treatment period. Doses
of memantine (0.3, 1.0, and 3.0 mg/kg) or vehicle were administered in a counterbalanced design with part of the rats receiving 1.0 mg/kg memantine and the remaining
rats receiving 3.0 mg/kg memantine initially. Upon stabilization of ethanol consumption
to baseline levels following each regimen of treatments, a different dose of memantine or
vehicle was injected. During the series of treatments, one rat exhibited a delayed return
to baseline and did not receive the 1.0 mg/kg memantine treatment. Data for each pretreatment, treatment, and post-treatment period for each rat were averaged, grouped,
and analyzed using two-way repeated measures ANOVA and Tukey/Kramer procedure
post hoc with significance taken at P < 0.05. Statistical analyses were performed using
GB-STAT (Dynamic Microsystems, Silver Spring, MD) and graphs were generated using
GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA).
To verify that the reduction in ethanol consumption was dose-dependent, eight
additional male mHEP rats were selected from the F24 generation of breeding in the
East Carolina University colony and underwent a similar protocol. The average
preferred ethanol concentration for these rats was 13.3%. Memantine (10.0 mg/kg) and
vehicle were administered in a counter-balanced design. To consolidate the results from
the volitional ethanol drinking experiments, data for the 0.3, 1.0, and 3.0 mg/kg
treatments were compared to data for the 10.0 mg/kg treatments using the MannWhitney test. Data for one of the rats was omitted due to the rat deliberately spilling the
ethanol solution.

Elevated Plus Maze Test
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Twenty-four male mHEP rats were used in the elevated plus maze test to
determine potential anxiolytic effects of memantine (10.0 mg/kg, i.p.). The elevated plus
maze consisted of four arms which were 50 cm long and 10 cm wide. Two opposing
arms were open while the other arms had walls which were 40 cm high. The maze was
mounted 60 cm above the floor in the dimly lit corner of a room with fluorescent lighting.
Illuminance at the center of the maze measured 97 lux. Each rat was handled for 5
minutes for three consecutive days. On the fourth day, memantine or vehicle was
injected into each rat. Thirty minutes following the first injection, ethanol (1.0 g/kg, i.p.)
or vehicle was injected into the rat. Thirty minutes following the second injection, the rat
was placed in the central (neutral) region of the maze with the rat facing an open arm.
Movements onto each arm and into the neutral region were recorded for 5 minutes using
the computer program BEHAVIOR (Prof. L. W. Means, Dept. of Psychology, ECU).
Latency to first open arm entry, frequency of open arm entries, duration of time spent in
open arms, and total frequency of arm entries were recorded and analyzed using paired
t-tests with significance taken at P < 0.05. Each rat was used in two tests separated by
two weeks. Treatments were administered in a counter-balanced design. Each rat
received only vehicle on one of the days of testing so that each rat served as its own
control. Rats were between 56 and 61 days of age on the first day of testing.

Activity Monitor
Thirty-eight male mHEP rats were divided into five groups (three groups of eight
and two groups of seven). Activity was recorded using an Auto-Track Opto-Varimex
activity monitoring system (Columbus Instruments, Columbus, OH). White noise and a
single red 25-watt light located at the opposite side of the testing room provided sound
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and light control. The system was comprised of four chambers (each 42.2 x 42.5 x 20.5
cm). Each rat was used in two tests separated by one week. Memantine (10 mg/kg,
i.p.) or vehicle was injected as the first treatment and each rat was placed in a separate
activity chamber. Thirty minutes following the first injection, ethanol (1.0 or 2.5 g/kg, i.p.)
or vehicle was administered and each rat was returned to its activity chamber. Thirty
minutes following the second injection, rats were removed from the activity monitors.
Distance traveled (cm) and resting time (sec) were recorded for each 15-minute interval
spent in the activity chamber. Resting time was equivalent to total time in the chamber
minus ambulatory and stereotypic time. Treatments were administered in a counterbalanced design. Each rat received only vehicle on one of the days of testing so that
each rat served as its own control. Data was analyzed using paired t-tests with
significance taken at P < 0.05. To further determine the effects of memantine on
locomotor ability and sedation, activity of rats treated with vehicle and ethanol were
compared to activity of rats treated with memantine and ethanol using pooled twosample t-tests with significance taken at P < 0.05.

Rectal Temperature
Thirty-nine male mHEP rats were divided into five groups (four groups of eight
and one group of seven). Baseline rectal temperature of each rat was recorded prior to
the first injection. Memantine (10 mg/kg, i.p.) or vehicle was injected as the first
treatment. Thirty minutes following the first injection, rectal temperature was recorded
and ethanol (1.0 or 2.5 g/kg, i.p.) or vehicle was administered. Thirty minutes following
the second injection, rectal temperature was recorded. A BD Rapid Digital Thermometer
was used for all temperature checks. Each rat was used in two tests separated by one
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week. Treatments were administered in a counter-balanced design. Each rat received
only vehicle on one of the days of testing so that each rat served as its own control.
Changes from baseline body temperature were analyzed using paired t-tests with
significance taken at P < 0.05. To further determine the effect of memantine on body
temperature, changes in body temperature of rats treated with vehicle and ethanol were
compared to changes in body temperature of rats treated with memantine and ethanol
using pooled two-sample t-tests with significance taken at P < 0.05.
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RESULTS

Effects of Memantine on Volitional Consumption of Ethanol
Figure 2.1 shows data for the effect of memantine on ethanol consumption
(Figure 2.1.A), proportion of ethanol consumed to total fluid intake (Figure 2.1.B), total
fluid intake (Figure 2.1.C), and food consumption (Figure 2.1.D) daily by male mHEP
rats. The data indicate a dose-dependent reduction in ethanol consumption and an
apparent dose-dependent decrease in proportion of ethanol to total fluid consumption
during drug treatment. The two-way repeated measures ANOVA for the amount of
ethanol consumed showed an effect of treatment period (F2,38 = 17.99, P < 0.05) and a
significant interaction between dose of memantine and treatment period (F6,116 = 2.90, P
< 0.05). Compared to pre-treatment levels, the 1.0 mg/kg and 3.0 mg/kg doses of
memantine significantly reduced ethanol consumption by 28% and 41% (Tukey/Kramer,
P < 0.05), respectively, while non-significantly decreasing proportion of ethanol
consumed by 15% and 19%, respectively. Compared to vehicle, the 3.0 mg/kg dose of
memantine produced a significant 37% (Tukey/Kramer, P < 0.05) decline in ethanol
consumption and a non-significant 22% decline in proportion of ethanol consumed.
Compared to pre-treatment levels, the 1.0 mg/kg and 3.0 mg/kg doses of memantine
significantly decreased total fluid intake by 27% and 30%, respectively (Tukey/Kramer, P
< 0.05). Compared to vehicle, the 1.0 mg/kg and 3.0 mg/kg doses of memantine
significantly reduced total fluid consumption by 21% (Tukey/Kramer, P < 0.05). During
each 3-day post-treatment period immediately following memantine treatments, ethanol
intake, proportion of ethanol to total fluids consumed, and total fluid intake returned to
within control limits.
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Figure 2.1. Effect of memantine on the volitional consumption of solutions of ethanol by
the male mHEP rat. All treatments administered i.p., b.i.d. Each bar represents the
mean ± S.E.M. for 9-10 rats at each dose. (MEM = memantine).

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates a significant
difference from vehicle, P < 0.05 (Tukey/Kramer).

B. Proportion of ethanol consumed to total fluids (water and ethanol solution)
consumed.

C. Consumption of total fluids (water and ethanol solution). * indicates a
significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
# indicates a significant difference from vehicle, P < 0.05 (Tukey/Kramer).

D. Consumption of food. * indicates a significant difference from pre-treatment
baseline, P < 0.05 (Tukey/Kramer).

E. Body weight. * indicates a significant difference from pre-treatment baseline, P
< 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle, P <
0.05 (Tukey/Kramer).
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The effects of memantine on food intake (Figure 2.1.D) were smaller than the
changes in ethanol consumption. The 3.0 mg/kg dose of memantine caused
consumption of food to decline by 15% (F2,18 = 18.35, P < 0.05), which is different from
pre-treatment levels, but not from vehicle. This suggested either a weak non-specific
effect or a weak anti-caloric effect of this dose of drug. This effect did not persist in the
post-treatment period. The 3.0 mg/kg dose of memantine also decreased body weight
by 1.0% from pre-treatment levels and 2.2% from vehicle. This small, but significant
reduction in weight, may have resulted from decreased fluid and food consumption.
Figure 2.2 shows the effect of 10.0 mg/kg memantine on volitional ethanol
consumption. The two-way repeated measures ANOVA for the amount of ethanol
consumed showed an effect of treatment period (F2,13 = 13.42, P < 0.05) and a
significant interaction between dose of memantine and treatment period (F2,41 = 9.80, P
< 0.05). Compared to pre-treatment levels, the 10.0 mg/kg dose of memantine
decreased ethanol consumption by 48% (Tukey/Kramer, P < 0.05), proportion by 24%
(Tukey/Kramer, P< 0.05), and total fluid intake by 33% (Tukey/Kramer, P < 0.05), but did
not reduce food consumption. Compared to vehicle, the 10.0 mg/kg dose of memantine
reduced ethanol consumption by 44% (Tukey/Kramer, P < 0.05), proportion by 23%
(Tukey/Kramer, P < 0.05), and total fluid intake by 30% (Tukey/Kramer, P < 0.05).
Treatment with vehicle produced a small, but significant 10% (Tukey/Kramer, P < 0.05)
decrease in food consumption. This small reduction in food consumption may have
been due to the rats being handled, and does not indicate an anti-caloric effect to the
treatment. The 10.0 mg/kg dose of memantine reduced body weight by 2.5% from
vehicle, but did not significantly decrease body weight from pre-treatment levels.
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Figure 2.2. Effect of 10.0 mg/kg memantine on the volitional consumption of solutions of
ethanol by the male mHEP rat. All treatments administered i.p., b.i.d. Each bar
represents the mean ± S.E.M. for 7 rats at each dose. (MEM = memantine).

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates a significant
difference from vehicle, P < 0.05 (Tukey/Kramer).

B. Proportion of ethanol consumed to total fluids (water and ethanol solution)
consumed. * indicates a significant difference from pre-treatment baseline, P
< 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle, P <
0.05 (Tukey/Kramer).

C. Consumption of total fluids (water and ethanol solution). * indicates a
significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
# indicates a significant difference from vehicle, P < 0.05 (Tukey/Kramer).

D. Consumption of food. * indicates a significant difference from pre-treatment
baseline, P < 0.05 (Tukey/Kramer).

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle, P
< 0.05 (Tukey/Kramer).
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Comparing the effects of the 0.3 mg/kg and 10.0 mg/kg doses of memantine
indicated a significant reduction in ethanol consumption, proportion, and total fluid
intake, but no significant difference in food consumption (Mann-Whitney, P < 0.05).
Comparing the effects of both the 1.0 mg/kg and 3.0 mg/kg doses to the effects of
the 10.0 mg/kg dose of memantine indicated no significant differences in ethanol
consumption, proportion, total fluid intake, or food consumption. A further one-half
log unit increase in memantine dose (10.0 mg/kg) produced a decrease in ethanol
consumption and proportion similar to that of the 3.0 mg/kg dose. This suggested
that a maximum effect was reached at the 3.0 mg/kg dose.

Effects of Memantine on Anxiety
The 10.0 mg/kg dose of memantine and/or 1.0 g/kg dose of ethanol did not alter
the activity, indicated by frequency of total arm entries, of the male mHEP rats in the
elevated plus maze (Table 2.1). However, the latency to enter the first open arm was
significantly increased (12.9%, t7 = 2.80, P < 0.05) in rats treated with memantine (10.0
mg/kg) followed thirty minutes later by ethanol (1.0 g/kg). While four of the rats in this
group failed to enter an open arm, three rats entered an open arm within 1.5 seconds
and the remaining rat entered at 42.9 seconds. Latency to enter the first open arm was
similar, but the increase was insignificant, for the other two groups of rats tested.
Overall, the latency to enter the open arm indicates that the doses of memantine and
ethanol did not produce anxiolytic effects in this experimental protocol. There were no
differences in total time spent in the open arms or in frequency of open arm entries.
Furthermore, there was no significant difference in the total frequency of entries, which
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Table 2.1. Effect of ethanol (1.0 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.) on the
behavior of mHEP rats in the elevated plus maze. The observation period was 300
seconds. * indicates a significant difference from “Control/Control”, P < 0.05 (paired ttest). (Ctl = control; EtOH = ethanol; Mem = memantine).
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Seconds ±S.E.M.

Number ±S.E.M.

Latency to
open arm

Open
arm
duration

Closed
arm
duration

Open arm
frequency

Total arm
frequency

Group I (n = 8)
Ctl/Ctl
Ctl/EtOH

83 ±47
104 ±47

20 ± 7
12 ± 3

246 ±18
269 ± 5

2.5 ±0.9
1.5 ±0.4

18.5 ±4.0
15.0 ±1.8

Group II (n = 8)
Ctl/Ctl
Mem/Ctl

33 ±26
122 ±52

21 ± 4
17 ± 6

237 ±15
258 ±11

2.3 ±0.5
2.0 ±0.7

16.5 ±3.0
17.0 ±5.9

Group III (n = 8)
Ctl/Ctl
Mem/EtOH

11 ± 7
156 ±55 *

23 ± 8
22 ± 9

235 ±12
249 ±15

2.5 ±0.6
2.5 ±1.1

21.5 ±1.8
19.6 ±5.5

Treatment Groups
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indicates that the doses tested produced neither a sedating nor an activating effect on
locomotion. As the table indicates, the rats spent most of the time in the closed arms of
the plus maze under the conditions of this experiment. The differences in the latency to
open arm entry for the three “control/control” groups may be attributed to differences
between individual rats. Within each group of rats, the latency to enter an open arm
varied. Some rats entered an open arm within 1.2 seconds while others waited longer or
never entered an open arm during the 5-minute testing period

Effects of Memantine on Locomotor Activity
An activity monitoring system was used as a test for non-specific sedating or
locomotor altering effects of memantine. The 10.0 mg/kg dose of memantine
significantly decreased the distance traveled (Figure 2.3) during the first 15-minute
epoch following treatment (between 37.7% and 60.5% for three groups). During the
second 15-minute epoch following treatment, only one of the three groups receiving
memantine indicated a significant decrease (34.8%) in distance traveled. Rats treated
with memantine (10.0 mg/kg) followed thirty minutes by ethanol (2.5 g/kg) exhibited a
significant decrease (65.3%) in distance traveled during the first 15-minute epoch
following ethanol treatment. Rats that received vehicle followed thirty minutes by
ethanol (1.0 and 2.5 g/kg) exhibited significant decreases (70.0% and 90.4%,
respectively) in distance traveled during the second 15-minute epoch following ethanol
treatment while rats treated with memantine thirty minutes prior to ethanol did not exhibit
significant deficits during this epoch. Comparison of memantine- and 1.0 g/kg ethanoltreated rats to vehicle- and 1.0 g/kg ethanol-treated rats exhibited a significant decrease
(57.1%) in distance traveled during the first 15 minutes following memantine
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Figure 2.3. Effect of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the distance traveled by mHEP rats in the activity monitor. The number of rats in
each group is indicated in parentheses. 1st Epoch = 1st 15-minute period following 1st
injection; 2nd Epoch = 2nd 15-minute period following 1st injection; 3rd Epoch = 1st 15minute period following 2nd injection; 4th Epoch = 2nd 15-minute period following 2nd
injection. (1.0 EtOH = 1.0 g ethanol per kg; 2.5 EtOH = 2.5 g ethanol per kg; Mem =
10.0 mg memantine per kg).

A. Control/Control vs. Control/Ethanol (1.0 g/kg). * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
B. Control/Control vs. Control/Ethanol (2.5 g/kg). * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
C. Control/Control vs. Memantine (10.0 mg/kg)/Control. * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
D. Control/Control vs. Memantine (10.0 mg/kg)/Ethanol (1.0 g/kg). . * indicates
a significant difference from “Control/Control”, P < 0.05 (paired t-test). “a”
indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05
(pooled two-sample t-Test).
E. Control/Control vs. Memantine (10.0 mg/kg)/Ethanol (2.5 g/kg). . * indicates
a significant difference from “Control/Control”, P < 0.05 (paired t-test). “b”
indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05
(pooled two-sample t-Test).
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treatment, but a significant increase (116.9%) in the second 15-minute epoch
following ethanol treatment. Comparison of memantine- and 2.5 g/kg ethanol-treated
rats to vehicle- and 2.5 g/kg ethanol-treated rats displayed a significant increase
(425.4%) in distance traveled in the second 15-minute epoch following ethanol
treatment.
The 10.0 mg/kg dose of memantine significantly increased resting time (Figure
2.4) during the first 15-minute epoch following treatment (between 31.8% and 77.4% for
three groups). During the second 15-minute epoch following treatment, only one of the
three groups receiving memantine showed a significant change (20.2% increase) in
resting time. In rats initially receiving vehicle, the 2.5 g/kg dose of ethanol increased
resting time during both 15-minute epochs following treatment (14.8% and 34.7%,
consecutively) while the 1.0 g/kg dose produced a similar effect only in the second 15minute epoch following treatment (19.2% increase). Comparison of memantine- and 1.0
g/kg ethanol-treated rats with vehicle- and 1.0 g/kg ethanol-treated rats indicated a
significant increase (57.1%) in resting time during the first 15-minute epoch following
memantine treatment, but a significant decrease (15.9%) in the second 15-minute epoch
following ethanol treatment. Comparison of memantine- and 2.5 g/kg ethanol-treated
rats to vehicle- and 2.5 g/kg ethanol-treated rats indicated a significant decrease (15.7%)
in resting time in the second 15-minute epoch following ethanol treatment. The effects
on resting time agree with the changes observed in ambulatory and stereotypic times.
Overall, these data indicate that memantine reverses, at least partially, the effects of
locomotor and sedating effects of ethanol under the conditions of this experiment.

Effects of Memantine on Rectal Temperature
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Figure 2.4. Effect of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the resting time by mHEP rats in the activity monitor. The number of rats in each
group is indicated in parentheses. 1st Epoch = 1st 15-minute period following 1st
injection; 2nd Epoch = 2nd 15-minute period following 1st injection; 3rd Epoch = 1st 15minute period following 2nd injection; 4th Epoch = 2nd 15-minute period following 2nd
injection. (1.0 EtOH = 1.0 g ethanol per kg; 2.5 EtOH = 2.5 g ethanol per kg; Mem =
10.0 mg memantine per kg).
A. Control/Control vs. Control/Ethanol (1.0 g/kg). * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
B. Control/Control vs. Control/Ethanol (2.5 g/kg). * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
C. Control/Control vs. Memantine (10.0 mg/kg)/Control. * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
D. Control/Control vs. Memantine (10.0 mg/kg)/Ethanol (1.0 g/kg). . * indicates
a significant difference from “Control/Control”, P < 0.05 (paired t-test). “a”
indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05
(pooled two-sample t-Test).
E. Control/Control vs. Memantine (10.0 mg/kg)/Ethanol (2.5 g/kg). . * indicates
a significant difference from “Control/Control”, P < 0.05 (paired t-test). “b”
indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05
(pooled two-sample t-Test).
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The 2.5 g/kg dose of ethanol produced significantly decreased body temperature
at thirty minutes following treatment (Figure 2.5). The 10.0 mg/kg dose of memantine
produced a small, but non-significant, decrease in rectal temperature at thirty minutes
following treatment, but this effect was partially reversed at one hour following treatment.
The 10.0 mg/kg dose of memantine administered thirty minutes before ethanol (1.0 or
2.5 g/kg) enhanced the effect of ethanol on body temperature. Furthermore, comparison
of temperature changes in rats treated with vehicle and ethanol (1.0 g/kg) and rats
treated with memantine (10.0 mg/kg) and ethanol (1.0 g/kg) showed a significant
decrease in body temperature in the memantine-treated rats at thirty minutes following
ethanol treatment (t14 = 2.25, P < 0.05). Comparison of temperature changes in rats
treated with vehicle and ethanol (2.5 g/kg) and rats treated with memantine (10.0 mg/kg)
and ethanol (2.5 g/kg) showed significant decreases in the body temperature of the
memantine-treated rats at thirty minutes following vehicle or memantine treatment (t14 =
6.10, P < 0.05) and thirty minutes following ethanol treatment (t13 = 2.45, P < 0.05).
Pre-treatment with the 10.0 mg/kg dose of memantine before treatment with
ethanol (1.0 or 2.5 g/kg) produced an additive or synergistic effect on the ethanolinduced hypothermia. The significant difference in body temperature of rats thirty
minutes following treatment with vehicle or memantine in the comparison of rats treated
with vehicle and ethanol (2.5 g/kg) and rats treated with memantine (10.0 mg/kg) and
ethanol (2.5 g/kg) may be due to handling or variation among animals.
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Figure 2.5. Effect of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on rectal temperature of the male mHEP rat. Data represents the mean ± S.E.M. for 7-8
rats at each dose. The number of rats for each treatment group is indicated in
parentheses. (1.0 EtOH = 1.0 g ethanol per kg; 2.5 EtOH = 2.5 g ethanol per kg; Mem =
10.0 mg memantine per kg).

A. Control/Control vs. Control/Ethanol (1.0 g/kg).
B. Control/Control vs. Control/Ethanol (2.5 g/kg). * indicates a significant
difference from “Control/Control”, P < 0.05 (paired t-test).
C. Control/Control vs. Memantine (10.0 mg/kg)/Control.
D. Control/Control vs. Memantine (10.0 mg/kg)/Ethanol (1.0 g/kg). . * indicates
a significant difference from “Control/Control”, P < 0.05 (paired t-test). “a”
indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05
(pooled two-sample t-Test).
E. Control/Control vs. Memantine (10.0 mg/kg)/Ethanol (2.5 g/kg). . * indicates
a significant difference from “Control/Control”, P < 0.05 (paired t-test). “b”
indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05
(pooled two-sample t-Test).
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DISCUSSION

These results show that memantine reduced volitional consumption of ethanol by
genetic drinking rats in a dose-dependent manner as indicated by reductions in both the
amount of ethanol consumed and the proportion of ethanol to total fluids (water and
ethanol) consumed. Differences in baseline levels of ethanol consumption between rats
used in the first and second set of experiments are likely due to the rats being from
different generations. The small effect on food consumption during the 3.0 mg/kg
memantine treatments may have been due to handling. Since the effect on food intake
in the mHEP rats was small, the decrease in ethanol consumption was not due to an
anti-caloric effect.
Memantine, at a dose of 10.0 mg/kg, lowered ethanol consumption and did not
produce anxiolytic properties in the elevated plus maze test. This lack of anxiolytic
properties is consistent with a previous study which demonstrated that memantine (8
and 12 mg/kg) produced no effect on ethanol withdrawal anxiety in male Wistar rats in
the elevated plus maze test (Kotlinska and Bochenski, 2008). The activity monitor
indicated that memantine (10.0 mg/kg) produces brief, reversible sedating effects, and
this dose partially reverses the sedating effect of ethanol. A previous report indicated
that a decrease in cyclic adenosine monophosphate (cAMP)-dependent protein kinase
(PKA) brain activity caused an attenuation of acute ethanol-induced sedative and
uncoordinated effects and reduced ethanol inhibition of NMDA-induced behavioral
responses in Sprague Dawley rats (Lai et al., 2007). These results suggested that the
cAMP-PKA signaling pathway may be critical in the regulation of acute ethanol actions
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(Lai et al., 2007). Therefore, the partial reversal of the ethanol-induced sedating effects
in our study may be due to decreased PKA brain activity.
Memantine (10 and 25 mg/kg) has been shown to decrease alcohol drinking in
male C57BL/6J mice in a schedule-induced polydipsia (SIP) task. Memantine (5 and 25
mg/kg) reduced regulatory water drinking during a 1-hour limited access water task.
Memantine did not significantly alter water SIP (Escher et al., 2006). In our study, male
mHEP rats were allowed 24 hour access to both water and ethanol which would be
normal for a human alcoholic. Our results for the intake of ethanol and total fluids
indicate that memantine did not significantly alter the consumption of water at any of the
doses tested.
The DA and cAMP-regulated phosphoprotein, approximate molecular weight 32
kDa (DARPP-32), has been implicated as an intracellular regulator of ethanol-seeking
behavior (Risinger et al., 2001) and of DA D1 receptor function (Fienberg et al., 1998).
Maldve and colleagues (2002) proposed that a positive feedback system for ethanol
consumption exists that involves activation of DA D1 receptors which diminishes ethanol
sensitivity of NMDA receptors via the PKA/DARPP-32 cascade in principal neurons of
the nucleus accumbens (NAc). According to the mechanism suggested, ethanol
exposure causes depolarization of VTA neurons, subsequently increasing DA release in
the NAc, which activates D1 receptors, thereby initiating the PKA/DARPP-32 cascade.
This cascade causes phosphorylation of DARPP-32, decreasing activity of protein
phosphatases and increasing phosphorylation of Ser-897 on the NR-1subunit. This
phosphorylation causes decreased sensitivity of the NMDA receptor to ethanol while
maintaining a near normal level of NMDA receptor function and promoting long-term
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modification of glutamatergic transmission. This suggests that memantine may reduce
ethanol intake by decreasing DA release thereby blocking the PKA/DARPP-32 cascade.
The 10.0 mg/kg dose of memantine also produced a mild reversible hypothermic
effect when administered alone as well as enhancing the hypothermic effect of ethanol in
rats. It has been previously reported that this dose of memantine prevents the
development of 5-HT syndrome hyperthermia in rats (Nisijima et al., 2004). Other
reports indicate that at thirty minutes following treatment with anesthetic doses of
ethanol (5 g/kg), the body temperature of Wistar rats declined by 2°C and memantine (9,
18, and 35 mg/kg) did not alter the change in body temperature (Beleslin et al., 1997).
Together, these data suggest that memantine enhances hypothermia when ethanol is at
sedating levels, but not anesthetic levels. It has been suggested that hypothermia
induced by NMDA receptor antagonists may function as a mechanism for
neuroprotection against serotonergic toxicity (Farfel and Seiden, 1995a; Farfel and
Seiden, 1995b). These results suggest that memantine may decrease ethanol
consumption with fewer side effects than other NMDA receptor antagonists.
There are several possible mechanisms by which memantine may reduce
ethanol consumption in the genetic drinking rat. Memantine may substitute for ethanol
at the NMDA receptor. Male Wistar rats trained to discriminate ethanol from saline
generalized the ethanol cue to compounds that differed in every property except a
noncompetitive antagonism at the NMDA receptor based on activity at the ion channel
(Hundt et al., 1998). Reports indicate that memantine can produce a dose-dependent
and complete substitution for ethanol in rats in a drug discrimination procedure
(Bienkowski et al., 1998) and suggest that the reduction in ethanol consumption
produced by memantine may be due to a substitution of the stimulus properties of
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ethanol at the NMDA receptor (Rammes et al., 2001). Similarly, MK 801, which dosedependently reduces volitional ethanol consumption in mHEP rats (McMillen et al.,
2004), can substitute for ethanol in a discriminative stimulus paradigm (Schechter et al.,
1993). Thus, memantine can partially reduce voluntary ethanol consumption in Wistar
rats in a limited access procedure (cf. Kostowski and Bienkowski, 1999). A single dose
of memantine can produce a moderate and non-dose-dependent decrease in ethanol
consumption in the limited access procedure while producing non-selective effects on
operant behavior in rats trained to lever press for ethanol in an oral self-administration
procedure (Piasecki et al., 1998). These data suggest that substitution for ethanol at the
NMDA receptor may be at least partially responsible for the ability of NMDA antagonists
such as memantine and MK 801 to reduce volitional ethanol consumption.
Memantine has been shown to decrease alcohol craving in the absence of
alcohol (Bisaga and Evans, 2004). However, based on the results of a double-blind
placebo-controlled pilot trial using human subjects seeking outpatient treatment for
problems related to alcohol use, it has been suggested that memantine is not an
effective treatment for reducing alcohol use or alcohol craving in actively drinking
alcohol-dependent patients. Memantine was also reported to produce undesirable side
effects including gastrointestinal disturbance, lightheadedness/dizziness, anxiety, and
disorientation/difficulty concentrating (Evans et al., 2007). Although the patients were
heavy alcohol drinkers who met the DSM-IV criteria for alcohol dependence, the amount
of alcohol consumed and the age of onset for regular alcohol consumption indicate that
these were heavy drinkers, but not Type 2 alcoholics. In our study, we used the mHEP
rat as a model for Type 2 alcoholism characterized by early onset of heavy alcohol
consumption and a strong family history of severe alcoholism (Cloninger et al., 1988).
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However, one limitation of our study was the inability to determine anti-social behavior in
the mHEP rat.
An alternative mechanism by which memantine decreases volitional ethanol
consumption may involve interactions with the dopaminergic reward pathway. Acute
administration of 20 mg/kg i.p. memantine to awake animals produces no change in DA
concentrations and only a slight increase in DA metabolites in microdialysates from the
PFC (Hesselink et al., 1999). This suggests that memantine may increase DA
metabolism without affecting DA release. However, other reports using similar
microdialysis experiments indicate that memantine increases concentrations of DA in
extracellular space in the PFC and STR of animals anesthetized with halothane (Quack
et al., 1995; Spanagel et al., 1994). Previously, our laboratory showed that MK 801
protects DA content from amphetamine-induced neurotoxicity (McMillen et al., 1992).
Other reports suggest that excitatory amino acids (EEAs) mediate tonic inhibition of DA
terminal activity in the striatum by acting through NMDA receptors and this inhibition can
be reduced in rats with partially lesioned dopaminergic nigrostriatal input to the striatum
as indicated by a smaller effect of NMDA antagonism on DA synthesis in the
nigrostriatal-lesioned rats than in unlesioned rats (Richard and Bennett, 1995).
Together, these findings suggest that NMDA antagonists such as memantine may
While possible mechanisms by which memantine decreases voluntary ethanol
consumption in genetic ethanol drinking rats have been discussed, the exact mechanism
is still not known. However, the findings of this study and the relative safety of this drug
in Alzheimer’s disease patients suggests that a clinical trial in alcohol-dependent
individuals with a clear genetic history for alcoholism should be relatively safe and may
demonstrate the potential usefulness of memantine as an aid in maintaining sobriety.
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Memantine may also be useful as an adjunct therapy for alcohol dependence. In a
previous study, a low, sub-effective dose of memantine (1.0 mg/kg) in combination with
low doses of naltrexone blocked the reinforcing properties of ethanol in adult male
Wistar rats. It was suggested that this combination therapy might be effective for the
treatment of alcoholism in patients highly sensitive to the adverse side effects of
naltrexone (Kuzmin et al., 2008). Further studies will help elucidate the mechanism by
which this drug produces its effect on ethanol drinking behavior.

CHAPTER 3

EFFECTS OF DOPAMINERGIC D1 AND D2 DRUGS ON THE VOLITIONAL
CONSUMPTION OF ETHANOL BY GENETIC DRINKING MHEP RATS IN A TWOCHOICE 24 HOUR ACCESS PARADIGM
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ABSTRACT

This study aimed to pharmacologically determine the roles of dopaminergic D1
and D2 receptors on volitional ethanol consumption by genetic drinking rats in a twochoice 24 hour access paradigm. The D1 antagonist SCH23390 (0.1 and 0.3 mg/kg)
and (+)sulpiride (10.0 mg/kg), an isomer inactive at the D2 receptor, significantly
decreased ethanol consumption while the D2-active antagonist (-)sulpiride (10.0 mg/kg)
did not. Co-administered with SCH23390 (0.3 mg/kg), (-)sulpiride (3.0 and 10.0 mg/kg)
did not alter SCH23390-induced reductions in ethanol consumption. At the doses
tested, SCH23390, (+)sulpiride and (-)sulpiride altered neither proportion of ethanol to
total fluids consumed nor food intake. The D1 receptor agonist SKF38393 (1.25, 2.5,
5.0 and 10.0 mg/kg) dose-dependently decreased ethanol consumption. Coadministered SCH23390 and SKF3839 produced effects similar to those of each drug
alone. These data suggest that D1 receptors may exhibit an optimal level of activation
and any deviation from that level of activity reduces volitional ethanol consumption.
Previous experiments indicated that the NMDA receptor antagonist memantine
decreased volitional ethanol consumption in the mHEP rat, a validated animal model of
alcoholism. In this study, co-administered memantine (1.0 mg/kg) and SCH23390 (0.3
mg/kg) reduced ethanol consumption, but did not produce an additive or synergistic
effect.
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INTRODUCTION

The mesolimbic DA system is a site of action for the reinforcing effects of ethanol
and ethanol self-administration (Carroll et al., 2006; Gonzales et al., 2004; Hodge et al.,
1997; Lof et al., 2007; Phillips et al., 1998; Risinger et al., 2000; Thielen et al., 2004).
More specifically, evidence indicates that the mesoaccumbal DA system is involved (cf.
Pierce and Kumaresan, 2006; Yim and Gonzales, 2000). Increased DA transmission in
limbic regions of the brain, and specifically the NAc, partially mediates ethanol
reinforcement. Studies suggest that ethanol reinforcement is due to ethanol-induced
elevations in the firing rates of dopaminergic neurons in the VTA producing increased
DA release in the NAc (cf. Pierce and Kumaresan, 2006). It has been suggested that
the ethanol-induced positive feedback loop may involve somatodendritically released DA
activating DA D1 receptors on glutamatergic terminals, thereby increasing glutamate
release and subsequently leading to a rise in VTA neuronal firing which then increases
DA release (Xiao et al., 2009). By regulating dopaminergic cell firing, synaptic release,
or a combination of effects, ethanol may stimulate DA release which increases
extracellular DA levels in the NAc (Yim and Gonzales, 2000). Together, these reports
suggest that DA receptor agonists and antagonists can be used to influence ethanol
reinforcement.
Self-administration studies in which animals were trained to emit an operant
response to obtain a drug reinforcer have demonstrated that pretreatment with DA D1like and D2-like receptor agonists and antagonists alter ethanol self-administration,
thereby suggesting that accumbal DA D1 and D2 receptors play a critical role in the
reinforcing effects of ethanol (cf. Pierce and Kumaresan, 2006). Furthermore, D1-like
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and D2-like receptors in the NAc may interact to regulate ethanol self-administration in a
manner similar to their interactive regulation of other behaviors (Hodge et al., 1997). In
a limited 4 hour ethanol access paradigm using high-alcohol-drinking (HAD) rats and
subcutaneous (s.c.) drug injections, quinpirole, a DA D2 receptor agonist, dosedependently decreased ethanol consumption throughout the access period. Spiperone,
a D2 and 5-HT2A receptor antagonist, produced no effect initially, but increased ethanol
intake at lower doses and decreased intake at higher doses by the end of the 4-hour
access period. SCH23390, a DA D1 receptor antagonist, dose-dependently decreased
ethanol consumption during the first hour of access. SKF38393, a DA D1 receptor
agonist, SKF38393, also reduced ethanol intake, but less effectively than SCH23390
(Dyr et al., 1993). In another study, local microinfusion of the DA D2 receptor antagonist
sulpiride increased ethanol intake by alcohol-preferring (P) rats (McBride et al., 1993).
It has been suggested that inconsistent findings among studies may be due
partially to the animal model of ethanol consumption used and the type of experiment
performed. The route by which ethanol is administered may also be involved in
differential effects of ethanol in the CNS and DA release (cf. Tupala and Tiihonen, 2004).
In the present study, we pharmacologically examined the roles of dopaminergic D1 and
D2 receptors on volitional consumption of ethanol by genetic drinking rats in a twochoice 24 hour access paradigm. Our experiments determined the effects of
(+)sulpiride, an inactive isomer at the DA D2 receptor, (-)sulpiride, an active isomer at
the DA D2 receptor, SCH23390, and SKF38393 on volitional intake of ethanol by the
male mHEP rat. A validated animal model of alcoholism, the mHEP rat is characterized
by the volitional consumption of profuse volumes of ethanol, a high level of blood ethanol
corresponding to the high volume of ethanol consumed, and a preference for ethanol in
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the presence of palatable alternatives (Myers et al., 1998). The doses of drugs used
were based on doses previously used in other laboratories.
Previously, the noncompetitive NMDA receptor antagonist memantine had been
shown to decrease volitional ethanol consumption in the mHEP rat. In this study, we
aimed to determine if the combination of memantine and a DA receptor selective drug
shown to decrease ethanol consumption produces an additive or synergistic effect on
the decrease in drinking. Since we found that the DA D1 antagonist SCH23390 greatly
decreased volitional ethanol intake in the mHEP rat, we tested the combination of this
drug with a dose of memantine that reduced ethanol consumption.
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MATERIALS AND METHODS

Drugs
SCH23390 maleate (Schering Corporation, Bloomfield, NJ), (+)sulpiride
(Ravizza, Milano, Italy), and (-)sulpiride (Sigma-Aldrich, Inc., St. Louis, MO) were
dissolved in deionized water and acetic acid. SKF38393 hydrochloride (Sigma-Aldrich,
Inc., St. Louis, MO) and memantine hydrochloride (Sigma-Aldrich, Inc., St. Louis, MO)
were dissolved in deionized water and doses were calculated as the free base. In all
experiments, deionized water or 0.9% saline was used as the vehicle. Memantine was
injected i.p. All other drugs and vehicle were administered via s.c. injections. Ethanol
provided for consumption was derived by diluting 95% ethanol in tap water.

Subjects and Screening
Male mHEP rats were selected from the F23, F24, and F25 generations of
breeding in the East Carolina University colony. This line of rats was originally derived
from the cross-breeding of three male alcohol-preferring (P) rats (T.-K. Li of the Indiana
University Alcohol Research Center) and three female Sprague Dawley rats (Harlan
Sprague Dawley Inc.) with the selection of rats based on an ethanol drinking screen.
The line of mHEP rats is maintained by breeding non-sibling males and females whose
selection is based on an ethanol drinking screen. The rats were initially housed with
continuous access to food and water and maintained on a 12 h on/12 h off light cycle in
a temperature-controlled room. All procedures were in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals and approved by the Brody
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School of Medicine at East Carolina University Institutional Animal Care and Use
Committee.
At 60 days of age, each male mHEP rat was placed in a suspended stainless
steel cage with free access to three glass drinking tubes mounted on the front. One tube
was filled with water and the other two tubes remained empty while the rats underwent a
one-day adaptation period. On the second day, one tube was filled with water, one was
filled with 3% ethanol (v/v), and one remained empty. Thereafter, the concentration of
ethanol was increased daily to include 5, 7, 9, 11, 13, 15, 20, 25, and 30%. Rats were
allowed free access to food at all times. Body weight and amounts of water, ethanol
solution, and food consumed were recorded daily for each rat. To prevent a place
preference, the positions of the bottles were rotated daily according to a randomized
schedule. Three bottles, of which one remained empty, were used to prevent a side
preference. For each rat, the maximally preferred concentration of ethanol was
determined as the concentration of ethanol that produced maximal ethanol consumption
with the proportion of ethanol consumed to total fluids consumed being closest to 0.5.
The maximally preferred concentration of ethanol for each rat was provided for the
remainder of the experiment. The average preferred ethanol concentration for each
group of rats used in this study was 14%. Ethanol consumption was allowed to stabilize
before the onset of drug or vehicle injections. Rats were continuously maintained on the
same 12 h on/12 h off light cycle in a temperature-controlled room.

Experimental Procedures
For each regimen of treatments, rats underwent a 3-day baseline period followed
by a 3-day treatment period and a subsequent 3-day post-treatment period. During each
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3-day treatment period, drug(s) or vehicle was/were injected two hours before and two
hours following lights out. In all experiments, drugs and vehicle were administered in a
counter-balanced design. Upon stabilization of ethanol consumption to baseline levels,
a different dose of drug, a different drug or drug combination, or vehicle was
administered. For each drug or vehicle treatment, data for each pre-treatment,
treatment, and post-treatment period for each rat were averaged, grouped, and
analyzed. Results from each experiment included volume of ethanol consumption,
proportion of ethanol to total liquids consumed, volume of total liquid consumption,
volume of food consumption, and body weight. Statistical analyses were performed
using GB-STAT (Dynamic Microsystems, Silver Spring, MD) and graphs were generated
using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA).
Initially, (+)sulpiride (10.0 mg/kg), (-)sulpiride (3.0 and 10.0 mg/kg), SCH23390
(0.1 and 0.3 mg/kg), combinations of (-)sulpiride (3.0 and 10.0 mg/kg) and SCH23390
(0.3 mg/kg), or vehicle were administered to the first group of rats. Each rat underwent
up to four different treatment regimens with seven to ten rats receiving each treatment.
Another eight rats received injections of SKF38393 (1.25, 2.5, 5.0 and 10.0 mg/kg) and
vehicle to determine the effect of a DA D1 receptor agonist on volitional ethanol
consumption. To examine the combined effect of a DA D1 receptor agonist and a DA
D1 receptor antagonist, SKF38393 (5.0 mg/kg) and SCH23390 (0.3 mg/kg) were coadministered and vehicle was administered to a group of six rats. Data from these
experiments were analyzed using two-way repeated measures ANOVA and
Tukey/Kramer procedure post hoc with significance taken at P < 0.05. Results for
SKF38393 (5.0 mg/kg) and SCH23390 (0.3 mg/kg) administered alone and coadministered were converted to percentages with pre-treatment values being
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established as 100%. Percent change from pre-treatment baseline was determined for
individual and combination drug treatments and compared using the Kruskal-Wallis oneway ANOVA with significance taken at P < 0.05.
To examine the combined effects of memantine and SCH23390 on ethanol
drinking behavior, six male mHEP rats selected from the F24 generation were treated
with vehicle or co-administered memantine (1.0 mg/kg) and SCH23390 (0.3 mg/kg) in a
counter-balanced design. Data from these experiments were analyzed using two-way
repeated measures ANOVA and Tukey/Kramer procedure post hoc with significance
taken at P < 0.05.
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RESULTS

Figure 3.1 shows the effects of (+)sulpiride, (-)sulpiride, and SCH23390 on
volitional consumption of ethanol, total fluids, and food by male mHEP rats. (+)Sulpiride
(10.0 mg/kg) decreased ethanol consumption by 21% (F2,9 = 6.08, P < 0.05) and total
fluid consumption by 11% (F2,9 = 4.20, P < 0.05). SCH23390 (0.1 and 0.3 mg/kg)
reduced ethanol consumption by 32% (F2,7 = 26.36, P < 0.05) and 53% (F2,7 = 25.52, P <
0.05), respectively, and total fluid consumption by 23% (F2,7 = 13.70, P < 0.05) and 38%
(F2,7 = 42.29, P < 0.05), respectively. (-)Sulpiride (3.0 and 10.0 mg/kg) alone did not
significantly alter ethanol consumption or total fluid consumption. However, coadministration of (-)sulpiride (3.0 or 10.0 mg/kg) and SCH23390 (0.3 mg/kg) decreased
ethanol consumption by 23% (F2,6 = 23.59, P < 0.05) and 43% (F2,7 = 9.86, P < 0.05),
respectively, and total fluid consumption by 32% (F2,6 = 23.02, P < 0.05) and 35% (F2,6 =
38.54, P < 0.05), respectively. Treatment with vehicle reduced ethanol consumption by
22% (F2,6 = 6.99, P < 0.05) and total fluid consumption by 16% (F2,6 = 28.30, P < 0.05).
The effects observed during vehicle treatment may be due to handling. None of the
treatments significantly altered the proportion of ethanol to total fluids consumed or the
consumption of food. During treatment with vehicle, (+)sulpiride (10.0 mg/kg),
(-)sulpiride (3.0 mg/kg), SCH23390 (0.1 and 0.3 mg/kg), and co-administered (-)sulpride
(3.0 mg/kg) and SCH23390 (0.3 mg/kg), rats gained small, but significant amounts of
weight. None of the treatments produced significant body weight loss.
Figure 3.2 shows the effects of SKF38393 (1.25, 2.5, 5.0, and 10.0 mg/kg) on
ethanol, total fluid, and food consumption. SKF38393 significantly decreased ethanol
intake relative to pre-treatment levels (F2,33 = 71.45, P < 0.05) at each dose tested with
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Figure 3.1. Effects of (+)sulpiride, (-)sulpiride, and SCH23390 on the volitional
consumption of solutions of ethanol by the male mHEP rat. Each bar represents the
mean ± S.E.M. Number of rats for each treatment is indicated in parentheses. [(+)SULP
= (+)sulpiride; (-)SULP = (-)sulpiride; SCH = SCH23390].

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer).

B. Proportion of ethanol to total fluids (water and ethanol) consumed.

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).

D. Consumption of food.

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer).
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Figure 3.2. Effect of SKF38393 on the volitional consumption of solutions of ethanol by
the male mHEP rat. Each bar represents the mean ± S.E.M. Number of rats for each
treatment is indicated in parentheses.

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates a significant
difference from vehicle treatment, P < 0.05.

B. Proportion of ethanol to total fluids (water and ethanol) consumed. *
indicates a significant difference from pre-treatment baseline, P < 0.05
(Tukey/Kramer). # indicates a significant difference from vehicle treatment, P
< 0.05.

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).

D. Consumption of food.

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle
treatment, P < 0.05
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the 10.0 mg/kg dose producing a 58% decrease. At both 5.0 and 10.0 mg/kg doses,
SKF38393 significantly reduced ethanol consumption relative to vehicle treatment by
47%, indicating a treatment effect (F8,101 = 3.47, P < 0.05). At the 1.25, 2.5, 5.0, and
10.0 mg/kg doses, SKF38393 decreased the proportion of ethanol to total fluids
consumed compared to pre-treatment levels with the highest dose producing a 39%
reduction (F2,33 = 60.26, P < 0.05). The 5.0 and 10.0 mg/kg doses also produced a
treatment effect on proportion, indicated by reductions of 38% and 42%, respectively,
from vehicle levels (F8,101 = 5.16, P < 0.05). The 1.25, 5.0, and 10.0 mg/kg doses of
SKF38393 also decreased total fluid intake compared to pre-treatment levels with
the highest dose producing a 29% reduction (F2,33 = 40.37, P < 0.05). Treatment
with vehicle decreased ethanol consumption by 18% and total fluid consumption by
15% from the pre-treatment level, possibly caused by handling. None of the
treatments significantly altered food consumption. During treatments with vehicle
and the 10.0 mg/kg dose of SKF38393, rats gained small, but significant, amounts of
weight (F2,33 = 16.11, P < 0.05). Differences in body weight between vehicle
treatment periods and SKF38393 (1.25 and 5.0 mg/kg) treatment periods are most
likely due to similar differences existing during the 3-day pre-treatment periods.
Figure 3.3 shows the effects of co-administered SKF38393 (5.0 mg/kg) and
SCH23390 (0.3 mg/kg) on ethanol, total fluid, and food consumption. Co-administration
of these drugs reduced ethanol consumption and total fluid consumption from pretreatment levels by 45% (F2,11 = 30.56, P < 0.05) and 35% (F2,11 = 23.63, P < 0.05),
respectively. This combination also decreased ethanol consumption and total liquid
consumption from vehicle treatment levels by 32% (F2,35 = 10.06, P < 0.05) and 28%
(F2,35 = 12.50, P < 0.05), respectively. Vehicle treatment produced a 20% reduction from
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Figure 3.3. Effect of co-adminstered SKF38393 and SCH23390 on the volitional
consumption of solutions of ethanol by the male mHEP rat. Each bar represents the
mean ± S.E.M. Number of rats for each treatment is indicated in parentheses. (SKF =
SKF38393; SCH = SCH23390).

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates a significant
difference from vehicle treatment, P < 0.05.

B. Proportion of ethanol to total fluids (water and ethanol) consumed.

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates
a significant difference from vehicle treatment, P < 0.05.

D. Consumption of food.

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer).
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the pre-treatment level for ethanol intake. No significant effects on proportion or food
consumption were observed. Rats treated with vehicle and with co-administered
SKF38393 (5.0 mg/kg) and SCH23390 (0.3 mg/kg) gained small, but significant amounts
of weight (F2,11 = 30.39, P < 0.05).
Figure 3.4 compares the effects of SKF38393 (5.0 mg/kg) and SCH23390 (0.3
mg/kg) administered alone and together on ethanol, total fluid, and food consumption.
Results indicate no significant treatment effect (Kruskal-Wallis, P < 0.05) with differences
of 7% for ethanol consumption, 22% for proportion, 15% for total liquid consumption,
11% for food consumption, and 1% for body weight.
Figure 3.5 shows the effects of co-administered memantine (1.0 mg/kg) and
SCH23390 (0.3 mg/kg) on ethanol, total fluid, and food consumption. The repeated
measures two-way ANOVA indicated an effect of treatment period on ethanol
consumption (F2,21 = 29.38, P < 0.05), total fluid consumption (F2,21 = 55.63, P < 0.05),
and body weight (F2,21 = 96.03, P < 0.05). The ANOVA also indicated a significant
interaction between drug treatment and treatment period for ethanol intake (F2,65 =
12.53, P < 0.05), total fluid intake (F2,65 = 45.90, P < 0.05), and body weight (F2,65 =
11.61, P < 0.05). Co-administration of these drugs reduced ethanol consumption and
total fluid consumption from pre-treatment levels by 41% and 37%, respectively. This
combination also decreased ethanol consumption and total liquid consumption from
vehicle treatment levels by 36% and 30%, respectively. Vehicle treatment produced a
small, but significant reduction of food intake by 6% from pre-treatment levels. No
significant effects on proportion of ethanol to total fluids consumed were observed.
During treatments with both vehicle and co-administration of memantine and SCH23390,
rats gained small, but significant amounts (2%) of weight. The small, but significant
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Figure 3.4. Percent change from pre-treatment baseline for SKF38393 and SCH23390
administered alone and co-administered. Each bar represents the mean ± S.E.M.
Number of rats for each treatment is indicated in parentheses. No significant difference
was observed between treatments (P < 0.05, Kruskal-Wallis). [SKF = SKF38393; SCH =
SCH23390; 5.0 SKF = SKF38393 (5.0 mg/kg); 0.3 SCH = SCH23390 (0.3 mg/kg)].

A. Volitional consumption of ethanol.

B. Proportion of ethanol to total fluids (water and ethanol) consumed.

C. Consumption of total fluids (water and ethanol).

D. Consumption of food.

E. Body weight.
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Fig. 3.5. Effect of co-adminstered memantine and SCH23390 on the volitional
consumption of solutions of ethanol by the male mHEP rat. Each bar represents the
mean ± S.E.M. Number of rats for each treatment is indicated in parentheses. [1.0
MEM = Memantine (1.0 mg/kg); 0.3 SCH = SCH23390 (0.3 mg/kg)].

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates a significant
difference from vehicle treatment, P < 0.05.

B. Proportion of ethanol to total fluids (water and ethanol) consumed.

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates
a significant difference from vehicle treatment, P < 0.05.

D. Consumption of food.

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle
treatment, P < 0.05.
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difference (3%) in body weight for the two treatment groups was due to the same
difference (3%) being present during the pre-treatment period.
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DISCUSSION

The reductions in ethanol consumption and total fluid consumption do not appear
to be anti-caloric since no significant reductions in food consumption were observed for
any of the treatment groups. Furthermore, no significant reductions in body weight were
observed. While the DA D1 antagonist SCH23390 (0.1 and 0.3 mg/kg) decreases
volitional ethanol intake, co-administration of the DA D2 antagonist (-)sulpiride (3.0 and
10.0 mg/kg) with SCH23390 (0.3 mg/kg) neither enhances nor inhibits this effect. The
DA D1 agonist SKF38393 dose-dependently reduces volitional ethanol consumption with
the 5.0 mg/kg dose producing effects on ethanol consumption similar to those resulting
from treatment with SCH23390 (0.3 mg/kg). Co-administration of SK38393 (5.0 mg/kg)
and SCH23390 (0.3 mg/kg) produce effects that do not differ from those resulting from
administration of each drug alone. These data indicate that the two drugs neither block
nor enhance the effect of each other when co-administered at the doses tested. The
combined results of this study suggest that the DA D1 receptors exhibit an optimal level
of activation and any deviation from that level of activity produces a decrease in
volitional ethanol consumption.
In previous experiments, memantine decreased volitional ethanol consumption in
an apparent dose-dependent manner with the 1.0 mg/kg dose producing a 28%
reduction. In this study, the DA D1 antagonist SCH23390 (0.3 mg/kg) decreased
volitional ethanol consumption by 53%. Co-administration of these two drugs at these
doses produced a 41% reduction in ethanol consumption which suggests that these
drugs are not producing an additive or synergistic effect. Since SCH23390, alone,
decreased total fluid intake, but did not change proportion of ethanol to total fluids
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consumed, while memantine, alone, decreased ethanol intake and proportion of ethanol
to total fluids consumed, this suggests that the effects on ethanol and total fluid intake
observed when the two drugs are combined are caused by SCH23390. As previously
indicated, SCH23390 did block the effects of agonist SKF38393 on ethanol
consumption. Therefore, the combination of memantine and SKF38393, which remain
to be tested, would be expected to produce an additive or synergistic effect on ethanol
consumption.
Previous studies indicate that acute ethanol exposure acts within the mesolimbic
DA system, ongoing ethanol intake alters the effects of ethanol on the mesolimbic DA
system, and past ethanol consumption produces prolonged neuroadaptations within the
mesolimbic DA system (Carroll et al., 2006). Microdialysis studies with freely moving,
conscious male Sprague Dawley rats indicate that an acute administration i.p. of a
moderate dose (1.0 g/kg) of ethanol increases the concentration of extracellular DA in
the nucleus accumbens, with no dramatic blockade of DA uptake. This suggests that
ethanol increases extracellular DA by increasing DA release from the terminal (Yim and
Gonzales, 2000). In a previous study, DA uptake experiments indicated that chronic
ethanol consumption increases the function of the DA transporter (DAT) in the HighAlcohol-Drinking replicate line 1 (HAD-1) rats. However, it is uncertain if the change is
due to a change in the number of available transporters or a change in the velocity of
uptake (Carroll et al., 2006). Together, these reports suggest that rats with unlimited
access to ethanol, as in our experimental paradigm, may undergo altered DA transport
in the mesolimbic system. The mechanisms of action for the D1- and D2-receptor
agonists and antagonists do not involve DA uptake.
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The reward associated with drugs of abuse activates the central reward circuitry
directly, rather than via peripheral nerves. Although drugs are transported by circulation
to all brain regions, many drugs act only at specific receptors restricted to specific
classes of neurons. Many studies have implicated dopaminergic neurons as one of the
central components in brain reward. Although the specific site in the brain at which
ethanol produces its rewarding effect is uncertain, evidence indicates that ethanol
activates the mesolimbic DA system and has psychomotor stimulant actions. However,
reward circuitry is mulitsynaptic with DA being one of several possible reward
transmitters and DA neurons being one of several pathways for rewards (cf. Wise and
Rompre, 1989). Multiple reports have indicated that drugs known to act at DA receptors
may also function at other types of receptors to reduce ethanol consumption. Studies
suggest that systemically administered SKF38393 most likely reduces ethanol
consumption by acting through DA or other receptor systems, i.e. 5-HT, in brain regions
other than the NAc (Hodge et al., 1997). Acute and chronic administration of two DA
receptor partial agonists, SDZ 208-911 and terguride, have been shown to significantly
decrease ethanol consumption without affecting water intake in male albino Wistar rats
using a free-choice limited access paradigm (Bono et al., 1996). Both SDZ 208-911 and
terguride have a high affinity for both D2 and central alpha receptors and a somewhat
lower affinity for 5-HT1A receptors (Svensson et al., 1991).
In our experiments, we observed a significant reduction in ethanol consumption
induced by the partial agonist SKF38393. In a previous study, SKF38393, along with
several other DA D1 receptor agonists, has been shown to decrease ethanol selfadministration at doses lower than those that significantly increase locomotor activity in
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rats and has supported the involvement of DA D1 receptors in reward processes (Cohen
et al., 1999).
Another study reported that microinjection of the D1 antagonist SCH23390 in the
nucleus accumbens of female alcohol-preferring (P) rats did not significantly alter
ethanol intake (Levy et al., 1991). Other reports indicated that SCH23390, at doses of
0.03 and 0.1 mg/kg, significantly decreased water intake, but did not alter ethanol intake
in male Sprague Dawley rats in a 1 hour food- and ethanol-limited access paradigm with
24 hour free access to water. The reduction in water consumption was attributed to a
non-specific decrease in consummatory behavior (Silvestre et al., 1996). In our
experiments, we found that SCH23390, at the doses we tested (0.1 and 0.3 mg/kg),
significantly reduced ethanol consumption in the mHEP rat using a two-choice free
access paradigm. The differences between the results from our study and the previous
reports may be due to the different animal strains and experimental paradigms.
Additional experiments are needed to test the effects of DA D2 receptor agonists
and the combination of memantine and the DA D1 receptor agonist SKF38393 on
ethanol consumption in mHEP rats using the two-choice 24 hour access paradigm.
Further studies are also needed to determine potential locomotor and sedating effects of
DA agents at doses shown to decrease volitional ethanol consumption in mHEP rats.

CHAPTER 4

EFFECTS OF GROUP II METABOTROPIC GLUTAMATE AGONIST AND
ANTAGONIST DRUGS ON VOLITIONAL ETHANOL CONSUMPTION BY GENETIC
DRINKING RATS
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ABSTRACT

Antagonists of both NMDA and group I metabotropic glutamate receptors reduce
the consumption of ethanol by rodents. This study aimed to determine the effects of
group II metabotropic glutamate receptor (mGluR 2/3) agonist and antagonist drugs on
volitional consumption of ethanol by genetic drinking rats. Volitional ethanol
consumption in a two-choice paradigm was determined for male Myers’ high ethanolpreferring (mHEP) rats. After establishment of the preferred ethanol concentration for
each rat in a 10-day ‘step-up’ test of 3-30% v/v ethanol versus water, the concentration
producing a proportion closest to 50% was used as each rat’s fixed concentration. Rats
underwent 3-day baseline, 3-day drug injection b.i.d., and 3-day post-treatment periods
and, after recovery of drinking, the sequence was repeated with a different dose of drug.
Order of administration of drugs and vehicle was made in a counter-balanced design.
Rats received s.c. injections of vehicle and mGluR 2/3 agonist LY379268 (0.3, 1.0, and
3.0 mg/kg) or mGluR 2/3 antagonist LY341495 (0.3, 1.0, and 3.0 mg/kg). At the 3.0
mg/kg dose, LY379268 decreased ethanol consumption by 32%, food intake by 33%,
and total liquid (ethanol and water) consumption by 22% from baseline. At the 3.0
mg/kg dose of LY341495, ethanol consumption and total liquid consumption declined,
respectively, by 44% and 32% while food intake increased non-significantly by 5%.
Furthermore, LY341495 reduced the proportion of ethanol to total liquids consumed.
The 3.0 mg/kg dose of LY379268 did not significantly affect the ability of Sprague
Dawley rats to walk on a rotating rod. These data indicate that the mGluR 2/3 agonist
produced an aphagic effect while the antagonist caused an anti-ethanol consumption
effect. These results suggest that a metabotropic glutamate group II antagonist may be
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a viable agent for decreasing volitional ethanol consumption. Additional experiments
may be necessary to differentiate effects on ethanol intake versus caloric intake by both
agonists and antagonists of the mGluR 2/3 receptors.
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INTRODUCTION

Based upon a review by Palucha and Pilc (2007), it is apparent that localization
of the metabotropic glutamate receptors (mGluRs) in the brain determines their roles.
Group II mGluRs (mGluR 2/3) are highly expressed in brain regions related to emotional
states, including the forebrain and limbic areas, such as the AMY, HI, and PFC (Ohishi
et al., 1993a; Ohishi et al., 1993b; Tamaru et al., 2001; Wright et al., 2001). Since these
receptors are negatively linked to the AC signal transduction pathway and are mostly
located at the extrasynaptic sites of terminal axons on glutamatergic neurons, they act
as autoreceptors, reducing release of the excitatory neurotransmitter glutamate,
especially when excess glutamate exists in the synapse (cf. Schoepp, 2001).
Presynaptic group II mGluRs also regulate the release of other neurotransmitters and/or
neuromodulators such as GABA, DA, 5-HT, purines, and others (Cartmell et al., 2001).
By modulating K+, Ca2+, and other ion channels, postsynaptic group II mGluRs help
regulate neuronal excitability (cf. Pin and Duvoisin, 1995). Activation of mGlu3 receptors
widely expressed in glial cells, including astrocytes, enhances glutamate uptake (Yao et
al., 2005).
In a study of post-mortem human brains, high levels of mGluR2 were observed in
the dorsolateral PFC, anterior CC, orbitofrontal CTX, parietal CTX, and occipital CTX
with lower levels of expression in the caudate nucleus, NAc, and cerebellum, and the
lowest levels in the thalamus. Relatively high levels of mGluR2 were expressed in the
HI. Generally, mGluR3 was more evenly distributed within cortical regions, with the
highest levels expressed in the HI. In contrast to mGluR2, mGluR3 was highly
expressed in the caudate nucleus and NAc, with moderate levels being detected in the
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thalamus and cerebellum. Expression of both mGluR2 and mGluR3 was relatively high in
the CTX (Ghose et al., 2009).
Numerous areas in which mGluR2 and mGluR3 are found correspond to major
components in the mesocorticolimbic pathway, also known as the dopaminergic reward
pathway. The mesocorticolimbic system has been implicated as a common neural
substrate for the reinforcing properties of drugs of abuse (cf. Maldonado, 2003),
including alcohol dependence and reward. In the mesocorticolimbic pathway,
dopaminergic projections from the midbrain VTA innervate numerous limbic structures
including the NAc, HIP, and AMY and cortical regions including the FC, PFC, and CC
(cf. Pierce and Kalivas, 1997; cf. Zhang et al., 2006).
Reports indicate that the mGluR 2/3 antagonist LY341495 (1-30 mg/kg, i.p.) does
not alter ethanol self-administration in C57BL/6J mice using a lever-pressing paradigm
(Hodge et al., 2006). Other studies reveal that the mGluR 2/3 agonist LY404039
decreases alcohol-seeking during reinstatement following alcohol deprivation, but does
not reduce alcohol self-administration in alcohol-preferring (P) rats using a leverpressing paradigm (Rodd et al., 2006). Reports also indicate that mGluR 2/3 agonists
are anxiolytic-like (Linden et al., 2005b; O'Neill et al., 2003; Rodd et al., 2006; RorickKehn et al., 2006; Tizzano et al., 2002) while mGluR 2/3 antagonists inhibit anxiolytic
effects (Linden et al., 2005b). Furthermore, the mGluR 2/3 antagonist LY341495
increased anxiety in the elevated plus maze in a dose-dependent manner in a mouse
model, but did not alter total ambulations (Linden et al., 2005a). Other studies indicate
that group II mGluR antagonists increase locomotor activity (David and Abraini, 2001;
O'Neill et al., 2003). Similar to the mGluR 2/3 agonists, several mGluR5 antagonists
produce anxiolytic effects (Carroll, 2008; cf. Palucha and Pilc, 2007; cf. Spooren et al.,
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2000). Also, the mGluR5 antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP) will
reduce consumption of ethanol by a genetic high drinking rat line using a two-choice 24
hour access paradigm (McMillen et al., 2005).
Both mGluR 2/3 agonists and ethanol increase DA metabolism as indicated by
an increased production of the dopaminergic metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA). Systemic administration of the selective group II
metabotropic receptor agonist LY379268 increased extracellular levels of DA, DOPAC
and HVA, and the major 5-HT metabolite, 5-hydoxyindoleacetic acid (5-HIAA), in the rat
mPFC. The levels of the metabolites were raised in a dose-dependent manner.
LY379268 (10 mg/kg, s.c.) also increased tissue levels of the metabolites DOPAC, HVA
and 5-HIAA in the nucleus accumbens and striatum (Cartmell et al., 2000). Acute
administration of ethanol increased the levels of DOPAC and HVA in the cerebral CTX
and STR, while chronic ethanol consumption did not alter monoamine levels and
metabolism in P rats (Murphy et al., 1983). Acute treatment with high dose ethanol (2.5
g/kg, i.p.) increased the levels of DA in the posterior striatum (PSTR) after 60 minutes
while raising the levels of DOPAC and/or HVA in the NAc and HYPO after 15, 30, and
60 minutes, and in the PSTR, lateral septal nucleus (LSN), and FC after 60 minutes.
The levels of DOPAC and/or HVA were not altered by the high dose of ethanol in either
the thalamus or olfactory bulbs (Khatib et al., 1988).
This study aimed to determine if either mGluR 2/3 agonists or antagonists will
effectively decrease volitional consumption of ethanol by genetic drinking rats using a
two-choice 24 hour access paradigm. The agonist LY379268 and antagonist LY341495
were used due to their high selectivity for the mGluR 2/3 receptors.
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MATERIALS AND METHODS

Drugs
The mGluR 2/3 agonist LY379268 (Eli Lilly and Company) was dissolved in
deionized water. The mGluR 2/3 antagonist LY341495 (Eli Lilly and Company) was
dissolved in deionized water and 0.10 ml 1.0 N sodium hydroxide. Drugs and vehicle
(deionized water) were administered via s.c. injections. Ethanol solutions were prepared
by diluting 95% ethanol in tap water.

Volitional Ethanol Consumption Experiment
Subjects and Screening
The mHEP rat is a validated model of alcoholism characterized by profuse
volitional consumption of ethanol, a preference for ethanol in the presence of palatable
alternatives, and levels of blood ethanol corresponding essentially with the respective
amounts of ethanol consumed (Myers et al., 1998). Therefore, the mHEP rat was used
as the animal model to test the effects of the group II metabotropic receptor agonist and
antagonist on volitional ethanol consumption.
At 60 days of age, mHEP rats were placed in a suspended stainless steel cage
to be screened for preferred ethanol concentrations. Each day, volumes of fluids and
food consumed and body weights were recorded. Initially, rats received 3% ethanol (v/v)
and tap water in graduated bottles. The concentration of ethanol was increased daily:
5, 7, 9, 11, 13, 15, 20, 25, and 30%. The concentration of ethanol which produced
maximal ethanol consumption with the proportion for consumption of ethanol to total
fluids closest to 0.5 was selected as each rat’s maximally preferred concentration. Two
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groups of male rats were selected from the F22 generation for testing the effects of
LY379268 and LY341495 on volitional ethanol consumption. Each rat received its
maximally preferred concentration of ethanol throughout the experiment. The average
preferred ethanol concentration was 12% for rats treated with LY379268, 13% for rats
treated with LY341495, and 14% for rats treated with co-administered LY379268 and
LY341495.

Experimental Procedures
During each regimen of treatments, rats underwent a 3-day baseline period
followed by a 3-day period during which injections were administered two hours before
and two hours following lights out and a subsequent 3-day post-treatment period. For
one group of rats, doses of LY379268 (0.3, 1.0 and 3.0 mg/kg) and vehicle were
administered in a counter-balanced design with some rats receiving 0.3 mg/kg
LY379268 and the remaining rats receiving 1.0 mg/kg LY379268 initially. Upon
stabilization of ethanol consumption to baseline levels, a different dose of LY379268 or
vehicle was injected. Similarly, the second group of rats received doses of LY341495
(0.3, 1.0 and 3.0 mg/kg) or vehicle in a counter-balanced design. Seven male mHEP
rats received co-administered 3.0 mg/kg LY379268 and 3.0 mg/kg LY341495. For each
group of rats, data for each pre-treatment, treatment, and post-treatment period for each
rat were averaged, grouped, and analyzed using two-way repeated measures ANOVA
and Tukey/Kramer procedure post hoc. Statistical analyses were performed using GBSTAT (Dynamic Microsystems, Silver Spring, MD).

Rotating Rod Experiment
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Two groups of male Sprague Dawley (Harlan, Frederick, MD) rats were used to
test the effects of 3.0 mg/kg LY379268 and 3.0 mg/kg LY341495 on the ability of the
animals to walk on the rotorod. Rats were trained to walk continuously on a 12 rpm
rotating rod (4 Station Rat Rota Rod, Med Associates, Inc., Georgia, VT) for 180 s. The
ability of the rats to walk on the rotorod was tested 30 minutes and 60 minutes after drug
or vehicle was injected. A 60 s criterion was used to indicate minimal or no effect of
drug.
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RESULTS

Effects of LY379268 and LY341495 on Volitional Ethanol Consumption
Figure 4.1 shows the effects of LY379268 (0.3, 1.0, and 3.0 mg/kg) on ethanol,
total fluid, and food consumption. The repeated measures two-way ANOVA indicated an
effect of treatment period on ethanol consumption (F2,27 = 15.95, P < 0.05), total fluid
consumption (F2,27 = 12.75, P < 0.05), food intake (F2,27 = 104.63, P < 0.05), and body
weight (F2,27 = 62.40, P < 0.05). The ANOVA also indicated a significant interaction
between dose of LY379268 and treatment period for food intake (F6,83 = 19.20, P < 0.05)
and body weight (F6,83 = 11.28, P < 0.05). The 1.0 and 3.0 mg/kg doses of LY379268
significantly decreased ethanol intake relative to pre-treatment levels by 31% and 32%,
respectively, but no effect relative to vehicle treatment was observed. Similarly, the 1.0
and 3.0 mg/doses of LY379268 significantly decreased total fluids consumed relative to
pre-treatment levels by 23% and 22%, respectively, but no effect relative to vehicle
treatment was observed. At the doses tested, LY379268 produced no effect on the
proportion of ethanol to total fluids consumed. LY379268 appears to dose-dependently
decrease food consumption (18 to 33%) relative to pre-treatment levels at all doses with
a 33% decrease at the highest dose. LY379268 also reduced food intake relative to
vehicle treatment at all doses with a 35% decrease at the highest dose. During
treatment with vehicle, rats gained weight. During treatment with the 1.0 and 3.0 mg/kg
doses of LY379268, rats underwent weight loss of 2% and 3%, respectively, relative to
pre-treatment levels. Relative to vehicle treatments, all doses of LY379268 produced a
weight loss of 4 to 6%. Reductions in body weight coincide with decreased food
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Figure 4.1. Effect of LY379268 on the volitional consumption of solutions of ethanol by
the male mHEP rat. Each bar represents the mean ± S.E.M. Number of rats for each
treatment is indicated in parentheses.

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer).

B. Proportion of ethanol to total fluids (water and ethanol) consumed.

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).

D. Consumption of food. * indicates a significant difference from pre-treatment
baseline, P < 0.05 (Tukey/Kramer). # indicates a significant difference from
vehicle treatment, P < 0.05.

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle
treatment, P < 0.05.
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consumption which suggests that the weight loss may be an anti-caloric effect.
Figure 4.2 shows the effects of LY341495 (0.3, 1.0, and 3.0 mg/kg) on ethanol,
total fluid, and food consumption. The repeated measures two-way ANOVA indicated an
effect of treatment period on ethanol consumption (F2,30 = 30.70, P < 0.05), proportion of
ethanol to total fluids consumed (F2,30 = 14.89, P < 0.05), total fluid consumption (F2,30 =
25.46, P < 0.05), and body weight (F2,30 = 67.20, P < 0.05). The ANOVA also indicated
a significant interaction between dose of LY341495 and treatment period for ethanol
consumption (F6,92 = 3.29, P < 0.05), total fluid consumption (F6,92 = 3.36, P < 0.05), and
body weight (F6,92 = 4.72, P < 0.05). Vehicle and both the 0.3 mg/kg and 3.0 mg/kg
doses of LY379268 significantly decreased ethanol intake relative to pre-treatment
levels. The vehicle-treated rats decreased ethanol consumption by 12% while the 0.3
mg/kg and 3.0 mg/kg LY341495-treated rats reduced ethanol intake by 36% and 44%,
respectively. Relative to vehicle treatment, 3.0 mg/kg LY341495 produced a 37%
decrease in volitional ethanol consumption. The 0.3 mg/kg dose of LY341495 produced
a 27% reduction in proportion of ethanol to total liquids consumed relative to pretreatment levels, but no treatment differences were observed. LY341495 appears to
have dose-dependently decreased total fluid consumption (15 to 32%) relative to pretreatment levels at all doses with a 32% decrease at the highest dose. The 1.0 mg/kg
and 2.0 mg/kg doses of LY341495 also reduced total fluid intake relative to vehicle
treatment by 25% and 27%, respectively. The mGlu 2/3 antagonist did not significantly
alter food consumption. Relative to pre-treatment levels, rats underwent significant
weight gain during treatment with vehicle and 0.3 mg/kg LY341495. Differences
between body weight during vehicle treatment and LY341495 treatment can most likely
be attributed to differences in pre-treatment weights for these groups.
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Figure 4.2. Effect of LY341495 on the volitional consumption of solutions of ethanol by
the male mHEP rat. Each bar represents the mean ± S.E.M. Number of rats for each
treatment is indicated in parentheses.

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates a significant
difference from vehicle treatment, P < 0.05.

B. Proportion of ethanol to total fluids (water and ethanol) consumed. *
indicates a significant difference from pre-treatment baseline, P < 0.05
(Tukey/Kramer).

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer). # indicates
a significant difference from vehicle treatment, P < 0.05.

D. Consumption of food.

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer). # indicates a significant difference from vehicle
treatment, P < 0.05.
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Figure 4.3 shows the effects of co-administered LY341495 (3.0 mg/kg) and
LY379268 (3.0 mg/kg) on ethanol, total fluid, and food consumption. The repeated
measures one-way ANOVA indicated an effect of treatment period on ethanol
consumption (F2,6 = 54.70, P < 0.05), proportion of ethanol to total fluids consumed (F2,6
= 18.53, P < 0.05), total fluid consumption (F2,6 = 9.74, P < 0.05), food intake (F2,6 =
43.73, P < 0.05), and body weight (F2,6 = 35.49, P < 0.05). Relative to pre-treatment
levels, treatment with the co-administered drugs significantly decreased ethanol intake
by 60%, proportion of ethanol to total fluids consumed by 42%, total fluid consumption
by 44%, food intake by 27%, and body weight by 3%.

Effects of LY379268 and LY341495 on Locomotor Activity
The rotorod experiments indicated that neither LY379268 (3.0 mg/kg) nor
LY341495 (3.0 mg/kg) produced a significant effect on locomotor activity of Sprague
Dawley rats at 30 or 60 minutes following treatment (Table 4.1).
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Figure 4.3. Effect of co-administered LY341495 and LY379268 on the volitional
consumption of solutions of ethanol by the male mHEP rat. Number of rats is indicated
in parentheses.

A. Volitional consumption of ethanol. * indicates a significant difference from
pre-treatment baseline, P < 0.05 (Tukey/Kramer).

B. Proportion of ethanol to total fluids (water and ethanol) consumed. *
indicates a significant difference from pre-treatment baseline, P < 0.05
(Tukey/Kramer).

C. Consumption of total fluids (water and ethanol). * indicates a significant
difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).

D. Consumption of food. * indicates a significant difference from pre-treatment
baseline, P < 0.05 (Tukey/Kramer).

E. Body weight. * indicates a significant difference from pre-treatment baseline,
P < 0.05 (Tukey/Kramer).
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Table 4.1. Effects of LY379268, LY341495, or vehicle on the ability of Sprague Dawley
rats to walk on a rotorod. Ability to walk for 60 seconds indicates minimal or no effect of
each treatment. No effect was observed at the doses tested. Number of animals tested
is shown in parentheses.
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Treatment

Seconds ±S.E.M.
30 Minutes Post-Treatment
60 Minutes Post-Treatment

LY379268
3.0 mg/kg (8)
Vehicle (8)

119 ±15.5
156 ±16.3

160 ±13.1
172 ± 8.3

LY341495
3.0 mg/kg (9)
Vehicle (9)

180 ± 0.0
180 ± 0.0

176 ± 4.4
180 ± 0.0
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DISCUSSION

The mGluR 2/3 agonist LY379268 decreased both volitional ethanol consumption
and food consumption which suggests that the drug may be having an aphagic or
anorexic effect. These findings are in harmony with the observations of Peters and
Kalivas (2006) that demonstrated a decrease in operant responding for food following
injections of LY379268. Conversely, the reduction in volitional ethanol consumption by
the mGluR 2/3 antagonist LY341495 does not appear to be an aphagic or anti-caloric
effect. Furthermore, LY341495 does not inhibit or reverse the reduction in food
consumption caused by LY379268. Therefore, if LY379268 is producing an aphagic
effect, LY341495 does not reverse the effect at the dose tested. To determine if
LY341495 does reverse the effect, several additional doses would need to be tested.
This would require numerous additional male mHEP rats. The weight loss in LY379268treated rats during treatment may be attributed to the decline in caloric consumption.
During the post-treatment period of all experiments, the rats appear to recover from
deficits in drinking and feeding incurred during treatment. This suggests that the
consummatory effects of LY379268 and LY341495, at the doses used, are neither longterm nor irreversible. Although the results from this study suggest that the reduction in
ethanol intake associated with each of these drugs may be dose-dependent, further
studies with more animals are needed to determine if the decrease in ethanol
consumption is actually dose-dependent.
In summary, LY341495 exhibits a favorable profile as a candidate for the
treatment of alcohol dependence while LY379268 may produce serious consummatory
side effects. In the rat brain, the mGlu2 receptors are extensively expressed
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presynaptically in most forebrain structures including the CTX (Gu et al., 2008) which
functions to regulate neurotransmitter release (Pin and Duvoisin, 1995) while mGlu3
receptors are expressed in glial and cells in the the GABAergic reticular nucleus of the
thalamus (Gu et al, 2008). This suggests that drugs with greater receptor specificity may
allow for determination of which receptor site is more important for consummatory
effects. These drugs do not differentiate between mGlu2 and mGlu3 receptors so as
more drugs are developed, it may be beneficial to examine the effects of drugs with
greater receptor subtype specificity on ethanol consumption.
The dichotomy between our results from the volitional ethanol consumption
experiments and those previously published may be due to differences between the
paradigms and/or the animal models used. In our study, we used a two-choice 24 hour
protocol to better simulate the access to alcohol experienced by alcohol-dependent
patients. In contrast to other studies which did not account for potential caloric effects,
we reported total fluid and total food intake.
The results from the rotorod experiment suggest that these drugs do not affect
locomotor ability at the doses tested. However, the behavior of Sprague Dawley rats
rather than mHEP rats was measured on the rotorod. Also, this experiment measured
locomotor ability rather than locomotor activity. Further studies are needed to determine
the effects of the mGluR 2/3 agonist and antagonist on locomotor ability and activity in
mHEP rats.
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CHAPTER 5

EFFECTS OF MEMANTINE ON DOPAMINE METABOLISM AND
PHOSPHORYLATION OF DARPP-32 IN THE DOPAMINERGIC REWARD PATHWAY
OF MALE MYERS’ HIGH ETHANOL PREFERRING RATS
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ABSTRACT

Previously, we showed that memantine, a partial NMDA receptor antagonist,
decreases volitional ethanol consumption in the male mHEP rat in an apparent dosedependent manner without adversely affecting locomotor ability or activity. Multiple
neurotransmitters and pathways are involved in ethanol reinforcement. Previous studies
indicate that ethanol alters levels of monoamines and their metabolites, including DA
and its metabolite, DOPAC, in various regions of the brain in rats. Reports also
implicate DARPP-32 as an intracellular regulator involved in ethanol reward. This part of
our study focused on the two following aims: (1) To determine if memantine increases
the ethanol-induced metabolism of DA; and (2) to determine if the mechanism by which
memantine reduces ethanol drinking involves signaling downstream of the activation of
the DA D1 receptors. Male mHEP rats were used for all experiments.
HPLC analysis showed that memantine (10.0 mg/kg, i.p.) and ethanol (1.0 or 2.5
g/kg, i.p.), both alone and together, failed to significantly alter levels of DA and DOPAC
in the mPFC, NAc, and STR of male mHEP rats. However, ethanol (2.5 g/kg) did
produce changes in levels of striatal DOPAC close to being significant. Overall, these
results show that memantine does not alter levels of DA in the mPFC, NAc, and STR.
Western blots were used to measure the effects of memantine (10.0 mg/kg, i.p.)
and ethanol (1.0 or 2.5 g/kg, i.p.), both alone and together, on the abundance of
DARPP-32, phospho-DARPP-32 (Thr34), and phospho-DARPP-32 (Thr75) in the
mPFC, NAc, and STR. Bands for phospho-DARPP-32 (Thr34) in the mPFC for all
treatment groups were undetectable in all blots. Results from all other blots indicated
that memantine and ethanol, alone and combined, failed to significantly alter levels of
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DARPP-32 and phospho-DARPP-32 (Thr75) in the mPFC, NAc, and STR and failed to
change levels of phospho-DARPP-32 (Thr34) in the NAc and STR.
Together, the data from these experiments suggest that mechanisms which
involve neither glutamate nor the NMDA receptor can also activate the ethanol reward
pathway in the mHEP rat, and a mechanism other than one downstream from the DA D1
receptor activation is involved.
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INTRODUCTION

Ethanol inhibits glutamatergic neurotransmission at the ionotropic NMDA
receptor (Lovinger et al., 1989; Lovinger et al., 1990; Morrisett and Swartzwelder, 1993;
Peoples and Stewart, 2000) which suggests that blockade of the NMDA receptor may
interrupt the ethanol reward pathway. Previously, we demonstrated that the low-affinity,
noncompetitive NMDA receptor antagonist memantine decreases volitional ethanol
consumption in a dose-dependent manner in the male mHEP rat in a two-choice 24 hour
access paradigm. Memantine is a neuroprotective drug effective in the treatment of
Alzheimer’s disease and previously shown in clinical trials to not produce intolerable side
effects. The neuroprotective properties of memantine are attributed to the drug only
binding excessively open channels, thereby not inhibiting normal physiologocal levels of
NMDA receptor activity, and to its relatively fast “off-rate” (cf. Chen and Lipton, 2006; cf.
Lipton, 2004a; cf. Lipton, 2005; cf. Lipton, 2006; cf. Lipton, 2007; cf. Rammes et al.,
2008).
Ethanol produces many different effects in multiple intracellular and intercellular
signaling cascades in the CNS (cf. Zhang et al., 2006). Acute and chronic ethanol has
been shown to alter levels of DA metabolism in various brain regions in the rat (Lucas
and McMillen, 2002; Vasconcelos et al., 2004). If memantine substitutes for ethanol, the
NMDA antagonist may increase the effects of ethanol on the metabolism of DA.
DARPP-32 has been implicated as an intracellular regulator of ethanol-seeking
behavior (Risinger et al., 2001) and of DA D1 receptor function (Fienberg et al., 1998).
One proposed positive feedback system for ethanol consumption involves activation of
DA D1 receptors diminishing ethanol sensitivity of NMDA receptors via the PKA/DARPP-
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32 cascade in principal neurons of the nucleus accumbens (NAc). According to this
mechanism, ethanol exposure causes depolarization of VTA neurons which increases
DA release in the NAc, thereby activating DA D1 receptors and initiating the
PKA/DARPP-32 cascade. This causes phosphorylation of DARPP-32 which decreases
activity of protein phosphatases and increases phosphorylation of Ser-897 on the NR-1
subunit of the NMDA receptor. This phosphorylation causes decreased sensitivity of the
NMDA receptor to ethanol while maintaining a near normal level of NMDA receptor
function and promoting long-term modification of glutamatergic transmission (cf. Maldve
et al., 2002). This suggests that memantine may reduce ethanol intake by decreasing
DA release, thereby inhibiting the PKA/DARPP-32 cascade. Furthermore, the FC,
parietal CTX, HI, and neostriatum (NSTR) of rats contain neurons co-expressing
DARPP-32 with NMDA receptor subunits which suggests that DA and glutamate
receptors may interact in dopaminoceptive neurons with distinct receptor compositions
and may be involved in modulation of neuronal properties and excitotoxiciy in the
mammalian forebrain (Wang et al., 2004).
A validated animal model for alcoholism, the mHEP rat is characterized by
profuse volitional consumption of ethanol, a preference for ethanol in the presence of
palatable alternatives, and levels of blood ethanol corresponding essentially with the
respective amounts of ethanol consumed (Myers et al., 1998). The purpose of this study
was to determine if memantine and ethanol, individually or combined, produce additive
effects on DA metabolism and DA-stimulated phorphorylation of DARPP-32 at the Thr34
and Thr75 sites. More specifically, the two aims were: (1) To determine if memantine
increases the ethanol-induced metabolism of DA, detected as an elevation in levels of
the DA metabolite, DOPAC, which would suggest that glutamate and the NMDA receptor
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are necessary for activation of the ethanol reward pathway; and (2) to determine if the
mechanism by which memantine reduces ethanol drinking involves signaling
downstream of the activation of the DA D1 receptors. The brain regions studied
included the mPFC, NAc, and STR since they are known to receive DA projections from
the VTA in the reward pathway and have been shown to contain DARPP-32 (Hemmings
and Greengard, 1986; cf. Nairn et al., 2004; Ouimet et al., 1984; cf. Svenningsson et al.,
2004; cf. Svenningsson et al., 2005; Walaas and Greengard, 1984; Wang et al., 2004).

130

MATERIALS AND METHODS

Drugs and Reagents
Memantine hydrochloride (Sigma-Aldrich, Inc., St. Louis, MO) was dissolved in
deionized water and doses were calculated as the free base. In all experiments,
deionized water was used as the vehicle and 95% ethanol was diluted in deionized
water. Memantine, ethanol, and vehicle were administered i.p.

Subjects
Male mHEP rats (55 to 80 days old) were selected from the breeding colony in
the East Carolina University colony. This line of rats was originally derived from the
cross-breeding of three male alcohol-preferring (P) rats (T.-K. Li of the Indiana University
Alcohol Research Center) and three female Sprague Dawley rats (Harlan Sprague
Dawley Inc.). The line of mHEP rats is maintained by breeding non-sibling males and
females whose selection is based on an ethanol drinking screen. The rats were singlehoused with continuous access to food and water and maintained on a 12 h on/12 h off
light cycle in a temperature-controlled room. All procedures were in accordance with the
NIH Guidelines for the Care and Use of Laboratory Animals and approved by the Brody
School of Medicine at East Carolina University Institutional Animal Care and Use
Committee.

Treatment Groups
Male mHEP rats were weighed and allowed a minimum of 45 minutes to
acclimate to the laboratory before initiation of injections. Rats were divided into six
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treatment groups designated as “1st treatment/2nd treatment”: (1) Control/control; (2)
control/1.0 g ethanol per kg; (3) control/2.5 g ethanol per kg; (4) memantine/control; (5)
memantine/1.0 g ethanol per kg; and (6) memantine/2.5 g ethanol per kg. For the first
injection, rats received control (0.9% saline) or memantine (10.0 mg/kg). Thirty minutes
following the first injection, rats received control (0.9% saline) or ethanol (1.0 or 2.5
g/kg). Thirty minutes following the second treatment, rats were euthanized.

Tissue Samples
Rats were lightly anesthetized with isoflurane (Webster Veterinary Supply,
Charlotte, NC) and decapitated by guillotine. Brains were extracted, placed in ice-cold
0.9% saline, blotted, and dissected using a modified (McMillen et al., 1988) procedure of
Glowinski and Iversen (1966). Areas removed for analysis included mPFC, NAc, and
STR. Tissues were immediately frozen over dry ice and stored at -70˚C until analyzed
by HPLC or Western blotting.

HPLC Analysis
HPLC was used to determine the levels of DA and its metabolite, DOPAC. 3,4dihydroxybenzylamine (DHBA) was used an internal standard. Each sample was
weighed, placed in a glass homogenizing tube containing 0.8 ml of 0.4 N perchloric acid
(HClO4) and 50 ng DHBA, and homogenized using a Teflon pestle and a 115V
homogenizing power unit (Eberbach Con-Torque Homogenizer, Ann Arbor, MI).
Homogenates were transferred to fresh, labeled microcentrifuge tubes. Standards
containing 0.4 N HClO4, DA (50 ng or 250 ng), DOPAC (50 or 250 ng), and DHBA (50
ng) were prepared to be run as verification of retention times for analyte compounds. An
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alumina extraction (Appendix C) was performed on all homogenates and standards.
The extracted samples and standards were autoinjected into an HPLC system consisting
of a Coulochem 5100A carbon electrode detector (ESA, Bedford, MA) and a Brownlee
Velosep Column (RP-18, 3 μm, Shelton, CT). The oxidizing and reducing electrodes
were set at +0.50 volts and -0.35 volts, respectively. The mobile phase for the HPLC
consisted of a 0.1 M potassium dihydrogen phosphate (KH2PO4) buffer containing 0.1
mM disodium ethylenediamine tetraacetate (NA2EDTA), 1.12 mM sodium octyl sulfate
(SOS), and 9% methanol, with the final pH adjusted to 3.9. The mobile phase was
degassed by vacuum filtration and run through the HPLC at a flow rate of 0.6 ml/min.
Chromatograms were recorded on paper and peak heights were measured for analysis.

Western Blots
Samples and Blotting
Western blotting was used to determine the levels of DARPP-32, phosphoDARPP-32 (Thr34), and phospho-DARPP-32 (Thr75). Each sample was weighed and
homogenized in a lysis buffer (PBS [pH 7.4], 1% SDS, 2 mM EDTA, 5 mM ethylene
glycol tetraacetic acid (EGTA), 25 mM sodium fluoride, 2 mM sodium orthovanadate) at
a volume of 1.0 ml per 100 μg tissue. Homogenates were microcentrifuged at 14,000
rpm for 10 to 20 minutes at 4°C. Supernate for each sample was transferred to a fresh
labeled microcentrifuge tube and protein concentration was determined using a
Bicinchoninic Acid Solution (BCA) protein assay test (Thermo Scientific Pierce,
Rockford, IL) (Appendix E).

Antibody Procedure
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Samples were boiled for 10 minutes in Laemmli stop buffer (95% Laemmli
Sample Buffer; Bio-Rad, Hercules, CA; 5% v/v 2-mercaptoethanol). Duplicate samples
were separated by electrophoresis on a 10% polyacrylamide gel (10% Tris-HCl; BioRad) and transferred to a nitrocellulose membrane (0.2 μm; Bio-Rad). Concentrations of
sample loaded for each set of experiments are shown in Table 5.1. Membranes were
blocked in 5% non-fat milk (Bio-Rad blotting grade non-fat milk diluted in phosphate
buffered saline) for 1 h at room temperature. Following five quick rinses in PBST-T
(phosphate buffered saline with 0.1% Tween-20), membranes were incubated with
primary antibodies overnight at 4˚C. Membranes were probed with two primary
antibodies: (1) mouse anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH)
(1:1,000,000; Millipore, Temecula, CA) as an internal control and (2) rabbit anti-DARPP32 (Cell Signaling Technology, Inc., Danvers, MA), rabbit anti-phospho-DARPP-32
(Thr34) (Thermo Scientific Pierce), or rabbit anti-phospho-DARPP-32 (Thr75) (Cell
Signaling). Dilutions for antibodies against DARPP-32, phospho-DARPP-32 (Thr34),
and phospho-DARPP-32 (Thr75) are shown in Table 5.2. After incubation with primary
antibodies, membranes were washed five times with PBST-T for 5 minutes per wash
and incubated with two secondary antibodies: (1) goat anti-rabbit IRDye® 800CW
(concentrations shown in Table 5.2; Li-Cor Biosciences, Inc., Lincoln, NE); and (20 goat
anti-mouse IRDye 680® (1:30,000; Li-Cor) for 1h at 4˚C. All antibodies were diluted in
PBST-T at concentrations determined by previous optimization studies. After incubation
with secondary antibodies, membranes were washed five times with PBST-T for 5
minutes per wash. Antibody binding was detected using an Odyssey infrared imaging
system (Li-Cor).
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Table 5.1. Concentrations of protein loaded on gels for Western blots.
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Concentration of protein (μg) by brain region
Prefrontal
cortex

Nucleus
accumbens

Striatum

DARPP-32

50

30

10

phospho-DARPP-32 (Thr34)

60

40

25

phospho-DARPP-32 (Thr75)

50

30

20

Phosphoprotein
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Table 5.2. Concentrations of primary and secondary antibodies used for
immunoblotting.
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Concentrations of antibodies by brain region
Prefrontal cortex
Anti-DARPP-32
Goat anti-rabbit IR
Dye® 800CW
Anti-phosphoDARPP-32 (Thr34)
Goat anti-rabbit IR
Dye® 800CW
Anti-phosphoDARPP-32 (Thr75)
Goat anti-rabbit IR
Dye® 800CW

Nucleus accumbens

Striatum

1:750

1:1000

1:1000

1:20,000

1:25,000

1:25,000

1:250

1:250

1:500

1:10,000

1:10,000

1:10,000

1:250

1:500

1:1000

1:10,000

1:10,000

1:10,000
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Densitometry
Immunoreactivity was quantitated using Odyssey Infrared Imaging System
Application Software Version 3.0 (Li-Cor). Levels of total and phorphorylated DARPP-32
were normalized to GAPDH. Data are presented as the ratio of integrated intensity
between the DARPP-32, phospho-DARPP-32 (Thr34), or phospho-DARPP-32 (Thr75)
band and the GAPDH band, expressed as a percentage of controls (control/control).

Statistical Analysis
Statistical analyses for all experiments were performed using GB-STAT
(Dynamic Microsystems, Silver Spring, MD) and graphs were generated using
GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA). Data
were analyzed using a one-way ANOVA and Tukey/Kramer procedure post hoc with
significance taken at P < 0.05.
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RESULTS

Effects of Ethanol and/or Memantine on Levels of Dopamine and DOPAC
No significant differences were observed between treatment groups in levels of
DA or DOPAC in the mPFC, NAc, or STR (Figures 5.1-5.3). However, the 2.5 g/kg dose
of ethanol did produce changes in the levels of striatal DOPAC that were close to being
significant. A comparison of striatal samples from rats treated with vehicle only and rats
that received vehicle and ethanol (2.5 g/kg) displayed a 46% elevation of DOPAC levels
in the rats treated with ethanol (2.5 g/kg). Similarly, a comparison of striatal tissue from
rats that received memantine and vehicle with tissue from rats treated with memantine
and ethanol (2.5 g/kg) showed a 30% elevation of DOPAC levels in rats treated with
memantine and ethanol (2.5 g/kg). DA levels in the NAc of rats treated with memantine
and vehicle were 30% lower than those of NAc samples from rats treated with vehicle
only. NAc samples from rats treated with memantine and ethanol (2.5 g/kg) exhibited
DA levels that were 24% below those of NAc samples taken from rats treated with
vehicle only.

Effects of Ethanol and/or Memantine on Levels of DARPP-32 and Phosphorylation of
DARPP-32 at Thr34 and Thr75
Bands for phospho-DARPP-32 (Thr34) binding in the mPFC samples for all
treatment groups were undetectable in all blots. Results from all other blots (Figures
5.4-5.11) indicated that memantine (10.0 mg/kg) and ethanol (1.0 or 2.5 g/kg), both
alone and combined, failed to significantly alter levels of DARPP-32 and phospho-
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Figure 5.1. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of dopamine (DA) and the DA metabolite 3,4-dihydroxyphenylacetic acid
(DOPAC) in the medial prefrontal cortex (mPFC) of male mHEP rats. The number of
rats for each treatment group is shown in parentheses. No significant differences
between treatment groups were observed for DA or DOPAC for the brain region studied.
(CTL = control; EtOH = ethanol; MEM = memantine).

A. Levels of DA.
B. Levels of DOPAC.
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A.
μg/g Dopamine

0.25
0.20
0.15
0.10
0.05
0.00

B.

0.25

μg/g DOPAC

0.20
0.15
0.10
0.05
0.00

CTL/CTL (7)
CTL/1.0 g/kg EtOH (7)
CTL/2.5 g/kg EtOH (7)
MEM/CTL (7)
MEM/1.0 g/kg EtOH (6)
MEM/2.5 g/kg EtOH (8)
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Figure 5.2. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg,
i.p.) on the levels of dopamine (DA) and the DA metabolite
3,4-dihydroxyphenylacetic acid (DOPAC) in the nucleus accumbens (NAc) of male
mHEP rats. The number of rats for each treatment group is shown in parentheses.
No significant differences between treatment groups were observed for DA or
DOPAC for the brain region studied. (CTL = control; EtOH = ethanol; MEM =
memantine).

A. Levels of DA.
B. Levels of DOPAC
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A.
μg/g Dopamine

15

10

5

0

B.
μg/g DOPAC

15

10

5

0

CTL/CTL (8)
CTL/1.0 g/kg EtOH (7)
CTL/2.5 g/kg EtOH (7)
MEM/CTL (7)
MEM/1.0 g/kg EtOH (8)
MEM/2.5 g/kg EtOH (8)
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Figure 5.3. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of dopamine (DA) and the DA metabolite 3,4-dihydroxyphenylacetic acid
(DOPAC) in the striatum (STR) of male mHEP rats. The number of rats for each
treatment group is shown in parentheses. No significant differences between treatment
groups were observed for DA or DOPAC for the brain region studied. (CTL = control;
EtOH = ethanol; MEM = memantine).

A. Levels of DA.
B. Levels of DOPAC.
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A.
μg/g Dopamine

15

10

5

0

B.
μg/g DOPAC

15

10

5

0

CTL/CTL (8)
CTL/1.0 g/kg EtOH (8)
CTL/2.5 g/kg EtOH (7)
MEM/CTL (7)
MEM/1.0 g/kg EtOH (8)
MEM/2.5 g/kg EtOH (9)
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Figure 5.4. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the abundance of DARPP-32 in the medial prefrontal cortex (mPFC). The number of
samples for each treatment group is indicated in parentheses. Each sample contained
tissue obtained from a single male mHEP rat. Data are presented as the ratio of
integrated intensity between the DARPP-32 band and the GAPDH band, expressed as a
percentage of controls (control/control). No significant differences were observed
between treatment groups for the protein and brain region studied. (CTL = control; EtOH
= ethanol; MEM = memantine). A blot representative of the bands detected is shown
below the graph.
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32 kDa
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Figure 5.5. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the abundance of phospho-DARPP-32 (Thr75) in the medial prefrontal cortex
(mPFC). The number of samples for each treatment group is indicated in parentheses.
Each sample contained tissue obtained from a single male mHEP rat. Data are
presented as the ratio of integrated intensity between the phospho-DARPP-32 (Thr75)
band and the GAPDH band, expressed as a percentage of controls (control/control). No
significant differences were observed between treatment groups for the protein and brain
region studied. (CTL = control; EtOH = ethanol; MEM = memantine). A blot
representative of the bands detected is shown below the graph.
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Figure 5.6. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the abundance of DARPP-32 in the nucleus accumbens (NAc). The number of
samples for each treatment group is indicated in parentheses. Each sample contained
tissue obtained from 2 to 4 male mHEP rats. Data are presented as the ratio of
integrated intensity between the DARPP-32 band and the GAPDH band, expressed as a
percentage of controls (control/control). No significant differences were observed
between treatment groups for the protein and brain region studied. (CTL = control; EtOH
= ethanol; MEM = memantine). A blot representative of the bands detected is shown
below the graph.
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Figure 5.7. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of phospho-DARPP-32 (Thr34) in the nucleus accumbens (NAc). The
number of samples for each treatment group is indicated in parentheses. Each sample
contained tissue obtained from 2 to 4 male mHEP rats. Data are presented as the ratio
of integrated intensity between the DARPP-32 or phospho-DARPP-32 (Thr34) band and
the GAPDH band, expressed as a percentage of controls (control/control). No
significant differences were observed between treatment groups. (CTL = control; EtOH
= ethanol; MEM = memantine). A blot representative of the bands detected is shown
below the graph.
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Figure 5.8. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of phospho-DARPP-32 (Thr75) in the nucleus accumbens (NAc). The
number of samples for each treatment group is indicated in parentheses. Each sample
contained tissue obtained from 2 to 4 male mHEP rats. Data are presented as the ratio
of integrated intensity between the DARPP-32 or phospho-DARPP-32 (Thr34) band and
the GAPDH band, expressed as a percentage of controls (control/control). No
significant differences were observed between treatment groups. (CTL = control; EtOH
= ethanol; MEM = memantine). A blot representative of the bands detected is shown
below the graph.
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Figure 5.9. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of DARPP-32 in the striatum (STR). The number of samples for each
treatment group is indicated in parentheses. Each sample contained tissue obtained
from a single male mHEP rat. Data are presented as the ratio of integrated intensity
between the DARPP-32 band and the GAPDH band, expressed as a percentage of
controls (control/control). No significant differences were observed between treatment
groups for the protein and brain region studied. (CTL =- control; EtOH = ethanol; MEM =
memantine). A blot representative of the bands detected is shown below the graph.
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Figure 5.10. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of phospho-DARPP-32 (Thr34) in the striatum (STR). The number of
samples for each treatment group is indicated in parentheses. Each sample contained
tissue obtained from a single male mHEP rat. Data are presented as the ratio of
integrated intensity between the DARPP-32 or phospho-DARPP-32 (Thr34) band and
the GAPDH band, expressed as a percentage of controls (control/control). No
significant differences were observed between treatment groups. (CTL = control; EtOH
= ethanol; MEM = memantine). A blot representative of the bands detected is shown
below the graph.
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Figure 5.11. Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg, i.p.)
on the levels of phospho-DARPP-32 (Thr75) in the striatum (STR). The number of
samples for each treatment group is indicated in parentheses. Each sample contained
tissue obtained from a single male mHEP rat. Data are presented as the ratio of
integrated intensity between the DARPP-32 or phospho-DARPP-32 (Thr75) band and
the GAPDH band, expressed as a percentage of controls (control/control). No
significant differences were observed between treatment groups. (CTL = control; EtOH
= ethanol; MEM = memantine). A blot representative of the bands detected is shown
below the graph.
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DARPP-32 (Thr75) in the mPFC, NAc, and STR and failed to change levels of phosphoDARPP-32 (Thr34) in the NAc and STR.
Western blot results were re-analyzed by calculating the proportion of phosphoDARPP-32 at Thr34 to DARPP-32 and the proportion of phospho-DARPP-32 at Thr75 to
DARPP-32. Prior to these calculations, concentrations of phospho-DARPP-32 at Thr34,
phospho-DARPP-32 at Thr75, and DARPP-32 were normalized to corresponding levels
of GAPDH as previously described. Data were expressed as a percentage of controls
(control/control). All data were analyzed using a one-way ANOVA and Tukey/Kramer
procedure post hoc with significance taken at P < 0.05. The results of this reanalysis
(Appendix H) were similar to the data from the original analysis with no significant effects
being observed among the control and treatment groups for any of the brain regions or
proteins studied.
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DISCUSSION

The failure of ethanol to significantly alter the metabolism of DA in the mPFC,
NAc, as STR was unexpected. Based on previous reports, we expected some changes
in DOPAC levels following treatment with ethanol (2.5 g/kg) and the increases in
concentration obtained were within the range of other reports, but did not reach levels of
significance (Dar and Wooles, 1984; Honkanen et al., 1994; Khatib et al., 1988). This
lack of altered metabolism may be due to ethanol-induced hypothermia (McMillen and
Shore, 1978; McMillen, 1981). Previously, we showed that this dose of ethanol
produced a significant hypothermic effect which was enhanced by pre-treatment with
memantine (10.0 mg/kg) in the mHEP rat. This suggests holding the room temperature
at 32°C might have helped the rats maintain their normal basal body temperature.
Based on earlier reports, other drugs have been shown to produce different effects on
DOPAC levels in rats when the room is maintained at 32°C versus being maintained at
normal room temperature (McMillen and Shore, 1978; McMillen, 1981). The failure of
memantine to alter DA metabolism in any of the brain areas studied suggests that
glutamate and the NMDA receptor may not be necessary components in the ethanol
reward pathway.
In this study, bands indicating phosphorylation of DARPP-32 at the Thr34 site in
homogenates obtained from the mPFC were undetectable. This is likely due to low
abundance of DARPP-32 in this region. Numerous studies have indicated that the STR
contains high levels of DARPP-32 and, compared with the STR, the FC and neocortex of
the rat CNS contains low to moderate levels of DARPP-32 (Hemmings and Greengard,
1986; cf. Nairn et al., 2004; Ouimet et al., 1984; cf. Svenningsson et al., 2004; cf.
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Svenningsson et al., 2005; Walaas and Greengard, 1984). The lower level of
expression in the frontal FC has been attributed to diffuse DA innervation which
predominantly projects to the basal layers of this region, with comcomitant localization of
DARPP-32 to a subpopulation of neurons. In comparison to the PFC, the whole cerebral
CTX contains a slightly higher level of DARPP-32 (Walaas and Greengard, 1984). A
single acute dose of cocaine has been shown to increase levels of DARPP-32 in the
PFC of rats (D'Addario et al., 2007). While optimizing conditions for the Western blots,
we compared STR, mPFC, and NAc samples obtained from saline-treated and cocainetreated (15.0 mg/kg, i.p) male mHEP rats to confirm the presence of phospho-DARPP32 (Thr34) in each of these regions. As Figure 5.12 indicates, cocaine-induced
increases in phospho-DARPP-32 (Thr34) were detected in homogenates from each of
the regions. This suggests that another method may be needed to measure the levels of
phosphorylation of DARPP-32 at the Thr34 site in the mPFC. An alternative may be to
use immunoprecipitation (IP) to separate out the phospho-DARPP-32 (Thr34) followed
by a Western blot. After concentrating the homogenate, an anti-phospho-DARPP-32
(Thr34) antibody covalently attached to beads may be used to separate out the
phosphoprotein which may then be analyzed via Western blotting. Another alternative
may be to measure levels of a protein downstream of DARPP-32 that is activated or
inhibited by phosphorylation of DARPP-32 at Thr34. Protein phosphatase 1 (PP-1)
would be a likely candidate.
The failure of ethanol and/or memantine to alter levels of DARPP-32, and the
phosphorylation of DARPP-32 at Thr34 and Thr75 was also unexpected. Ethanol
increases phosphorylation of DARPP-32 (Wang et al., 2004), and we would expect to
observe these molecular changes in the mPFC, NAc, and STR. A previous study in
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Figure 5.12. Demonstration of cocaine-induced increase in levels of phospho-DARPP32 (Thr34) in the striatum (STR), medial prefrontal cortex (mPFC), and nucleus
accumbens (NAc) of male mHEP rats. Each sample comprised pooled tissue from 5
rats. Protein concentration (μg) loaded on gels is shown in the figure. (Sal = 0.9%
saline; Coc = 15.0 mg cocaine per kg body weight).

A. STR and mPFC.
B. STR and NAc.
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which transgenic mice overexpressing an ethanol-sensitive isoform of type VII human
AC (AC7) in the brain and wild-type mice were exposed to ethanol (2.0 g/kg, i.p.)
showed increased abundance of phospho-DARPP-32 (Thr34) in the NAc and AMY of
both strains, but with a greater effect in the transgenic mice. No increase in the
abundance of phospho-DARPP-32 (Thr34) was observed in either type of mouse.
Ethanol increased phospho-DARPP-32 (Thr75) in the NAc and STR of both types of
mice, and in the AMY of only the wild-type mice (Donohue et al., 2005). Together, the
data from these experiments suggest that mechanisms which do not involve both
glutamate and the NMDA receptor can also activate the ethanol reward pathway in the
mHEP rat, and a mechanism other than one downstream from the DA D1 receptor
activation is involved.

CHAPTER 6

GENERAL DISCUSSION
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Alcohol abuse and alcohol dependence are serious health issues with many
adverse consequences. These disorders have been associated with many physical
illnesses, psychological and social problems, serious accidents which are often fatal,
and numerous criminal activities. Alcohol research involves elucidating the behavioral
effects of ethanol and the mechanisms by which ethanol produces its effects, and
ultimately, developing effective treatments for alcohol-use disorders.
Alcohol research requires the use of animal models which exhibit the appropriate
characteristics of the alcohol disorder being studied and experimental paradigms which
best simulate the environmental stimuli that will influence alcohol use disorders
(McMillen, 1997) . This experimental plan takes into account genetic and environmental
factors which are both associated with alcohol use disorders. In this study, the alcohol
use disorder being studied was Cloninger’s Type 2 alcoholism which involves the early
onset of heavy alcohol consumption and a strong family history of severe alcoholism
(Cloninger et al., 1988). The mHEP rat was selected as the test system due to its
validation as an animal model for Type 2 alcoholism. These selectively bred rats exhibit
the early onset of heavy alcohol consumption, profuse volitional consumption of ethanol,
a preference for ethanol in the presence of palatable alternatives, and levels of blood
ethanol that correspond essentially with the respective amounts of ethanol consumed
(Myers et al., 1998). Since the mHEP rat line is maintained by breeding non-sibling
males and females that are selected based on an ethanol drinking screening procedure,
these rats also reflect a strong family history of alcoholism.
Numerous studies have implicated various neurotransmitters, neuromodulators,
receptor types and subtypes, and brain regions in the development and manifestation of
alcohol dependence. The mesolimbic DA system, which involves DA projections from
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the VTA to various limbic regions, is a major neurological pathway involved in the
reinforcing effects of ethanol and ethanol self-administration (Carroll et al., 2006;
Gonzales et al., 2004; Hodge et al., 1997; Lof et al., 2007; Phillips et al., 1998; Risinger
et al., 2000; Thielen et al., 2004). More specifically, the projections from the VTA to the
NAc have been implicated as a major pathway involved in ethanol reward (cf. Pierce and
Kumaresan, 2006; Yim and Gonzales, 2000). Other studies have suggested that the
glutamatergic NMDA receptor is a major target of ethanol (cf. Ron, 2004). Together, the
involvement of the mesolimbic DA system and the NMDA receptor in the actions of
ethanol served as the basis for this study.
The potential adverse side effects of neuroprotective NMDA receptor antagonists
shown to decrease ethanol consumption in genetic ethanol drinking rats (McMillen et al.,
2004) suggest that these drugs may not be clinically tolerable treatments for humans.
However, the low-affinity, noncompetitive NMDA receptor antagonist memantine exhibits
both neuroprotective properties and a tolerable clinical profile (cf. Chen and Lipton,
2006; cf. Lipton and Chen, 2004; cf. Lipton, 2004a; cf. Lipton, 2004b; cf. Lipton, 2005; cf.
Lipton, 2007; cf. Rammes et al., 2008). Together, these findings suggest that
memantine might effectively decrease ethanol consumption without producing
intolerable clinical side effects. An alternative approach to modify glutamatergic activity
is to use drugs which target the metabotropic glutamate receptors (Swanson and
Schoepp, 2003).
This project focused on memantine as a potential treatment for alcohol
dependence with minimal adverse side effects and the potential effects of this drug on
the ethanol reward pathway. First, it was demonstrated that memantine exhibited a
dose-dependent decrease in consumption of ethanol in the genetic animal model. It was

171

further demonstrated that a mGlu 2/3 glutamate receptor antagonist, which would
decrease glutamate release, also decreased consumption of ethanol. Secondly, this
study investigated the possibility that blockade of the NMDA receptor alters DA
metabolism and/or alters the Ca2+-mediated response downstream of the DA D1
receptor. Previous studies indicate that activation of DA receptors converts DARPP-32
into a potent protein phosphatase inhibitor in response to DA receptor activation in the
forebrain (Fienberg et al., 1998) and that moderate concentrations of ethanol increase
phosphorylation of DARPP-32 at Thr34 in striatal slices (cf. Nairn et al., 2004; cf.
Svenningsson et al., 2005). Therefore, ethanol-induced alterations in the
phosphorylation levels of DARPP-32 in the limbic regions may serve as markers to
indicate that memantine and ethanol are influencing the same intracellular cascade
downstream of the DA D1 receptor. The three limbic regions studied included the NAc,
mPFC, and STR.

Summary of Findings
Findings from Behavioral Experiments
Behavioral experiments provided information on the effects of memantine on
ethanol consumption, locomotor coordination and activity, and rectal temperature in the
mHEP rat. Additional studies showed the effects of various DA receptor drugs, a mGlu
2/3 receptor agonist, and a mGlu 2/3 receptor antagonist on ethanol consumption in the
same animal model using the same ethanol drinking paradigm. The results and
conclusions from these behavioral studies can be summarized as follows:
1. Memantine, at doses of 1.0, 3.0, and 10.0 mg/kg, i.p., significantly decreased
volitional ethanol consumption in an apparent dose-dependent manner in the
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male mHEP rat in the two-choice 24 hour paradigm. The effect on ethanol
intake does not appear to be an anti-caloric effect.
2. Results from the activity monitor demonstrate that the 10.0 mg/kg dose of
memantine does not significantly alter locomotor activity or ability. The data
indicate that this dose of memantine is non-sedating, and induces neither
hypoactivity nor hyperactivity.
3. Results from the elevated plus maze demonstrate that the 10.0 mg/kg dose
of memantine does not produce an anxiolytic effect. Furthermore, the total
number of arm entries indicates that this dose of memantine is non-sedating.
4. The 10.0 mg/kg dose of memantine produced a mild reversible hypothermic
effect when administered alone. When co-administered with ethanol, this
dose of memantine enhanced the ethanol-induced hypothermic effect in rats.
5. The DA D1 receptor antagonist SCH23390 (0.1 and 0.3 mg/kg) and
(+)sulpiride (10.0 mg/kg), an isomer inactive at the D2 receptor, significantly
decreased ethanol consumption while the DA D2-active antagonist
(-)sulpiride (10.0 mg/kg) did not. Co-administered with SCH23390 (0.3
mg/kg), (-)sulpiride (3.0 and 10.0 mg/kg) did not alter SCH23390-induced
reductions in ethanol consumption. The effects produced by SCH23390,
(+)sulpiride, and (-)sulpiride do not appear to be anti-caloric. The DA D1
receptor agonist SKF38393 (1.25, 2.5, 5.0 and 10.0 mg/kg) dose-dependently
decreased ethanol consumption. While SCH23390 appears to produce an
aphagic effect, SKF38393 decreases ethanol consumption without an
aphagic effect. Co-administered SCH23390 and SKF38393 produced effects
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similar to those of each drug alone which suggests that the predominant
effect observed is due to SCH23390-induced aphagia.
6. Co-administered memantine (1.0 mg/kg) and SCH23390 (0.3 mg/kg) reduced
ethanol consumption but did not produce an additive or synergistic effect.
The predominant effect appears to be an aphagic effect of SCH23390 which
means nospecifc effects of the memantine or the combination of SCH23390
and memantine is observed.
7. The mGluR 2/3 agonist, LY379268, decreased both ethanol and food intake
which suggests that the drug may be producing an anti-caloric or aphagic
effect that impacts on ethanol consumption. These results are in harmony
with a previous report indicating that rats decreased operant responding for
food following injections of LY379268 (Peters and Kalivas, 2006).
Conversely, the mGluR 2/3 antagonist, LY341495, reduced ethanol
consumption, but the effect did not appear to be anti-caloric or aphagic.
Furthermore, LY341495 (3.0 mg/kg) did not reverse or inhibit the effect of
LY379268 (3.0 mg/kg) on food consumption. To determine if LY341495 does
reverse the effect, additional doses would need to be tested.
For convenience, summaries of the data from the ethanol drinking, activity monitor,
and rectal temperature experiments are presented in tables in Appendix B.

Findings from Biochemical Experiments
Biochemical experiments were performed to determine the effects of memantine
on DA metabolism and on levels of DARPP-32 and its phosphorylation at Thr34 and
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Thr75 sites in limbic regions receiving DA input from the VTA. The results and
conclusions from these biochemical studies can be summarized as follows:
1. HPLC analysis showed that:
a. Memantine, at a dose of 10.0 mg/kg, did not alter the levels of DA or
its metabolite, DOPAC, in the PFC, NAc, or STR.
b. Ethanol, at doses of 1.0 and 2.5 g/kg, did not alter the levels of DA or
its metabolite, DOPAC, in the PFC, NAc, or STR. However, the 2.5
g/kg dose of ethanol produced increases in striatal DOPAC which
bordered on being significant and were in the range of expected levels
of change based on previous reports (Dar and Wooles, 1984;
Honkanen et al., 1994; Khatib et al., 1988).
c. The combination of ethanol, at a dose of 1.0 or 2.5 g/kg, and
memantine, at a dose of 10.0 mg/kg, did not alter the levels of DA or
its metabolite, DOPAC, in the PFC, NAc, or STR. Memantine neither
blocked nor added to the increase in striatal DOPAC produced by the
2.5 g/kg dose of ethanol which bordered on being significant.
These results indicate that at the doses tested, neither memantine nor
ethanol, alone, significantly alter DA metabolism in the brain regions studied.
However, the results suggest that the addition of more rats to the experiment
might cause the increase in striatal DOPAC levels to become significant.
More importantly, pre-treatment with memantine did not influence the levels
of DA or DA metabolism in the mHEP rats treated with ethanol. This
suggests that glutamate acts at the NMDA receptor downstream from the
drive by ethanol on the reward pathway.
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2. Western blot analysis showed that memantine did not alter the levels of
DARPP-32 or phosphorylation of DARPP-32 at Thr34 or Thr75 in the NAc
and STR. Memantine also did not alter the levels of DARPP-32 or
phosphorylation of DARPP-32 at Thr75 in the mPFC. The levels of
phosphorylation of DARPP-32 at Thr34 in the mPFC were undetectable using
the Western blotting technique. These results indicate that ethanol and
memantine, at the doses tested, may be acting in different intracellular
cascades downstream of the DA D1 receptor.
For convenience, summaries of the data from the HPLC and Western blot analyses
are presented in tables in Appendix G.

Overall Summary of Findings
Overall, the results from this study suggest that memantine and the mGluR 2/3
antagonist, LY341495, will reduce ethanol consumption in a genetic high ethanol
drinking rat model with minimal adverse side effects. Data from the biochemical
experiments suggest that mechanisms which do not involve glutamate and the NMDA
receptor may activate the ethanol reward pathway in the mHEP rat. Also, the effect of
memantine on the ethanol intake does not involve modification of the DA/DARPP-32
signaling system.

Conclusions and Proposed Mechanisms
Previous studies have shown that glutamate modulates dopaminergic signaling
via the activation of at least five different signaling cascades (Figure 6.1) with different
time dependencies in the NSTR (Nishi et al., 2005): (1) Activation of the NMDA, AMPA,
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Figure 6.1. Signaling cascades activated by NMDA, AMPA, mGlu1, and mGlu5
receptors and the phosphorylation of DARPP-32 at Thr34 and Thr75. Arrows indicate
activation and T bars indicate inhibition. [NMDAR = N-methyl-D0-aspartate receptor;
AMPAR = α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor; A2AR =
adenosine A2A receptor; D32 = DARPP-32; S137 = Ser137; NO = nitiric oxide; nNOS =
neuronal nitric oxide synthase; sGC = soluble guanylyl cyclase; MPEP = 2-methyl-6(phenylethynyl)pyridine]. [Adapted from Nishi et al., 2005.]
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and mGlu5 receptors mediate a neuronal nitric oxide synthase (nNOS)/nitric oxide
(NO)/cGMP/PKG signaling cascade that leads to increased phosphorylation of DARPP32 at the Thr34 site (Nishi et al., 2005); (2) Activation of NMDA and AMPA receptors
leads to Ca2+-dependent activation of PP-2B, which decreases phosphorylation of
DARPP-32 at the Thr34 site (Nishi et al., 2002); (3) Activation of NMDA and AMPA
receptors leads to Ca2+-dependent activation of PP-2A, which decreases
phosphorylation of DARPP-32 at the Thr75 site (Nishi et al., 2002); (4) Activation of the
Group I mGlu5 receptors stimulates the A2A receptor-mediated formation of cAMP in an
ERK-dependent manner which leads to an increase in the phosphorylation of DARPP-32
at the Thr34 site (Nishi et al., 2003); (5) Activation of Group I mGlu receptors increases
the phosphorylation of DARPP-32 at the Thr75 site and the Ser137 site. In the NSTR,
the Ser137 site is known to be phosphorylated by CK1 (Liu et al., 2001) Activation of
Group I mGlu receptors stimulates PLC and CK1 which activates Cdk5 via an unknown
mechanism, and subsequently, increases the phosphorylation of DARPP-32 at the
Thr75 site (Liu et al., 2002). The time courses for these signal transduction pathways
are: (1) Rapid (15-30 s) activation of nNOS/NO/cGMP/PKG signaling; (2) intermediate
(1-5 min) activation of the Ca2+/PP-2B and Ca2+/PP-2A signaling; and (3) slow (5-10 min)
activation of mGluR5/PLC and ERK and Group I mGluR/PLC signaling. Furthermore,
the nNOS/NO/cGMP/PKG signaling and mGluR5/PLC and ERK signaling cascades
which lead to increased phosphorylation at Thr34 and Ca2+/PP-2A signaling which leads
to decreased phosphorylation at Thr75 contribute positively to DA/D1 receptor/phosphoThr34 DARPP-32 signaling. Conversely, the Ca2+/PP-2B signaling which leads to
decreased phosphorylation at Thr34 and Group I mGluR/PLC signaling which leads to
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increased phosphorylation at Thr75 are antagonistic to DA/D1 receptor/phospho-Thr34
DARPP-32 signaling (Nishi et al., 2005).
Both ethanol and memantine inhibit NMDA receptors, which suggests that these
drugs, alone or combined, should increase the phosphorylation of DARPP-32 at the
Thr34 and Thr75 sites via PP-2B- and PP-2A-mediated pathways, respectively.
Memantine attenuates Ca2+ influx, allowing levels of Ca2+ associated with a low degree
of NMDA receptor stimulation, which supports the premise that this drug allows for
physiological levels of NMDA receptor-mediated responses, but inhibits excessive
NMDA-evoked activity (Chen et al., 1992). Ethanol is also an inhibitor of NMDA
(Lovinger et al., 1989; Simson et al., 1991; Wirkner et al., 2000). This suggests that
memantine or ethanol, alone, should decrease intracellular Ca2+ levels, and a
combination of the two drugs should produce the same, if not an additive or synergistic,
effect.
DARPP-32 is enriched in dopaminoceptive neurons which contain D1 receptors,
which are DA receptors positively coupled to AC. Phosphorylation of DARPP-32 can be
regulated by both DA and cAMP. These findings suggest that DARPP-32 is involved in
mediating certain trans-synaptic effects of DA on dopaminoceptive neurons (Walaas et
al., 1983). DA, via its activation of DA D1-like receptors, stimulates AC which leads to
increased formation of cAMP and activity of PKA. This leads to phosphorylation of
DARPP-32 at the Thr34 site, which converts it into a potent inhibitor of the phosphatase,
PP-1 (cf. Snyder et al., 1998). DA D2-like receptors produce opposing effects on the
phosphorylation of DARPP-32 (Nishi et al., 1997). Glutamate, via activation of NMDA
receptors, increases Ca2+ influx and activity of the Ca2+/calmodulin dependent protein
phosphatase calcineurin (PP-2B). This leads to the dephosphorylation of DARPP-32,
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and subsequent inactivation of the phosphoprotein (King et al., 1984; Nishi et al., 1997).
DA increases phosphorylation of the NR1 subunit of NMDA receptors via a PKAdependent pathway, and it has been proposed that the effect of PKA is partially
mediated by regulation of the DARPP-32/PP-1 signaling cascade (Snyder et al., 1998).
A previous study of DA alteration of sensitivity of NMDA receptors to ethanol
indicates that D1-like receptors, postsynaptically, activate the cAMP/PKA/DARPP-32
signaling cascade, which subsequently leads to phosphorylation of the NMDA receptor
NR1 subunits and a strong decrease in the sensitivity of NMDA receptor-mediated
synaptic transmission to ethanol (cf. Maldve et al., 2002; Zhang et al., 2005).
Furthermore, the findings of Zhang and colleagues (2005) suggest that D1-like receptor
regulation of ethanol sensitivity at the NMDA receptor involves both presynaptic and
postsynaptic components of NMDA receptor-mediated synaptic transmission.
SKF38393, a DA D1 receptor agonist, reversed ethanol inhibition of NMDA while
SCH23390, a DA D1-selective receptor antagonist, completely inhibited both presyanptic
and postsynaptic actions of ethanol. These results led to the suggeston that DA D1-like
receptors modulate presynaptic and postsynaptic effects of ethanol on NMDA receptormediated synaptic transmission in the NAc, and these interactions may contribute to
ethanol-induced neuroadaptation of the ethanol reward pathway (Zhang et al., 2005).
This suggests that an increase in DA levels in the NAc, resulting from an ethanolinduced increase in the firing of dopaminergic neurons in projections from the VTA,
might alter the sensitivity of the NMDA receptors to ethanol, thereby decreasing ethanol
blockade of the NMDA receptor, and subsequently increasing intracellular Ca2+ levels
and decreasing phosphorylation of DARPP-32 at Thr34 and Thr75. This suggests an
alternative mechanism which might counteract a mechanism that increases
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phosphorylation or blocks the dephosphorylation of DARPP-32. It is likely that ethanol
produces actions on multiple signaling cascades at several different sites.
A review by Greengard and colleagues (1999) illustrates the central role of the
DARPP-32/PP-1 pathway in signal transduction in MSNs and demonstrates that this
pathway influences the phosphorylation state of a wide range of proteins. In MSNs that
co-express DA D1-like and D2-like receptors and that co-express adenosine A2A
receptors and D2 receptors, activation of D2 receptors decreases cAMP levels.
Activation of D2 receptors produces an increase in intracellular Ca2+ levels, through an
unknown mechanism, and an increase in PP-2B activity. Neurotensin increases
phosphorylation of DARPP-32 by increasing the release of DA. Conversely,
cholecystokinin (CCK) decreases phosphorylation of DARPP-32 by increasing
glutamatergic neurotransmission. Phospho-DARPP-32 inhibits PP-1, thereby acting
synergistically with different protein kinases, predominantly PKA and PKC, to increase
the phosphorylation levels of various downstream effector proteins. The increased
levels of phosphorylated proteins is associated with increased activity of NMDA and
AMPA receptors, voltage-gated ion channels including L-, N-, and P- type Ca2+
channels, Na+/K+-ATPase, and CREB. Phosphorylation of CREB alters activation of the
transcription factor FRA (Fos-related antigen) (cf. Greengard et al., 1999).
Levels of DOPAC, a metabolite of DA, were analyzed in this study as an indicator
of DA release. Elevated DOPAC levels would indicate higher levels of DA metabolism
which would suggest higher levels of DA release. The data in this study indicated an
ethanol-induced increase in striatal DOPAC which bordered on being significant. This
suggests that ethanol increases DA release in the STR, but not in the NAc and mPFC.
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Since memantine failed to alter levels of DOPAC, it appears that memantine did not
increase the release of DA.
Since acute alcohol use stimulates neurons in the VTA, inducing DA release in
the NAc (cf. Anton, 2008; cf. Di Chiara, 2002; cf. Di Chiara et al., 2004; cf. Kreek et al.,
2002; cf. Pierce and Kumaresan, 2006; cf. Weiss et al., 1993; cf. Weiss et al., 2001), this
suggests that phosphorylation of DARPP-32 at Thr75 will increase via Cdk5 and the
positive feedback loop by which DA regulates the Cdk5/phospho-Thr75 DARPP-32
pathway, and conversely, the Cdk5/phospho-Thr75 DARPP-32 pathway regulates DA
signaling (Nishi et al., 2000). According to this mechanism, DA activates DA D1
receptors, which leads to the progressive activation of PKA and PP-2A, and a reduction
in the levels of phosphorylation of DARPP-32 at Thr75. PP-2A dephosphorylates
DARPP-32 at Thr75, thereby removing the inhibition of PKA. The activation of PKA
leads to increased levels of phosphorylation of DARPP-32 at Thr34 and inhibition of PP1. Together, activation of PKA and inhibition of PP-1 produce a synergistic increase in
the phosphorylation of various substrates. However, no significant alterations in levels
of phosphorylation of DARPP-32 at Thr34 or Thr75 were observed in the STR or NAc in
this study and no changes were observed in the phosphorylation at Thr75 in the mPFC.
Since results for the phosphorylation of Thr34 in the mPFC were undetectable, no
conclusions can be drawn about that particular mechanism.
Blockade of glutamate activation at the NMDA receptor by memantine and
ethanol should reduce Ca2+ influx. Less intracellular Ca2+ would mean less activation of
PP-2A and PP-2B. Decreased activation of PP-2A would reduce the dephosphorylation
of DARPP-32 at Thr34. Decreased activation of PP-2B would reduce the
dephosphorylation of DARPP-32 at Thr75. Based on this premise, samples from
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memantine- and/or ethanol-treated rats should show increased levels of phosphorylation
at Thr34 and Thr75. Since the levels of phosphorylation of DARPP-32 at Thr34 and
Thr75 did not change following NMDA inhibition, this suggests that perhaps glutamate
increases its activity at other receptors. For example, increased activation of AMPA
receptors would increase the dephosphorylation of DARPP-32 at Thr34 and Thr75 via
the same Ca2+/PP-2B and Ca2+/PP-2A pathways, respectively, involved in NMDA
receptor activation. Increased activation of the mGlu5 receptor by glutamate should
increase the dephosphorylation of DARPP-32 at Thr34 via the PLC/CK1/Ser137
cascade. Alternatively, if DA acts at the D2 receptor, phosphorylation of DARPP-32
would be inhibited, which might offset the reduction in dephosphorylation potentially
caused by the memantine and ethanol blockade of the NMDA receptor.
In a review by Cepeda and Levine (2006), five mechanisms for D1-NMDA
receptor interactions, called synaptic complexes or triads, which have been observed in
several brain regions including the STR, CTX, and NAc, are demonstrated. Three of the
mechanisms are physical while the other two are mediated by second messengers. The
physical interactions include the following: (1) Activation of NMDA receptors traps
diffusible DA D1 receptors. The functional outcome of this interaction is unknown. (2)
DA D1 receptors and the NMDA receptor NR1 subunit form an oligomer at the synapse,
blocking the receptor internalization that is normally produced by the activation of D1
receptors. These oligomers are transported from the endoplasmic reticulum to the
synapse where they could potentiate NMDA receptor function. (3) The NMDA receptor
NR1 and NR2A subunits contact with the C terminus of the DA D1 receptor. During
blockade of PKA and PKC cascades, activation of DA D1 receptors attenuates NMDA
currents and NMDA receptor-mediated excitotoxicity. The NMDA-D1 interactions
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mediated by second messengers include the following: (1) Activation of DA D1
receptors by DA leads to the potentiation of NMDA receptor function via the
cAMP/PKA/DARPP-32 signaling cascade. (2) Activation of DA D1 receptors
upregulates the abundance of NMDA receptor subunits at the synapse via activation of
the cytoplasmic-protein tyrosine kinase Fyn.
One or more of these D1-NMDA receptor interactions may also be influencing
the levels of phosphorylation of DARPP-32 observed following treatments with
memantine and/or ethanol. For example, since memantine allows a basal level of
NMDA activation, potentiation of DARPP-32 function might increase the level of
excitation. This would mean a greater influx of Ca2+ which would increase the levels of
phosphorylation of DARPP-32 at Thr34 and Thr75, and offset a potential decrease in
dephosphorylation caused by memantine and/or ethanol.
Since the mGluR 2/3 antagonist, LY341495, decreased ethanol consumption
without adversely affecting food consumption, this suggests that a mGluR 2/3 antagonist
may be an effective treatment for alcohol dependence. However, potential adverse
effects such as anxiety, sedation, hypoactivity, hyperactivity, hypothermia, and
hyperthermia remain to be evaluated in the mHEP rat. Since the mGluR 2/3 agonist,
LY379268, appears to have produced an aphagic or anti-caloric effect, mGlu2/3
agonism may not be a viable treatment for alcohol dependence.
The mGluR 2/3 agonist LY379268 has been shown to exhibit high potency and
selectivity for the mGlu2/3 receptors (Monn et al., 1999). Studies have indicated that
LY379268, at doses of 1.0 and 3.0 mg/kg (i.p.), reverses phenycyclidine (PCP)-induced
hyperactivity in animal models predictive of antipsychotic activity. The reversal of PCPinduced hyperactivity was observed in wild-type (WT) and mGluR3 KO mice, but not in
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mGluR2 KO mice which suggests that mGluR2 mediates the actions of LY379268 in the
mouse model predictive of antipsychotic activity (Woolley et al., 2008). This would also
suggest that LY379268 may decrease locomotor activity in the mHEP rat. The mGluR
2/3 antagonist LY341495 exhibits nanomolar potency and selectivity for the mGlu2/3
receptors with its greatest potency at mGluR3 and equal or less potency at mGluR2
(Kingston et al., 1998). LY341495, at a dose of 2.5 mg/kg (s.c.), has been shown to
increase locomotor activity in mice (O'Neill et al., 2003). This would suggest that
LY341495 may increase locomotor activity in the mHEP rat.
The Group II mGluR 2/3 receptors, which are predominantly located
presynaptically, couple to Gi/Go and inhibit AC. Activation of these receptors decreases
glutamate release (cf. Pin et al., 1999; cf. Schoepp et al., 1999). This suggests that the
mGluR 2/3 antagonist should increase glutamate release. Based on the pathways
involving glutamate regulation of DARPP-32 phosphorylaton, glutamate activates NMDA
and AMPA receptors leading to decreased phosphorylation of DARPP-32 at the Thr34
and Thr75 sites. Glutamate also activates mGlu1 and mGlu5 receptors leading to an
increase in phosphorylation of DARPP-32 at Thr34 and Thr75. However, ethanol blocks
NMDA receptors, which would decrease the dephosphorylation of DARPP-32 at Thr34
and Thr75. This suggests that LY341495 and ethanol combined produce increased
levels of phosphorylation at DARPP-32 at Thr34 and Thr75. Since this study did not
involve biochemical experiments to determine potential mechanisms by which LY341495
decreases ethanol consumption in the mHEP rat, it is uncertain what effects this drug
has on the metabolism of DA and the phosphorylation of DARPP-32. However, it is
possible that this drug will produce different effects from memantine since the two drugs
act at different receptors.

186

Ultimately, the goal of alcohol research is to develop pharmacological treatments
that can be combined with some type of cognitive or behavioral therapy to aid in helping
alcohol-dependent patients maintain sobriety. Several studies indicate that the
effectiveness of therapy depends upon the drug and the type of cognitive or behavioral
therapy used (Jones et al., 1982; Longabaugh et al., 2005; Longabaugh et al., 2009). A
desirable pharmacological treatment will reduce alcohol consumption with minimal
adverse side effects and minimal compliance issues.

Future Directions
While providing answers, research also raises new questions. Several items
that remain to be determined include:
1. The effect of co-administered memantine and SKF38393 on volitional
consumption of ethanol in the male mHEP rat.
2. Determination of blood alcohol concentration (BAC) levels in male mHEP rats
exposed to both chronic and acute ethanol.
3. The effects of memantine (10.0 mg/kg, i.p.) and acute ethanol (1.0 and 2.5
g/kg, i.p.), alone and together, on the levels of phosphorylation of DARPP-32
at the Thr34 site in the mPFC of the male mHEP rat. The bands indicating
immunoreactivity were undetectable in the Western blots performed in this
study. Alternative techniques include:
a. Immunoprecipitation (IP) followed by Western blotting.
b. Concentration of the homogenate and use of an anti-phosphoDARPP-32 (Thr34) antibody covalently attached to beads to separate
out the phosphoprotein followed by Western blotting.
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c. Measure levels of a protein downstream of DARPP-32 that is
activated or inhibited by phosphorylation of DARPP-32 at Thr34.
Protein phosphatase 1 (PP-1) would be a likely candidate.
4. The effects of memantine on the levels of DA and DA metabolism in the
limbic regions of the male mHEP rat exposed to chronic ethanol.
5. The effects of memantine on the levels of DARPP-32 and phosphorylation of
DARPP-32 at the Thr34 and Thr75 sites in the limbic brain regions of the
male mHEP rat exposed to chronic ethanol.
6. The effects of memantine on the rectal temperature of the male mHEP rat
exposed to chronic ethanol.
7. The effects of ethanol, both acute and chronic, and memantine, alone and
combined with ethanol, on levels of cAMP in the limbic regions of the mHEP
rat. This can be measured via a cAMP radioimmunoassay.
8. The effects of DA D2 receptor agonists on ethanol consumption in the mHEP
rat in the two-choice 24 hour access paradigm.
9. The potential locomotor and sedating effects of DA agonists and antagonists
at doses shown to decrease volitional ethanol consumption in the mHEP rat.
10. The potential of the mGluR 2/3 antagonist, LY341495, at doses not tested in
this study, to reverse the reduction in food consumption produced by the
mGluR 2/3 agonist, LY379268.
11. The potential locomotor and sedating effects of the mGluR 2/3 agonist and
antagonist, LY379268 and LY341495, respectively, at doses shown to
decrease volitional ethanol consumption in the mHEP rat.
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12. The effects of LY341495, both alone and combined with ethanol, on DA
metabolism.
13. The effects of LY341495, both alone and combined with ethanol, on the
levels of DARPP-32 and phosphorylation of DARPP-32 at the Thr34 and
Thr75 sites.

REFERENCES
Alari L, Sjoquist B, Lewander T. (1987) Ethanol-induced hypothermia and biogenic
amine metabolites. Drug Alcohol Depend 19:369-373.
American Psychiatric Association. (1994) Diagnostic and statistical manual of mental
disorders, in (Anonymous ) pp 175-272, American Psychiatric Association,
Washington, DC.
Anton RF. (2008) Naltrexone for the management of alcohol dependence. N Engl J Med
359:715-721.
Aubert I, Ghorayeb I, Normand E, Bloch B. (2000) Phenotypical characterization of the
neurons expressing the D1 and D2 dopamine receptors in the monkey striatum. J
Comp Neurol 418:22-32.
Beleslin DB, Djokanovic N, Jovanovic Micic D, Samardzic R. (1997) Opposite effects of
GABAA and NMDA receptor antagonists on ethanol-induced behavioral sleep in
rats. Alcohol 14:167-173.
Bhave SV, Snell LD, Tabakoff B, Hoffman PL. (1996) Mechanism of ethanol inhibition of
NMDA receptor function in primary cultures of cerebral cortical cells. Alcohol Clin
Exp Res 20:934-941.
Bice PJ, Liang T, Zhang L, Strother WN, Carr LG. (2008) Drd2 expression in the high
alcohol-preferring and low alcohol-preferring mice. Mamm Genome 19:69-76.
Bienkowski P, Danysz W, Kostowski W. (1998) Study on the role of glycine, strychnineinsensitive receptors (glycineB sites) in the discriminative stimulus effects of
ethanol in the rat. Alcohol 15:87-91.
Bisaga A and Evans SM. (2004) Acute effects of memantine in combination with alcohol
in moderate drinkers. Psychopharmacology (Berl) 172:16-24.
Blum K, Briggs AH, DeLallo L, Elston SF, Ochoa R. (1982) Whole brain methionineenkephalin of ethanol-avoiding and ethanol-preferring c57BL mice. Experientia
38:1469-1470.
Bono G, Balducci C, Richelmi P, Koob GF, Pulvirenti L. (1996) Dopamine partial
receptor agonists reduce ethanol intake in the rat. Eur J Pharmacol 296:233-238.

190

Brodie MS, Shefner SA, Dunwiddie TV. (1990) Ethanol increases the firing rate of
dopamine neurons of the rat ventral tegmental area in vitro. Brain Res 508:65-69.
Buchmann AF, Schmid B, Blomeyer D, Becker K, Treutlein J, Zimmermann US, JennenSteinmetz C, Schmidt MH, Esser G, Banaschewski T, Rietschel M, Schumann G,
Laucht M. (2009) Impact of age at first drink on vulnerability to alcohol-related
problems: Testing the marker hypothesis in a prospective study of young adults.
J Psychiatr Res .
Carroll FI. (2008) Antagonists at metabotropic glutamate receptor subtype 5: Structure
activity relationships and therapeutic potential for addiction. Ann N Y Acad Sci
1141:221-232.
Carroll MR, Rodd ZA, Murphy JM, Simon JR. (2006) Chronic ethanol consumption
increases dopamine uptake in the nucleus accumbens of high alcohol drinking
rats. Alcohol 40:103-109.
Cartmell J, Perry KW, Salhoff CR, Monn JA, Schoepp DD. (2001) Acute increases in
monoamine release in the rat prefrontal cortex by the mGlu2/3 agonist LY379268
are similar in profile to risperidone, not locally mediated, and can be elicited in
the presence of uptake blockade. Neuropharmacology 40:847-855.
Cartmell J, Salhoff CR, Perry KW, Monn JA, Schoepp DD. (2000) Dopamine and 5-HT
turnover are increased by the mGlu2/3 receptor agonist LY379268 in rat medial
prefrontal cortex, nucleus accumbens and striatum. Brain Res 887:378-384.
Cepeda C and Levine MS. (2006) Where do you think you are going? the NMDA-D1
receptor trap. Sci STKE 2006:pe20.
Chen HS and Lipton SA. (2006) The chemical biology of clinically tolerated NMDA
receptor antagonists. J Neurochem 97:1611-1626.
Chen HS and Lipton SA. (2005) Pharmacological implications of two distinct
mechanisms of interaction of memantine with N-methyl-D-aspartate-gated
channels. J Pharmacol Exp Ther 314:961-971.
Chen HS and Lipton SA. (1997) Mechanism of memantine block of NMDA-activated
channels in rat retinal ganglion cells: Noncompetitive antagonism. J Physiol 499
(Pt 1):27-46.
Chen HS, Pellegrini JW, Aggarwal SK, Lei SZ, Warach S, Jensen FE, Lipton SA. (1992)
Open-channel block of N-methyl-D-aspartate (NMDA) responses by memantine:
Therapeutic advantage against NMDA receptor-mediated neurotoxicity. J
Neurosci 12:4427-4436.
Clay SW, Allen J, Parran T. (2008) A review of addiction. Postgrad Med 120:E01-7.

191

Cloninger CR, Sigvardsson S, Gilligan SB, von Knorring AL, Reich T, Bohman M. (1988)
Genetic heterogeneity and the classification of alcoholism. Adv Alcohol Subst
Abuse 7:3-16.
Cohen C, Perrault G, Sanger DJ. (1999) Effects of D1 dopamine receptor agonists on
oral ethanol self-administration in rats: Comparison with their efficacy to produce
grooming and hyperactivity. Psychopharmacology (Berl) 142:102-110.
Conn PJ and Pin JP. (1997) Pharmacology and functions of metabotropic glutamate
receptors. Annu Rev Pharmacol Toxicol 37:205-237.
D'Addario C, Di Benedetto M, Candeletti S, Romualdi P. (2007) The kappa-opioid
receptor agonist U-69593 prevents cocaine-induced phosphorylation of DARPP32 at thr(34) in the rat brain. Brain Res Bull 73:34-39.
Dalley JW and Everitt BJ. (2009) Dopamine receptors in the learning, memory and drug
reward circuitry. Semin Cell Dev Biol 20:403-410.
Danysz W, Parsons CG, Quack G. (2000) NMDA channel blockers: Memantine and
amino-aklylcyclohexanes--in vivo characterization. Amino Acids 19:167-172.
Dar MS and Wooles WR. (1984) The effect of acute ethanol on dopamine metabolism
and other neurotransmitters in the hypothalamus and the corpus striatum of
mice. J.Neural Transm. 60:283-294.
David HN and Abraini JH. (2001) Differential modulation of the D1-like- and D2-like
dopamine receptor-induced locomotor responses by group II metabotropic
glutamate receptors in the rat nucleus accumbens. Neuropharmacology 41:454463.
Davies M. (2003) The role of GABAA receptors in mediating the effects of alcohol in the
central nervous system. J Psychiatry Neurosci 28:263-274.
Davis VE and Walsh MJ. (1970) Alcohol, amines, and alkaloids: A possible biochemical
basis for alcohol addiction. Science 167:1005-1007.
Di Chiara G. (2002) Nucleus accumbens shell and core dopamine: Differential role in
behavior and addiction. Behav Brain Res 137:75-114.
Di Chiara G. (1999) Drug addiction as dopamine-dependent associative learning
disorder. Eur J Pharmacol 375:13-30.
Di Chiara G, Bassareo V, Fenu S, De Luca MA, Spina L, Cadoni C, Acquas E, Carboni
E, Valentini V, Lecca D. (2004) Dopamine and drug addiction: The nucleus
accumbens shell connection. Neuropharmacology 47 Suppl 1:227-241.

192

Di Chiara G, Tanda G, Bassareo V, Pontieri F, Acquas E, Fenu S, Cadoni C, Carboni E.
(1999) Drug addiction as a disorder of associative learning. role of nucleus
accumbens shell/extended amygdala dopamine. Ann N Y Acad Sci 877:461-485.
Dingledine R, Borges K, Bowie D, Traynelis SF. (1999) The glutamate receptor ion
channels. Pharmacol Rev 51:7-61.
Donohue T, Hoffman PL, Tabakoff B. (2005) Effect of ethanol on DARPP-32
phosphorylation in transgenic mice that express human type VII adenylyl cyclase
in brain. Alcohol Clin Exp Res 29:310-316.
Dyr W, McBride WJ, Lumeng L, Li TK, Murphy JM. (1993) Effects of D1 and D2
dopamine receptor agents on ethanol consumption in the high-alcohol-drinking
(HAD) line of rats. Alcohol 10:207-212.
Escher T, Call SB, Blaha CD, Mittleman G. (2006) Behavioral effects of
aminoadamantane class NMDA receptor antagonists on schedule-induced
alcohol and self-administration of water in mice. Psychopharmacology (Berl)
187:424-434.
Evans SM, Levin FR, Brooks DJ, Garawi F. (2007) A pilot double-blind treatment trial of
memantine for alcohol dependence. Alcohol Clin Exp Res 31:775-782.
Farfel GM and Seiden LS. (1995a) Role of hypothermia in the mechanism of protection
against serotonergic toxicity. I. experiments using 3,4methylenedioxymethamphetamine, dizocilpine, CGS 19755 and NBQX. J
Pharmacol Exp Ther 272:860-867.
Farfel GM and Seiden LS. (1995b) Role of hypothermia in the mechanism of protection
against serotonergic toxicity. II. experiments with methamphetamine, pchloroamphetamine, fenfluramine, dizocilpine and dextromethorphan. J
Pharmacol Exp Ther 272:868-875.
Fienberg AA, Hiroi N, Mermelstein PG, Song W, Snyder GL, Nishi A, Cheramy A,
O'Callaghan JP, Miller DB, Cole DG, Corbett R, Haile CN, Cooper DC, Onn SP,
Grace AA, Ouimet CC, White FJ, Hyman SE, Surmeier DJ, Girault J, Nestler EJ,
Greengard P. (1998) DARPP-32: Regulator of the efficacy of dopaminergic
neurotransmission. Science 281:838-842.
Fleming M, Mihic SJ, Harris RA. (2001) Ethanol, in (Hardman JG, Limbird LE and
Gilman AG eds) pp 429-445, McGraw-Hill, New York.
Gauthier S, Wirth Y, Mobius HJ. (2005) Effects of memantine on behavioural symptoms
in alzheimer's disease patients: An analysis of the neuropsychiatric inventory
(NPI) data of two randomised, controlled studies. Int J Geriatr Psychiatry 20:459464.

193

Ghose S, Gleason KA, Potts BW, Lewis-Amezcua K, Tamminga CA. (2009) Differential
expression of metabotropic glutamate receptors 2 and 3 in schizophrenia: A
mechanism for antipsychotic drug action? Am J Psychiatry 166:812-820.
Glowinski J and Iversen LL. (1966) Regional studies of catecholamines in the rat brain. I.
the disposition of [3H]norepinephrine, [3H]dopamine and [3H]dopa in various
regions of the brain. J Neurochem 13:655-669.
Gonzales RA, Job MO, Doyon WM. (2004) The role of mesolimbic dopamine in the
development and maintenance of ethanol reinforcement. Pharmacol Ther
103:121-146.
Grant BF and Dawson DA. (1997) Age at onset of alcohol use and its association with
DSM-IV alcohol abuse and dependence: Results from the national longitudinal
alcohol epidemiologic survey. J Subst Abuse 9:103-110.
Grant BF, Stinson FS, Harford T. (2001a) The 5-year course of alcohol abuse among
young adults. J Subst Abuse 13:229-238.
Grant BF, Stinson FS, Harford TC. (2001b) Age at onset of alcohol use and DSM-IV
alcohol abuse and dependence: A 12-year follow-up. J Subst Abuse 13:493-504.
Greengard P, Allen PB, Nairn AC. (1999) Beyond the dopamine receptor: The DARPP32/protein phosphatase-1 cascade. Neuron 23:435-447.
Halpain S, Girault JA, Greengard P. (1990) Activation of NMDA receptors induces
dephosphorylation of DARPP-32 in rat striatal slices. Nature 343:369-372.
Heilig M and Egli M. (2006) Pharmacological treatment of alcohol dependence: Target
symptoms and target mechanisms. Pharmacol Ther 111:855-876.
Hemmings HC,Jr and Greengard P. (1986) DARPP-32, a dopamine- and adenosine
3':5'-monophosphate-regulated phosphoprotein: Regional, tissue, and
phylogenetic distribution. J Neurosci 6:1469-1481.
Hesselink MB, De Boer AG, Breimer DD, Danysz W. (1999) Dopamine release in the
prefrontal cortex in response to memantine following sub-chronic NMDA receptor
blockade with memantine: A microdialysis study in rats. J Neural Transm
106:803-818.
Hodge CW, Miles MF, Sharko AC, Stevenson RA, Hillmann JR, Lepoutre V, Besheer J,
Schroeder JP. (2006) The mGluR5 antagonist MPEP selectively inhibits the
onset and maintenance of ethanol self-administration in C57BL/6J mice.
Psychopharmacology (Berl) 183:429-438.

194

Hodge CW, Samson HH, Chappelle AM. (1997) Alcohol self-administration: Further
examination of the role of dopamine receptors in the nucleus accumbens.
Alcohol Clin Exp Res 21:1083-1091.
Holloway FA, Miller JM, King DA, Bedingfield JB. (1993) Delayed ethanol effects on
physiological and behavioral indices in the rat. Alcohol 10:511-519.
Holter SM, Danysz W, Spanagel R. (1996) Evidence for alcohol anti-craving properties
of memantine. Eur J Pharmacol 314:R1-2.
Honkanen A, Chrapusta SJ, Karoum F, Korpi ER. (1994) Alterations in dopamine
metabolism by intraperitoneal ethanol in rats selected for high and low ethanol
preference: A 3-methoxytyramine study. Alcohol 11:323-328.
Hu XJ and Ticku MK. (1995) Chronic ethanol treatment upregulates the NMDA receptor
function and binding in mammalian cortical neurons. Brain Res Mol Brain Res
30:347-356.
Hundt W, Danysz W, Holter SM, Spanagel R. (1998) Ethanol and N-methyl-D-aspartate
receptor complex interactions: A detailed drug discrimination study in the rat.
Psychopharmacology (Berl) 135:44-51.
Huttunen P, Lapinlampi T, Myers RD. (1988) Temperature-related release of 5-HT from
unrestrained rats' pre-optic area perfused with ethanol. Alcohol 5:189-193.
Jones SL, Kanfer R, Lanyon RI. (1982) Skill training with alcoholics: A clinical extension.
Addict Behav 7:285-290.
Kapasova Z and Szumlinski KK. (2008) Strain differences in alcohol-induced
neurochemical plasticity: A role for accumbens glutamate in alcohol intake.
Alcohol Clin Exp Res 32:617-631.
Karkoulias K, Tsitsaras H, Patouchas D, Sampsonas F, Likouras D, Kaparianos A,
Spiropoulos K. (2008) The alcoholic lung disease: Historical background and
clinical features. Medicina (Kaunas) 44:651-664.
Keller M. (1979) A historical overview of alcohol and alcoholism. Cancer Res 39:28222829.
Kendler KS, Schmitt E, Aggen SH, Prescott CA. (2008) Genetic and environmental
influences on alcohol, caffeine, cannabis, and nicotine use from early
adolescence to middle adulthood. Arch Gen Psychiatry 65:674-682.
Khatib SA, Murphy JM, McBride WJ. (1988) Biochemical evidence for activation of
specific monoamine pathways by ethanol. Alcohol 5:295-299.

195

King MM, Huang CY, Chock PB, Nairn AC, Hemmings HC,Jr, Chan KF, Greengard P.
(1984) Mammalian brain phosphoproteins as substrates for calcineurin. J Biol
Chem 259:8080-8083.
Kingston AE, Ornstein PL, Wright RA, Johnson BG, Mayne NG, Burnett JP, Belagaje R,
Wu S, Schoepp DD. (1998) LY341495 is a nanomolar potent and selective
antagonist of group II metabotropic glutamate receptors. Neuropharmacology
37:1-12.
Koob GF. (1992) Neural mechanisms of drug reinforcement. Ann N Y Acad Sci 654:171191.
Koob GF, Rassnick S, Heinrichs S, Weiss F. (1994) Alcohol, the reward system and
dependence. EXS 71:103-114.
Koob GF and Weiss F. (1992) Neuropharmacology of cocaine and ethanol dependence.
Recent Dev Alcohol 10:201-233.
Kostowski W and Bienkowski P. (1999) Discriminative stimulus effects of ethanol:
Neuropharmacological characterization. Alcohol 17:63-80.
Kotlinska J. (2001) NMDA antagonists inhibit the development of ethanol dependence in
rats. Pol J Pharmacol 53:47-50.
Kotlinska J and Bochenski M. (2008) The influence of various glutamate receptors
antagonists on anxiety-like effect of ethanol withdrawal in a plus-maze test in
rats. Eur J Pharmacol 598:57-63.
Kotlinska J and Liljequist S. (1997) The NMDA/glycine receptor antagonist, L-701,324,
produces discriminative stimuli similar to those of ethanol. Eur J Pharmacol
332:1-8.
Kreek MJ, LaForge KS, Butelman E. (2002) Pharmacotherapy of addictions. Nat Rev
Drug Discov 1:710-726.
Kumar S, Porcu P, Werner DF, Matthews DB, Diaz-Granados JL, Helfand RS, Morrow
AL. (2009) The role of GABA(A) receptors in the acute and chronic effects of
ethanol: A decade of progress. Psychopharmacology (Berl) 205:529-564.
Kuzmin A, Stenback T, Liljequist S. (2008) Memantine enhances the inhibitory effects of
naltrexone on ethanol consumption. Eur J Pharmacol 584:352-356.
Lai CC, Kuo TI, Lin HH. (2007) The role of protein kinase A in acute ethanol-induced
neurobehavioral actions in rats. Anesth Analg 105:89-96.

196

Le Moine C and Bloch B. (1996) Expression of the D3 dopamine receptor in peptidergic
neurons of the nucleus accumbens: Comparison with the D1 and D2 dopamine
receptors. Neuroscience 73:131-143.
Le Moine C and Bloch B. (1995) D1 and D2 dopamine receptor gene expression in the
rat striatum: Sensitive cRNA probes demonstrate prominent segregation of D1
and D2 mRNAs in distinct neuronal populations of the dorsal and ventral
striatum. J Comp Neurol 355:418-426.
Levy AD, Murphy JM, McBride WJ, Lumeng L, Li TK. (1991) Microinjection of sulpiride
into the nucleus accumbens increases ethanol drinking in alcohol-preferring (P)
rats. Alcohol Alcohol Suppl 1:417-420.
Linden AM, Bergeron M, Schoepp DD. (2005a) Comparison of c-fos induction in the
brain by the mGlu2/3 receptor antagonist LY341495 and agonist LY354740:
Evidence for widespread endogenous tone at brain mGlu2/3 receptors in vivo.
Neuropharmacology 49 Suppl 1:120-134.
Linden AM, Shannon H, Baez M, Yu JL, Koester A, Schoepp DD. (2005b) Anxiolytic-like
activity of the mGLU2/3 receptor agonist LY354740 in the elevated plus maze
test is disrupted in metabotropic glutamate receptor 2 and 3 knock-out mice.
Psychopharmacology (Berl) 179:284-291.
Lipton SA. (2007) Pathologically-activated therapeutics for neuroprotection: Mechanism
of NMDA receptor block by memantine and S-nitrosylation. Curr Drug Targets
8:621-632.
Lipton SA. (2006) Paradigm shift in neuroprotection by NMDA receptor blockade:
Memantine and beyond. Nat Rev Drug Discov 5:160-170.
Lipton SA. (2005) The molecular basis of memantine action in alzheimer's disease and
other neurologic disorders: Low-affinity, noncompetitive antagonism. Curr
Alzheimer Res 2:155-165.
Lipton SA. (2004a) Failures and successes of NMDA receptor antagonists: Molecular
basis for the use of open-channel blockers like memantine in the treatment of
acute and chronic neurologic insults. NeuroRx 1:101-110.
Lipton SA. (2004b) Paradigm shift in NMDA receptor antagonist drug development:
Molecular mechanism of noncompetitive inhibition by memantine in the treatment
of alzheimer's disease and other neurologic disorders. J Alzheimers Dis 6:S6174.
Lipton SA and Chen HS. (2004) Paradigm shift in neuroprotective drug development:
Clinically tolerated NMDA receptor inhibition by memantine. Cell Death Differ
11:18-20.

197

Liu F, Ma XH, Ule J, Bibb JA, Nishi A, DeMaggio AJ, Yan Z, Nairn AC, Greengard P.
(2001) Regulation of cyclin-dependent kinase 5 and casein kinase 1 by
metabotropic glutamate receptors. Proc Natl Acad Sci U S A 98:11062-11068.
Liu F, Virshup DM, Nairn AC, Greengard P. (2002) Mechanism of regulation of casein
kinase I activity by group I metabotropic glutamate receptors. J Biol Chem
277:45393-45399.
Lleo A, Greenberg SM, Growdon JH. (2006) Current pharmacotherapy for alzheimer's
disease. Annu Rev Med 57:513-533.
Lof E, Ericson M, Stomberg R, Soderpalm B. (2007) Characterization of ethanol-induced
dopamine elevation in the rat nucleus accumbens. Eur J Pharmacol 555:148155.
Lomax P, Bajorek JG, Chesarek WA, Chaffee RR. (1980) Ethanol-induced hypothermia
in the rat. Pharmacology 21:288-294.
Longabaugh R, Donovan DM, Karno MP, McCrady BS, Morgenstern J, Tonigan JS.
(2005) Active ingredients: How and why evidence-based alcohol behavioral
treatment interventions work. Alcohol Clin Exp Res 29:235-247.
Longabaugh R, Wirtz PW, Gulliver SB, Davidson D. (2009) Extended naltrexone and
broad spectrum treatment or motivational enhancement therapy.
Psychopharmacology (Berl) 206:367-376.
Lovinger DM, White G, Weight FF. (1990) NMDA receptor-mediated synaptic excitation
selectively inhibited by ethanol in hippocampal slice from adult rat. J Neurosci
10:1372-1379.
Lovinger DM, White G, Weight FF. (1989) Ethanol inhibits NMDA-activated ion current in
hippocampal neurons. Science 243:1721-1724.
Lu XY, Churchill L, Kalivas PW. (1997) Expression of D1 receptor mRNA in projections
from the forebrain to the ventral tegmental area. Synapse 25:205-214.
Lu XY, Ghasemzadeh MB, Kalivas PW. (1998) Expression of D1 receptor, D2 receptor,
substance P and enkephalin messenger RNAs in the neurons projecting from the
nucleus accumbens. Neuroscience 82:767-780.
Lucas LA and McMillen BA. (2002) Differences in brain area concentrations of dopamine
and 5-HT in myers' high ethanol preferring (mHEP) and outbred rats. J Neural
Transm 109:279-292.
Lukoyanov NV and Paula-Barbosa MM. (2001) Memantine, but not dizocilpine,
ameliorates cognitive deficits in adult rats withdrawn from chronic ingestion of
alcohol. Neurosci Lett 309:45-48.

198

Macdonald RL. (1995) Ethanol, gamma-aminobutyrate type A receptors, and protein
kinase C phosphorylation. Proc Natl Acad Sci U S A 92:3633-3635.
Maldonado R. (2003) The neurobiology of addiction. J Neural Transm Suppl (66):1-14.
Maldve RE, Zhang TA, Ferrani-Kile K, Schreiber SS, Lippmann MJ, Snyder GL,
Fienberg AA, Leslie SW, Gonzales RA, Morrisett RA. (2002) DARPP-32 and
regulation of the ethanol sensitivity of NMDA receptors in the nucleus
accumbens. Nat Neurosci 5:641-648.
Mark TL, Kassed CA, Vandivort-Warren R, Levit KR, Kranzler HR. (2009) Alcohol and
opioid dependence medications: Prescription trends, overall and by physician
specialty. Drug Alcohol Depend 99:345-349.
McBride WJ, Murphy JM, Gatto GJ, Levy AD, Yoshimoto K, Lumeng L, Li TK. (1993)
CNS mechanisms of alcohol self-administration. Alcohol Alcohol Suppl 2:463467.
McMillen BA. (1997) Toward a definition of a valid model of alcoholism: Multiple animal
models for multiple diseases. Alcohol 14:409-419.
McMillen BA. (1981) Comparative effects of classical and atypical antipsychotic drugs in
combination with a non-amphetamine stimulant on rat brain dopamine
metabolism. J Pharm Pharmacol 33:544-546.
McMillen BA, Chamberlain JK, DaVanzo JP. (1988) Effects of housing and muricidal
behavior on serotonergic receptors and interactions with novel anxiolytic drugs. J
Neural Transm 71:123-132.
McMillen BA, Crawford MS, Kulers CM, Williams HL. (2005) Effects of a metabotropic,
mglu5, glutamate receptor antagonist on ethanol consumption by genetic
drinking rats. Alcohol Alcohol 40:494-497.
McMillen BA, Joyner PW, Parmar CA, Tyer WE, Williams HL. (2004) Effects of NMDA
glutamate receptor antagonist drugs on the volitional consumption of ethanol by
a genetic drinking rat. Brain Res Bull 64:279-284.
McMillen BA and Shore PA. (1978) Comparative effects of clozapine and alphaadrenoceptor blocking drugs on regional noradrenaline metabolism in rat brain.
Eur J Pharmacol 52:225-230.
McMillen BA, Williams HL, Lehmann H, Shepard PD. (1992) On central muscle
relaxants, strychnine-insensitive glycine receptors and two old drugs:
Zoxazolamine and HA-966. J Neural Transm Gen Sect 89:11-25.
Merikangas KR. (1990) The genetic epidemiology of alcoholism. Psychol Med 20:11-22.

199

Morrisett RA and Swartzwelder HS. (1993) Attenuation of hippocampal long-term
potentiation by ethanol: A patch-clamp analysis of glutamatergic and GABAergic
mechanisms. J Neurosci 13:2264-2272.
Monn JA, Valli MJ, Massey SM, Hansen MM, Kress TJ, Wepsiec JP, Harkness AR,
Grutsch JL,Jr, Wright RA, Johnson BG, Andis SL, Kingston A, Tomlinson R,
Lewis R, Griffey KR, Tizzano JP, Schoepp DD. (1999) Synthesis,
pharmacological characterization, and molecular modeling of heterobicyclic
amino acids related to (+)-2-aminobicyclo[3.1.0] hexane-2,6-dicarboxylic acid
(LY354740): Identification of two new potent, selective, and systemically active
agonists for group II metabotropic glutamate receptors. J Med Chem 42:10271040.
Murphy BC, Chiu T, Harrison M, Uddin RK, Singh SM. (2002) Examination of ethanol
responsive liver and brain specific gene expression, in the mouse strains with
variable ethanol preferences, using cDNA expression arrays. Biochem Genet
40:395-410.
Murphy JM, McBride WJ, Lumeng L, Li TK. (1983) Monoamine and metabolite levels in
CNS regions of the P line of alcohol-preferring rats after acute and chronic
ethanol treatment. Pharmacol Biochem Behav 19:849-856.
Myers RD. (1989) Isoquinolines, beta-carbolines and alcohol drinking: Involvement of
opioid and dopaminergic mechanisms. Experientia 45:436-443.
Myers RD, Robinson DE, West MW, Biggs TA, McMillen BA. (1998) Genetics of
alcoholism: Rapid development of a new high ethanol preferring (HEP) strain of
female and male rats. Alcohol 16:343-357.
Nairn AC, Svenningsson P, Nishi A, Fisone G, Girault JA, Greengard P. (2004) The role
of DARPP-32 in the actions of drugs of abuse. Neuropharmacology 47 Suppl
1:14-23.
National Institute on Alcohol Abuse and Alcoholism. (2001) Alcohol alert No. 51.
Nestler EJ. (2001) Molecular neurobiology of addiction. Am J Addict 10:201-217.
Nishi A, Bibb JA, Matsuyama S, Hamada M, Higashi H, Nairn AC, Greengard P. (2002)
Regulation of DARPP-32 dephosphorylation at PKA- and Cdk5-sites by NMDA
and AMPA receptors: Distinct roles of calcineurin and protein phosphatase-2A. J
Neurochem 81:832-841.
Nishi A, Bibb JA, Snyder GL, Higashi H, Nairn AC, Greengard P. (2000) Amplification of
dopaminergic signaling by a positive feedback loop. Proc Natl Acad Sci U S A
97:12840-12845.

200

Nishi A, Liu F, Matsuyama S, Hamada M, Higashi H, Nairn AC, Greengard P. (2003)
Metabotropic mGlu5 receptors regulate adenosine A2A receptor signaling. Proc
Natl Acad Sci U S A 100:1322-1327.
Nishi A, Snyder GL, Greengard P. (1997) Bidirectional regulation of DARPP-32
phosphorylation by dopamine. J Neurosci 17:8147-8155.
Nishi A, Watanabe Y, Higashi H, Tanaka M, Nairn AC, Greengard P. (2005) Glutamate
regulation of DARPP-32 phosphorylation in neostriatal neurons involves
activation of multiple signaling cascades. Proc Natl Acad Sci U S A 102:11991204.
Nisijima K, Shioda K, Yoshino T, Takano K, Kato S. (2004) Memantine, an NMDA
antagonist, prevents the development of hyperthermia in an animal model for 5HT syndrome. Pharmacopsychiatry 37:57-62.
Oades RD and Halliday GM. (1987) Ventral tegmental (A10) system: Neurobiology. 1.
anatomy and connectivity. Brain Res 434:117-165.
Ohishi H, Shigemoto R, Nakanishi S, Mizuno N. (1993a) Distribution of the messenger
RNA for a metabotropic glutamate receptor, mGluR2, in the central nervous
system of the rat. Neuroscience 53:1009-1018.
Ohishi H, Shigemoto R, Nakanishi S, Mizuno N. (1993b) Distribution of the mRNA for a
metabotropic glutamate receptor (mGluR3) in the rat brain: An in situ
hybridization study. J Comp Neurol 335:252-266.
Olive MF. (2009) Metabotropic glutamate receptor ligands as potential therapeutics for
addiction. Curr Drug Abuse Rev 2:83-98.
Olney JW, Labruyere J, Price MT. (1989) Pathological changes induced in
cerebrocortical neurons by phencyclidine and related drugs. Science 244:13601362.
O'Neill MF, Heron-Maxwell C, Conway MW, Monn JA, Ornstein P. (2003) Group II
metabotropic glutamate receptor antagonists LY341495 and LY366457 increase
locomotor activity in mice. Neuropharmacology 45:565-574.
Ouimet CC, Miller PE, Hemmings HC,Jr, Walaas SI, Greengard P. (1984) DARPP-32, a
dopamine- and adenosine 3':5'-monophosphate-regulated phosphoprotein
enriched in dopamine-innervated brain regions. III. immunocytochemical
localization. J Neurosci 4:111-124.
Palucha A and Pilc A. (2007) Metabotropic glutamate receptor ligands as possible
anxiolytic and antidepressant drugs. Pharmacol Ther 115:116-147.

201

Pandey SC. (1998) Neuronal signaling systems and ethanol dependence. Mol Neurobiol
17:1-15.
Parsons CG, Stoffler A, Danysz W. (2007) Memantine: A NMDA receptor antagonist that
improves memory by restoration of homeostasis in the glutamatergic system--too
little activation is bad, too much is even worse. Neuropharmacology 53:699-723.
Peoples RW and Stewart RR. (2000) Alcohols inhibit N-methyl-D-aspartate receptors via
a site exposed to the extracellular environment. Neuropharmacology 39:16811691.
Perrotti LI, Weaver RR, Robison B, Renthal W, Maze I, Yazdani S, Elmore RG, Knapp
DJ, Selley DE, Martin BR, Sim-Selley L, Bachtell RK, Self DW, Nestler EJ. (2008)
Distinct patterns of DeltaFosB induction in brain by drugs of abuse. Synapse
62:358-369.
Peters J and Kalivas PW. (2006) The group II metabotropic glutamate receptor agonist,
LY379268, inhibits both cocaine- and food-seeking behavior in rats.
Psychopharmacology (Berl) 186:143-149.
Phillips TJ, Brown KJ, Burkhart-Kasch S, Wenger CD, Kelly MA, Rubinstein M, Grandy
DK, Low MJ. (1998) Alcohol preference and sensitivity are markedly reduced in
mice lacking dopamine D2 receptors. Nat Neurosci 1:610-615.
Piasecki J, Koros E, Dyr W, Kostowski W, Danysz W, Bienkowski P. (1998) Ethanolreinforced behaviour in the rat: Effects of noncompetitive NMDA receptor
antagonist, memantine. Eur J Pharmacol 354:135-143.
Pierce RC and Kalivas PW. (1997) A circuitry model of the expression of behavioral
sensitization to amphetamine-like psychostimulants. Brain Res Brain Res Rev
25:192-216.
Pierce RC and Kumaresan V. (2006) The mesolimbic dopamine system: The final
common pathway for the reinforcing effect of drugs of abuse? Neurosci Biobehav
Rev 30:215-238.
Pillai NP and Ross DH. (1986) Ethanol-induced hypothermia in rats: Possible
involvement of opiate kappa receptors. Alcohol 3:249-253.
Pin JP, De Colle C, Bessis AS, Acher F. (1999) New perspectives for the development
of selective metabotropic glutamate receptor ligands. Eur J Pharmacol 375:277294.
Pin JP and Duvoisin R. (1995) The metabotropic glutamate receptors: Structure and
functions. Neuropharmacology 34:1-26.

202

Pitkanen T, Kokko K, Lyyra AL, Pulkkinen L. (2008) A developmental approach to
alcohol drinking behaviour in adulthood: A follow-up study from age 8 to age 42.
Addiction 103 Suppl 1:48-68.
Planells-Cases R, Montoliu C, Humet M, Fernandez AM, Garcia-Martinez C, Valera E,
Merino JM, Perez-Paya E, Messeguer A, Felipo V, Ferrer-Montiel A. (2002) A
novel N-methyl-D-aspartate receptor open channel blocker with in vivo
neuroprotectant activity. J Pharmacol Exp Ther 302:163-173.
Prescott CA, Cross RJ, Kuhn JW, Horn JL, Kendler KS. (2004) Is risk for alcoholism
mediated by individual differences in drinking motivations? Alcohol Clin Exp Res
28:29-39.
Prescott CA, Hewitt JK, Heath AC, Truett KR, Neale MC, Eaves LJ. (1994)
Environmental and genetic influences on alcohol use in a volunteer sample of
older twins. J Stud Alcohol 55:18-33.
Prescott CA and Kendler KS. (1999) Age at first drink and risk for alcoholism: A
noncausal association. Alcohol Clin Exp Res 23:101-107.
Quack G, Hesselink M, Danysz W, Spanagel R. (1995) Microdialysis studies with
amantadine and memantine on pharmacokinetics and effects on dopamine
turnover. J Neural Transm Suppl 46:97-105.
Rammes G, Danysz W, Parsons CG. (2008) Pharmacodynamics of memantine: An
update. Curr Neuropharmacol 6:55-78.
Rammes G, Mahal B, Putzke J, Parsons C, Spielmanns P, Pestel E, Spanagel R,
Zieglgansberger W, Schadrack J. (2001) The anti-craving compound
acamprosate acts as a weak NMDA-receptor antagonist, but modulates NMDAreceptor subunit expression similar to memantine and MK 801.
Neuropharmacology 40:749-760.
Rassnick S, Pulvirenti L, Koob GF. (1993) SDZ-205,152, a novel dopamine receptor
agonist, reduces oral ethanol self-administration in rats. Alcohol 10:127-132.
Rassnick S, Pulvirenti L, Koob GF. (1992) Oral ethanol self-administration in rats is
reduced by the administration of dopamine and glutamate receptor antagonists
into the nucleus accumbens. Psychopharmacology (Berl) 109:92-98.
Rassnick S, Stinus L, Koob GF. (1993) The effects of 6-hydroxydopamine lesions of the
nucleus accumbens and the mesolimbic dopamine system on oral selfadministration of ethanol in the rat. Brain Res 623:16-24.
Rehm J, Mathers C, Popova S, Thavorncharoensap M, Teerawattananon Y, Patra J.
(2009) Global burden of disease and injury and economic cost attributable to
alcohol use and alcohol-use disorders. Lancet 373:2223-2233.

203

Rezvani AH and Levin ED. (2004) Adolescent and adult rats respond differently to
nicotine and alcohol: Motor activity and body temperature. Int J Dev Neurosci
22:349-354.
Richard MG and Bennett JP,Jr. (1995) NMDA receptor blockade increases in vivo
striatal dopamine synthesis and release in rats and mice with incomplete,
dopamine-depleting, nigrostriatal lesions. J Neurochem 64:2080-2086.
Risinger FO, Freeman PA, Greengard P, Fienberg AA. (2001) Motivational effects of
ethanol in DARPP-32 knockou mice. J Neurosci 21:340-348.
Risinger FO, Freeman PA, Rubinstein M, Low MJ, Grandy DK. (2000) Lack of operant
ethanol self-administration in dopamine D2 receptor knockout mice.
Psychopharmacology (Berl) 152:343-350.
Rodd ZA, McKinzie DL, Bell RL, McQueen VK, Murphy JM, Schoepp DD, McBride WJ.
(2006) The metabotropic glutamate 2/3 receptor agonist LY404039 reduces
alcohol-seeking but not alcohol self-administration in alcohol-preferring (P) rats.
Behav Brain Res 171:207-215.
Roman MW. (2009) Memantine (namenda, forest pharmaceuticals). Issues Ment Health
Nurs 30:202.
Ron D. (2004) Signaling cascades regulating NMDA receptor sensitivity to ethanol.
Neuroscientist 10:325-336.
Rorick-Kehn LM, Perkins EJ, Knitowski KM, Hart JC, Johnson BG, Schoepp DD,
McKinzie DL. (2006) Improved bioavailability of the mGlu2/3 receptor agonist
LY354740 using a prodrug strategy: In vivo pharmacology of LY544344. J
Pharmacol Exp Ther 316:905-913.
Saivin S, Hulot T, Chabac S, Potgieter A, Durbin P, Houin G. (1998) Clinical
pharmacokinetics of acamprosate. Clin Pharmacokinet 35:331-345.
Schechter MD, Meehan SM, Gordon TL, McBurney DM. (1993) The NMDA receptor
antagonist MK 801 produces ethanol-like discrimination in the rat. Alcohol
10:197-201.
Schoepp DD. (2001) Unveiling the functions of presynaptic metabotropic glutamate
receptors in the central nervous system. J Pharmacol Exp Ther 299:12-20.
Schoepp DD, Jane DE, Monn JA. (1999) Pharmacological agents acting at subtypes of
metabotropic glutamate receptors. Neuropharmacology 38:1431-1476.
Schwartz JC, Diaz J, Bordet R, Griffon N, Perachon S, Pilon C, Ridray S, Sokoloff P.
(1998) Functional implications of multiple dopamine receptor subtypes: The
D1/D3 receptor coexistence. Brain Res Brain Res Rev 26:236-242.

204

Seeman P, Caruso C, Lasaga M. (2008) Memantine agonist action at dopamine D2High
receptors. Synapse 62:149-153.
Shetreat ME, Lin L, Wong AC, Rayport S. (1996) Visualization of D1 dopamine receptors
on living nucleus accumbens neurons and their colocalization with D2 receptors.
J Neurochem 66:1475-1482.
Silvestre JS, O'Neill MF, Fernandez AG, Palacios JM. (1996) Effects of a range of
dopamine receptor agonists and antagonists on ethanol intake in the rat. Eur J
Pharmacol 318:257-265.
Simson PE, Criswell HE, Johnson KB, Hicks RE, Breese GR. (1991) Ethanol inhibits
NMDA-evoked electrophysiological activity in vivo. J Pharmacol Exp Ther
257:225-231.
Snyder GL, Fienberg AA, Huganir RL, Greengard P. (1998) A dopamine/D1
receptor/protein kinase A/dopamine- and cAMP-regulated phosphoprotein (mr 32
kDa)/protein phosphatase-1 pathway regulates dephosphorylation of the NMDA
receptor. J Neurosci 18:10297-10303.
Soderstrom K, Qin W, Williams H, Taylor DA, McMillen BA. (2007) Nicotine increases
FosB expression within a subset of reward- and memory-related brain regions
during both peri- and post-adolescence. Psychopharmacology (Berl) 191:891897.
Spanagel R, Eilbacher B, Wilke R. (1994) Memantine-induced dopamine release in the
prefrontal cortex and striatum of the rat--a pharmacokinetic microdialysis study.
Eur J Pharmacol 262:21-26.
Spooren WP, Vassout A, Neijt HC, Kuhn R, Gasparini F, Roux S, Porsolt RD, Gentsch
C. (2000) Anxiolytic-like effects of the prototypical metabotropic glutamate
receptor 5 antagonist 2-methyl-6-(phenylethynyl)pyridine in rodents. J Pharmacol
Exp Ther 295:1267-1275.
Stepanyan TD, Farook JM, Kowalski A, Kaplan E, Barron S, Littleton JM. (2008) Alcohol
withdrawal-induced hippocampal neurotoxicity in vitro and seizures in vivo are
both reduced by memantine. Alcohol Clin Exp Res 32:2128-2135.
Substance Abuse and Mental Health Services Administration, Office of Applied Studies.
(2008) Results from the 2007 national survey on drug use and health: National
findings (NSDUH series H-34, DHHS publication no. SMA 08-4343).
Svenningsson P, Nairn AC, Greengard P. (2005) DARPP-32 mediates the actions of
multiple drugs of abuse. AAPS J 7:E353-60.

205

Svenningsson P, Nishi A, Fisone G, Girault JA, Nairn AC, Greengard P. (2004) DARPP32: An integrator of neurotransmission. Annu Rev Pharmacol Toxicol 44:269296.
Svensson K, Ekman A, Piercey MF, Hoffmann WE, Lum JT, Carlsson A. (1991) Effects
of the partial dopamine receptor agonists SDZ 208-911, SDZ 208-912 and
terguride on central monoamine receptors. A behavioral, biochemical and
electrophysiological study. Naunyn Schmiedebergs Arch Pharmacol 344:263274.
Swanson CJ and Schoepp DD. (2003) A role for noradrenergic transmission in the
actions of phencyclidine and the antipsychotic and antistress effects of mGlu2/3
receptor agonists. Ann N Y Acad Sci 1003:309-317.
Tamaru Y, Nomura S, Mizuno N, Shigemoto R. (2001) Distribution of metabotropic
glutamate receptor mGluR3 in the mouse CNS: Differential location relative to
pre- and postsynaptic sites. Neuroscience 106:481-503.
Thielen RJ, Engleman EA, Rodd ZA, Murphy JM, Lumeng L, Li TK, McBride WJ. (2004)
Ethanol drinking and deprivation alter dopaminergic and serotonergic function in
the nucleus accumbens of alcohol-preferring rats. J Pharmacol Exp Ther
309:216-225.
Tizzano JP, Griffey KI, Schoepp DD. (2002) The anxiolytic action of mGlu2/3 receptor
agonist, LY354740, in the fear-potentiated startle model in rats is mechanistically
distinct from diazepam. Pharmacol Biochem Behav 73:367-374.
Tupala E and Tiihonen J. (2004) Dopamine and alcoholism: Neurobiological basis of
ethanol abuse. Prog Neuropsychopharmacol Biol Psychiatry 28:1221-1247.
United Nations Office on Drugs and Crime. (2004) 2004 world drug report, volume 1.
analysis.
Unterwald EM, Ivkovic S, Cuntapay M, Stroppolo A, Guinea B, Ehrlich ME. (2003)
Prenatal exposure to cocaine decreases adenylyl cyclase activity in embryonic
mouse striatum. Brain Res Dev Brain Res 147:67-75.
Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H, Corvol JC, Stipanovich A,
Caboche J, Lombroso PJ, Nairn AC, Greengard P, Herve D, Girault JA. (2005)
Regulation of a protein phosphatase cascade allows convergent dopamine and
glutamate signals to activate ERK in the striatum. Proc Natl Acad Sci U S A
102:491-496.
van Marum RJ. (2009) Update on the use of memantine in alzheimer's disease.
Neuropsychiatr Dis Treat 5:237-247.

206

Vasconcelos SM, Cavalcante RA, Aguiar LM, Sousa FC, Fonteles MM, Viana GS.
(2004) Effects of chronic ethanol treatment on monoamine levels in rat
hippocampus and striatum. Braz J Med Biol Res 37:1839-1846.
Walaas SI, Aswad DW, Greengard P. (1983) A dopamine- and cyclic AMP-regulated
phosphoprotein enriched in dopamine-innervated brain regions. Nature 301:6971.
Walaas SI and Greengard P. (1984) DARPP-32, a dopamine- and adenosine 3':5'monophosphate-regulated phosphoprotein enriched in dopamine-innervated
brain regions. I. regional and cellular distribution in the rat brain. J Neurosci 4:8498.
Wang WW, Cao R, Rao ZR, Chen LW. (2004) Differential expression of NMDA and
AMPA receptor subunits in DARPP-32-containing neurons of the cerebral cortex,
hippocampus and neostriatum of rats. Brain Res 998:174-183.
Watkins JC. (2000) L-glutamate as a central neurotransmitter: Looking back. Biochem
Soc Trans 28:297-309.
Weight FF, Lovinger DM, White G. (1991) Alcohol inhibition of NMDA channel function.
Alcohol Alcohol Suppl 1:163-169.
Weiss F, Ciccocioppo R, Parsons LH, Katner S, Liu X, Zorrilla EP, Valdez GR, BenShahar O, Angeletti S, Richter RR. (2001) Compulsive drug-seeking behavior
and relapse. neuroadaptation, stress, and conditioning factors. Ann N Y Acad Sci
937:1-26.
Weiss F, Lorang MT, Bloom FE, Koob GF. (1993) Oral alcohol self-administration
stimulates dopamine release in the rat nucleus accumbens: Genetic and
motivational determinants. J Pharmacol Exp Ther 267:250-258.
Winkler A, Mahal B, Kiianmaa K, Zieglgansberger W, Spanagel R. (1999) Effects of
chronic alcohol consumption on the expression of different NR1 splice variants in
the brain of AA and ANA lines of rats. Brain Res Mol Brain Res 72:166-175.
Wirkner K, Eberts C, Poelchen W, Allgaier C, Illes P. (2000) Mechanism of inhibition by
ethanol of NMDA and AMPA receptor channel functions in cultured rat cortical
neurons. Naunyn Schmiedebergs Arch Pharmacol 362:568-576.
Wise RA and Rompre PP. (1989) Brain dopamine and reward. Annu Rev Psychol
40:191-225.
Woolley ML, Pemberton DJ, Bate S, Corti C, Jones DN. (2008) The mGlu2 but not the
mGlu3 receptor mediates the actions of the mGluR2/3 agonist, LY379268, in
mouse models predictive of antipsychotic activity. Psychopharmacology (Berl)
196:431-440.

207

World Health Organization Department of Mental Health and Substance Abuse. (2004)
Global status report on alcohol 2004.
Wright RA, Arnold MB, Wheeler WJ, Ornstein PL, Schoepp DD. (2001) 3H]LY341495
binding to group II metabotropic glutamate receptors in rat brain. J Pharmacol
Exp Ther 298:453-460.
Xiao C, Shao XM, Olive MF, Griffin WC,3rd, Li KY, Krnjevic K, Zhou C, Ye JH. (2009)
Ethanol facilitates glutamatergic transmission to dopamine neurons in the ventral
tegmental area. Neuropsychopharmacology 34:307-318.
Yang P, Swann A, Dafny N. (2000) NMDA receptor antagonist disrupts acute and
chronic effects of methylphenidate. Physiol Behav 71:133-145.
Yao HH, Ding JH, Zhou F, Wang F, Hu LF, Sun T, Hu G. (2005) Enhancement of
glutamate uptake mediates the neuroprotection exerted by activating group II or
III metabotropic glutamate receptors on astrocytes. J Neurochem 92:948-961.
Yim HJ and Gonzales RA. (2000) Ethanol-induced increases in dopamine extracellular
concentration in rat nucleus accumbens are accounted for by increased release
and not uptake inhibition. Alcohol 22:107-115.
Zhang TA, Hendricson AW, Morrisett RA. (2005) Dual synaptic sites of D(1)dopaminergic regulation of ethanol sensitivity of NMDA receptors in nucleus
accumbens. Synapse 58:30-44.
Zhang TA, Maldve RE, Morrisett RA. (2006) Coincident signaling in mesolimbic
structures underlying alcohol reinforcement. Biochem Pharmacol 72:919-927.

APPENDIX A

ANIMAL USE APPROVAL LETTER

209

APPENDIX B

DATA TABLES FROM BEHAVIORAL EXPERIMENTS

211

EFFECTS OF MEMANTINE ON ETHANOL CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
4.46 ± 0.59
4.50 ± 0.49
4.16 ± 0.56
4.42 ± 0.48
3.47 ± 0.70 *
4.30 ± 0.54
†
2.82 ± 0.52 *
4.64 ± 0.33

Treatment
Vehicle (10)
0.3 mg/kg (10)
1.0 mg/kg (9)
3.0 mg/kg (10)

Pre-treatment
4.90 ± 0.43
4.71 ± 0.46
4.85 ± 0.44
4.75 ± 0.36

Treatment
Vehicle (10)
0.3 mg/kg (10)
1.0 mg/kg (9)
3.0 mg/kg (10)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.62 ± 0.01
0.58 ± 0.04
0.60 ± 0.04
0.57 ± 0.03
0.56 ± 0.04
0.56 ± 0.03
0.60 ± 0.03
0.51 ± 0.05
0.57 ± 0.03
0.56 ± 0.02
0.45 ± 0.05
0.60 ± 0.02

Treatment
Vehicle (10)
0.3 mg/kg (10)
1.0 mg/kg (9)
3.0 mg/kg (10)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
34.8 ± 2.2
32.7 ± 1.9
33.3 ± 2.3
37.2 ± 2.1
32.1 ± 1.9 *
34.9 ± 1.7
35.5 ± 2.3
25.8 ± 2.0 *†
32.4 ± 1.8
37.3 ± 1.5
26.0 ± 2.2 *†
33.9 ± 1.7

Treatment
Vehicle (10)
0.3 mg/kg (10)
1.0 mg/kg (9)
3.0 mg/kg (10)

Pre-treatment
16.8 ± 0.6
19.0 ± 0.7
19.2 ± 0.7
19.2 ± 0.5

Food consumed (g/day)
During treatment
Post treatment
17.7 ± 0.8
18.4 ± 0.7
17.9 ± 0.6
18.2 ± 0.5
17.4 ± 0.7 *
18.8 ± 0.6
16.3 ± 0.6 *
18.5 ± 0.6

Treatment
Vehicle (10)
0.3 mg/kg (10)
1.0 mg/kg (9)
3.0 mg/kg (10)

Pre-treatment
0.386 ± 0.017
0.392 ± 0.018
0.387 ± 0.020
0.386 ± 0.017

Body weight (kg)
During treatment
0.390 ± 0.018
0.394 ± 0.020
0.387 ± 0.021
0.382 ± 0.016 *†

Post treatment
0.393 ± 0.019
0.397 ± 0.020
0.389 ± 0.021
0.383 ± 0.016

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
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EFFECTS OF MEMANTINE AT A DOSE OF 10.0 mg/kg ON ETHANOL
CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
6.60 ± 0.41
6.45 ± 0.66
3.69 ± 0.51 *†
5.88 ± 0.28

Treatment
Vehicle (7)
10.0 mg/kg (7)

Pre-treatment
6.94 ± 0.39
7.11 ± 0.48

Treatment
Vehicle (7)
10.0 mg/kg (7)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.62 ± 0.05
0.61 ± 0.05
0.58 ± 0.02
0.62 ± 0.04
0.47 ± 0.06 *†
0.58 ± 0.05

Treatment
Vehicle (7)
10.0 mg/kg (7)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
37.7 ± 2.0
37.3 ± 2.8
37.5 ± 3.8
38.9 ± 2.1
26.1 ± 1.7 *†
34.8 ± 2.0

Treatment
Vehicle (7)
10.0 mg/kg (7)

Pre-treatment
18.6 ± 0.4
17.4 ± 0.9

Treatment
Vehicle (7)
10.0 mg/kg (7)

Pre-treatment
0.336 ± 0.009
0.338 ± 0.008

Food consumed (g/day)
During treatment
Post treatment
16.7 ± 0.6 *
17.1 ± 0.5
15.9 ± 0.8
17.4 ± 0.7
Body weight (kg)
During treatment
0.343 ± 0.010 *
0.334 ± 0.007 †

Post treatment
0.350 ± 0.010
0.340 ± 0.007

* indicates a significant difference from pre-treament baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
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ACTIVITY MONITOR RESULTS
Distance Traveled (Centimeters ±S.E.M.)
2nd Epoch
3rd Epoch
4th Epoch
1 Epoch
st

Group I (n = 7)
Ctl/Ctl
Ctl/EtOH (1.0 g/kg)

4015 ±522
4389 ±490

2535 ±257
2619 ±407

1044 ±228
1071 ±216

1530 ±383
458 ±124*

Group II (n = 8)
Ctl/Ctl
Ctl/EtOH (2.5 g/kg)

3625 ±462
3876 ±680

1923 ±436
2338 ±462

1128 ±497
412 ± 70

1737 ±561
166 ± 38*

Group III (n = 8)
Ctl/Ctl
Mem/Ctl

4144 ±235
2583 ±459*

2436 ±236
1588 ±407*

1282 ±336
1374 ±270

1456 ±365
2041 ±471

Group IV (n = 8)
Ctl/Ctl
Mem/EtOH (1.0 g/kg)

4771 ±293
1884 ±254*†

2114 ±379
2238 ±369

1921 ±449
1130 ±152

1713 ±227
994 ±161†

Group V (n = 7)
Ctl/Ctl
Mem/EtOH (2.5 g/kg)

4724 ±468
2347 ±228*

2365 ±362
1971 ±435

1933 ±431
670 ±170*

1415 ±298
873 ±174Δ

Resting Time (Seconds ±S.E.M.)
st

1 Epoch

2nd Epoch

3rd Epoch

4th Epoch

Group I (n = 7)
Ctl/Ctl
Ctl/EtOH (1.0 g/kg)

415 ±35
386 ±37

529 ±33
519 ±33

686 ±32
698 ±28

662 ±48
790 ±27*

Group II (n = 8)
Ctl/Ctl
Ctl/EtOH (2.5 g/kg)

421 ±36
409 ±45

580 ±51
559 ±39

701 ±43
805 ±15*

635 ±47
855 ± 9*

Group III (n = 8)
Ctl/Ctl
Mem/Ctl

397 ±23
523 ±49*

519 ±17
624 ±38*

686 ±37
613 ±36

661 ±45
560 ±52

Group IV (n = 8)
Ctl/Ctl
Mem/EtOH (1.0 g/kg)

341 ±20
606 ±35*†

581 ±54
487 ±42

608 ±49
642 ±31

634 ±31
664 ±35†

Group V (n = 7)
Ctl/Ctl
Mem/EtOH (2.5 g/kg)

349 ±32
513 ±32*

527 ±47
525 ±62

601 ±54
736 ±33

668 ±39
721 ±38Δ

* indicates a significant difference from “Control/Control”, P < 0.05 (paired t-test).
† indicates a significant difference from “Ctl/EtOH (1.0 g/kg)”, P < 0.05 (pooled two-sample t-test).
Δ indicates a significant difference from “Ctl/EtOH (2.5 g/kg)”, P < 0.05 (pooled two-sample t-test).
n = Number of rats.
Ctl = control (0.9% saline); EtOH = ethanol; Mem = memantine (10.0 mg/kg)
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EFFECTS OF MEMANTINE AND ETHANOL ON RECTAL TEMPERATURE
Baseline Rectal
Temperature (°C)
± S.E.M.

Change in Rectal Temperature (°C) ± S.E.M.
(from baseline temperature)
30’ Post-1st Tx
30’ Post-2nd Tx

Group I (n = 8)
Ctl/Ctl
Ctl/EtOH (1.0 g/kg)

37.19 ±0.19
37.24 ±0.13

0.63 ±0.25
0.68 ±0.22

0.71 ±0.36
0.03 ±0.34

Group II (n = 8)
Ctl/Ctl
Ctl/EtOH (2.5 g/kg)

37.45 ±0.23
37.40 ±0.28

0.49 ±0.31
0.76 ±0.21

0.56 ±0.30
-1.61 ±0.20 *

Group III (n = 8)
Ctl/Ctl
Mem/Ctl

37.40 ±0.09
37.01 ±0.22

0.54 ±0.24
-0.41 ±0.45

0.45 ±0.22
-0.20 ±0.44

Group IV (n = 8)
Ctl/Ctl
Mem/EtOH (1.0 g/kg)

37.46 ±0.25
37.35 ±0.27

0.20 ±0.26
-0.05 ±0.48

0.41 ±0.27
-1.06 ±0.34 *†

Group V (n = 7)
Ctl/Ctl
Mem/EtOH (2.5 g/kg)

37.67 ±0.17
37.31 ±0.16

-0.16 ±0.23
-0.79 ±0.33 Δ

-0.43 ±0.25
-2.39 ±0.25 *Δ

* indicates a significant difference from “Control/Control”, P < 0.05 (paired t-test).
† indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05 (pooled twosample t-Test).
† indicates a significant difference from “CTL/EtOH (1.0 g/kg)”, P < 0.05 (pooled twosample t-Test).
n = Number of rats.
Ctl = control (0.9% saline); EtOH = ethanol; Mem = memantine (10.0 mg/kg)
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EFFECTS OF DOPAMINERGIC D1 AND D2 DRUGS ON ETHANOL CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
5.21 ± 0.80 *
5.88 ± 0.88
4.45 ± 0.49 *
4.93 ± 0.48
5.36 ± 0.52
5.88 ± 0.66
5.18 ± 0.72
5.10 ± 0.90
4.46 ± 0.79 *
5.99 ± 1.03
2.65 ± 0.47 *
4.99 ± 0.79
3.06 ± 0.57 *
5.10 ± 0.69
3.20 ± 0.41 *
5.08 ± 0.70

Treatment
Vehicle (7)
10.0 (+)SULP (10)
3.0 (-)SULP (8)
10.0 (-)SULP (7)
0.1 SCH (8)
0.3 SCH (8)
3.0 (-)SULP & 0.3 SCH (7)
10.0 (-)SULP & 0.3 SCH (8)

Pre-treatment
6.70 ± 1.09
5.67 ± 0.59
6.11 ± 0.52
6.05 ± 0.52
6.57 ± 0.91
5.65 ± 0.52
4.65 ± 0.58
5.66 ± 0.82

Treatment
Vehicle (7)
10.0 (+)SULP (10)
3.0 (-)SULP (8)
10.0 (-)SULP (7)
0.1 SCH (8)
0.3 SCH (8)
3.0 (-)SULP & 0.3 SCH (7)
10.0 (-)SULP & 0.3 SCH (8)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.56 ± 0.03
0.54 ± 0.05
0.60 ± 0.05
0.58 ± 0.03
0.52 ± 0.03
0.56 ± 0.03
0.59 ± 0.03
0.55 ± 0.03
0.59 ± 0.05
0.59 ± 0.02
0.54 ± 0.05
0.54 ± 0.05
0.67 ± 0.03
0.58 ± 0.06
0.56 ± 0.04
0.61 ± 0.04
0.45 ± 0.05
0.50 ± 0.05
0.49 ± 0.02
0.45 ± 0.03
0.51 ± 0.03
0.59 ± 0.05
0.52 ± 0.05
0.50 ± 0.02

Treatment
Vehicle (7)
10.0 (+)SULP (10)
3.0 (-)SULP (8)
10.0 (-)SULP (7)
0.1 SCH (8)
0.3 SCH (8)
3.0 (-)SULP & 0.3 SCH (7)
10.0 (-)SULP & 0.3 SCH (8)

Pre-treatment
36.2 ± 1.3
35.2 ± 2.4
33.6 ± 2.4
32.9 ± 1.3
31.1 ± 1.6
34.7 ± 1.6
33.9 ± 2.2
31.3 ± 1.4

Treatment
Vehicle (7)
10.0 (+)SULP (10)
3.0 (-)SULP (8)
10.0 (-)SULP (7)
0.1 SCH (8)
0.3 SCH (8)
3.0 (-)SULP & 0.3 SCH (7)
10.0 (-)SULP & 0.3 SCH (8)

Pre-treatment
16.7 ± 0.7
17.0 ± 0.9
17.7 ± 0.8
17.3 ± 0.6
16.2 ± 0.6
18.0 ± 1.0
17.6 ± 1.4
18.4 ± 0.8

Treatment
Vehicle (7)
10.0 (+)SULP (10)
3.0 (-)SULP (8)
10.0 (-)SULP (7)
0.1 SCH (8)
0.3 SCH (8)
3.0 (-)SULP & 0.3 SCH (7)
10.0 (-)SULP & 0.3 SCH (8)

Pre-treatment
0.388 ± 0.012
0.363 ± 0.013
0.347 ± 0.013
0.383 ± 0.012
0.375 ± 0.014
0.360 ± 0.016
0.357 ± 0.012
0.390 ± 0.013

Total fluids consumed (ml/day)
During treatment
Post treatment
30.4 ± 1.1 *
31.0 ± 1.2
31.3 ± 2.0 *
32.3 ± 2.1
31.1 ± 1.9
32.1 ± 2.2
30.1 ± 1.7
29.2 ± 1.0
23.9 ± 1.0 *
32.9 ± 2.2
21.6 ± 1.2 *
35.2 ± 2.2
22.9 ± 0.8 *
35.0 ± 2.7
20.4 ± 0.9 *
32.6 ± 1.3
Food consumed (g/day)
During treatment
16.8 ± 0.8
17.0 ± 0.9
17.2 ± 0.7
17.7 ± 1.0
17.5 ± 0.7
18.1 ± 1.0
16.1 ± 0.8
15.8 ± 0.4
Body weight (kg)
During treatment
0.394 ± 0.014
0.369 ± 0.013 *
0.353 ± 0.014 *
0.389 ± 0.012
0.380 ± 0.013
0.364 ± 0.016 *
0.361 ± 0.012 *
0.392 ± 0.012

Post treatment
17.0 ± 1.1
16.9 ± 0.7
16.7 ± 1.0
19.2 ± 0.9
18.1 ± 0.8
17.2 ± 1.0
16.5 ± 0.9
16.5 ± 0.7
Post treatment
0.395 ± 0.013
0.369 ± 0.013
0.353 ± 0.013
0.386 ± 0.011
0.380 ± 0.013
0.365 ± 0.016
0.357 ± 0.012
0.387 ± 0.012

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
SULP = Sulpiride; SCH = SCH23390; Number before the drug name indicates dose (mg/kg).
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EFFECTS OF SKF38393 ON ETHANOL CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
5.18 ± 0.46 *
6.16 ± 0.37
4.13 ± 0.27 *
5.60 ± 0.32
4.07 ± 0.99 *†
6.52 ± 1.18
2.74 ± 0.42 *†
5.94 ± 0.72
2.64 ± 0.29 *†
5.76 ± 0.57

Treatment
Vehicle (7)
1.25 mg/kg (7)
2.5 mg/kg (6)
5.0 mg/kg (7)
10.0 mg/kg (7)

Pre-treatment
6.33 ± 0.57
5.99 ± 0.38
5.80 ± 1.02
6.08 ± 0.96
6.51 ± 0.99

Treatment
Vehicle (7)
1.25 mg/kg (7)
2.5 mg/kg (6)
5.0 mg/kg (7)
10.0 mg/kg (7)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.68 ± 0.06
0.65 ± 0.06
0.69 ± 0.05
0.66 ± 0.05
0.54 ± 0.03 *
0.64 ± 0.05
0.61 ± 0.04
0.48 ± 0.08 †
0.62 ± 0.05
0.65 ± 0.05
0.41 ± 0.05 *†
0.66 ± 0.03
0.62 ± 0.04
0.38 ± 0.05 *†
0.69 ± 0.05

Treatment
Vehicle (7)
1.25 mg/kg (7)
2.5 mg/kg (6)
5.0 mg/kg (7)
10.0 mg/kg (7)

Pre-treatment
36.0 ± 3.7
35.1 ± 3.1
33.3 ± 2.7
33.7 ± 2.9
37.9 ± 3.5

Treatment
Vehicle (7)
1.25 mg/kg (7)
2.5 mg/kg (6)
5.0 mg/kg (7)
10.0 mg/kg (7)

Pre-treatment
17.1 ± 1.3
17.4 ± 0.7
17.3 ± 0.7
17.0 ± 0.7
16.6 ± 0.7

Food consumed (g/day)
During treatment
16.9 ± 0.7
17.6 ± 0.9
18.0 ± 1.0
16.4 ± 1.3
15.8 ± 0.5

Post treatment
16.3 ± 0.8
18.6 ± 0.8
17.2 ± 0.7
18.2 ± 1.1
18.9 ± 0.9

Treatment
Vehicle (7)
1.25 mg/kg (7)
2.5 mg/kg (6)
5.0 mg/kg (7)
10.0 mg/kg (7)

Pre-treatment
0.394 ± 0.014
0.408 ± 0.019
0.394 ± 0.014
0.387 ± 0.013
0.387 ± 0.014

Body weight (kg)
During treatment
0.397 ± 0.013 *
0.411 ± 0.020 †
0.397 ± 0.014
0.388 ± 0.014 †
0.394 ± 0.014 *

Post treatment
0.399 ± 0.014
0.411 ± 0.019
0.398 ± 0.014
0.388 ± 0.013
0.392 ± 0.015

Total fluids consumed (ml/day)
During treatment
Post treatment
30.6 ± 2.8 *
35.0 ± 2.8
29.8 ± 2.4 *
34.4 ± 2.4
29.5 ± 3.2
38.6 ± 3.5
25.1 ± 2.1 *
32.8 ± 2.9
27.0 ± 2.0 *
31.8 ± 3.2

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
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EFFECTS OF CO-ADMINISTERED SKF38393 AND SCH23390 ON ETHANOL
CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
5.43 ± 0.58 *
5.17 ± 0.60
3.68 ± 0.75 *†
5.87 ± 0.90

Treatment
Vehicle (6)
SKF + SCH (6)

Pre-treatment
6.79 ± 0.15
6.65 ± 0.49

Treatment
Vehicle (6)
SKF + SCH (6)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.54 ± 0.01
0.48 ± 0.04
0.46 ± 0.03
0.51 ± 0.02
0.44 ± 0.08
0.48 ± 0.07

Treatment
Vehicle (6)
SKF + SCH (6)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
40.9 ± 2.4
36.9 ± 3.0
36.7 ± 3.0
41.4 ± 3.6
26.7 ± 1.3 *†
39.4 ± 2.0

Treatment
Vehicle (6)
SKF + SCH (6)

Pre-treatment
18.2 ± 0.8
18.7 ± 0.7

Treatment
Vehicle (6)
SKF + SCH (6)

Pre-treatment
0.343 ± 0.016
0.342 ± 0.009

Food consumed (g/day)
During treatment
Post treatment
17.7 ± 0.4
18.6 ± 0.5
16.8 ± 1.1
16.9 ± 1.1
Body weight (kg)
During treatment
0.347 ± 0.015 *
0.347 ± 0.009 *

Post treatment
0.354 ± 0.015
0.345 ± 0.010

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
SKF = SKF38393 (5.0 mg/kg); SCH = SCH23390 (0.3 mg/kg)
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EFFECTS OF CO-ADMINISTERED SKF38393 AND SCH23990 ON ETHANOL
CONSUMPTION

Treatment
5.0 SKF (7)
0.3 mg/kg SCH (8)
5.0 SKF + 0.3 SCH (6)

Ethanol consumed
% Change
-52.5 ± 7.0
-53.9 ± 5.7
-46.8 ± 6.3

Treatment
5.0 SKF (7)
0.3 mg/kg SCH (8)
5.0 SKF + 0.3 SCH (6)

Proportion of ethanol consumed
% Change
-38.4 ± 4.3
-24.3 ± 9.9
-16.2 ±13.7

Treatment
5.0 SKF (7)
0.3 mg/kg SCH (8)
5.0 SKF + 0.3 SCH (6)

Total fluids consumed
% Change
-23.1 ± 7.6
-37.7 ± 2.5
-34.5 ± 2.7

Treatment
5.0 SKF (7)
0.3 mg/kg SCH (8)
5.0 SKF + 0.3 SCH (6)

Food consumed
% Change
-3.5 ± 6.5
1.0 ± 4.1
-10.3 ± 3.6

Treatment
5.0 SKF (7)
0.3 mg/kg SCH (8)
5.0 SKF + 0.3 SCH (6)

Body weight
% Change
0.4 ± 0.8
1.2 ± 0.2
1.6 ± 0.4

Data are reported as percent change from pre-treatment levels.
No significant difference between treatments was observed (P < 0.05, Kruskal-Wallis).
Number of rats is indicated in parentheses.
5.0 SKF = SKF38393 (5.0 mg/kg); 0.3 SCH = SCH23390 (0.3 mg/kg)
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EFFECTS OF CO-ADMINISTERED MEMANTINE AND SCH23390 ON ETHANOL
CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
6.15 ± 0.43
6.12 ± 0.46
3.90 ± 0.41 *†
5.94 ± 0.43

Treatment
Vehicle (11)
MEM + SCH (11)

Pre-treatment
6.94 ± 0.24
6.61 ± 0.49

Treatment
Vehicle (11)
MEM + SCH (11)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.57 ± 0.02
0.52 ± 0.03
0.52 ± 0.03
0.54 ± 0.04
0.51 ± 0.05
0.48 ± 0.04

Treatment
Vehicle (11)
MEM + SCH (11)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
39.0 ± 1.6
38.1 ± 2.3
38.7 ± 2.2
41.6 ± 1.9
26.1 ± 1.2 *†
42.5 ± 1.6

Treatment
Vehicle (11)
MEM + SCH (11)

Pre-treatment
18.3 ± 0.5
17.1 ± 0.8

Treatment
Vehicle (11)
MEM + SCH (11)

Pre-treatment
0.340 ± 0.011
0.359 ± 0.008

Food consumed (g/day)
During treatment
Post treatment
17.4 ± 0.5
17.9 ± 0.5
17.9 ± 0.8
17.6 ± 0.6
Body weight (kg)
During treatment
0.346 ± 0.011
0.367 ± 0.010 *†

Post treatment
0.353 ± 0.011
0.367 ± 0.009

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
Mem = Memantine (1.0 mg/kg); SCH = SCH23390 (0.3 mg/kg)
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EFFECTS OF LY379268 ON ETHANOL CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
4.60 ± 0.36
5.70 ± 0.49
5.70 ± 0.48
6.45 ± 0.83
5.02 ± 0.41 *
6.39 ± 0.85
4.13 ± 0.58 *
5.32 ± 0.54

Treatment
Vehicle (7)
0.3 mg/kg (7)
1.0 mg/kg (7)
3.0 mg/kg (7)

Pre-treatment
6.23 ± 0.49
7.02 ± 0.60
7.25 ± 0.59
6.08 ± 0.36

Treatment
Vehicle (7)
0.3 mg/kg (7)
1.0 mg/kg (7)
3.0 mg/kg (7)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.62 ± 0.06
0.52 ± 0.04
0.57 ± 0.05
0.62 ± 0.04
0.56 ± 0.08
0.63 ± 0.06
0.61 ± 0.05
0.52 ± 0.05
0.59 ± 0.08
0.63 ± 0.05
0.51 ± 0.06
0.58 ± 0.08

Treatment
Vehicle (7)
0.3 mg/kg (7)
1.0 mg/kg (7)
3.0 mg/kg (7)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
36.0 ± 3.9
31.9 ± 3.2
36.4 ± 2.4
38.5 ± 4.6
36.5 ± 4.9
33.5 ± 2.8
38.4 ± 3.9
29.6 ± 2.2 *
35.0 ± 3.8
34.1 ± 2.2
26.4 ± 2.0 *
32.5 ± 2.5

Treatment
Vehicle (7)
0.3 mg/kg (7)
1.0 mg/kg (7)
3.0 mg/kg (7)

Pre-treatment
19.1 ± 1.3
16.6 ± 0.7
17.2 ± 1.0
18.1 ± 1.1

Food consumed (g/day)
During treatment
Post treatment
18.7 ± 1.4
17.9 ± 1.2
13.6 ± 0.8 *†
18.1 ± 0.5
13.6 ± 1.0 *†
19.2 ± 1.0
12.2 ± 1.0 *†
20.5 ± 1.0

Treatment
Vehicle (7)
0.3 mg/kg (7)
1.0 mg/kg (7)
3.0 mg/kg (7)

Pre-treatment
0.327 ± 0.020
0.316 ± 0.021
0.326 ± 0.017
0.328 ± 0.019

Body weight (kg)
During treatment
0.332 ± 0.021 *
0.312 ± 0.021 †
0.319 ± 0.017 *†
0.317 ± 0.018 *†

Post treatment
0.337 ± 0.021
0.318 ± 0.020
0.328 ± 0.017
0.331 ± 0.020

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
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EFFECTS OF LY341495 ON ETHANOL CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
5.79 ± 0.52 *
6.32 ± 0.47
4.87 ± 0.56 *
6.12 ± 0.63
5.10 ± 0.61
7.14 ± 0.49
3.64 ± 0.50 *†
6.25 ± 0.60

Treatment
Vehicle (8)
0.3 mg/kg (7)
1.0 mg/kg (8)
3.0 mg/kg (8)

Pre-treatment
6.55 ± 0.46
7.61 ± 0.40
6.42 ± 0.44
6.48 ± 0.39

Treatment
Vehicle (8)
0.3 mg/kg (7)
1.0 mg/kg (8)
3.0 mg/kg (8)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.52 ± 0.04
0.48 ± 0.04
0.50 ± 0.04
0.55 ± 0.04
0.40 ± 0.04 *
0.48 ± 0.05
0.53 ± 0.03
0.43 ± 0.03
0.56 ± 0.05
0.50 ± 0.03
0.40 ± 0.07
0.49 ± 0.05

Treatment
Vehicle (8)
0.3 mg/kg (7)
1.0 mg/kg (8)
3.0 mg/kg (8)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
41.9 ± 2.2
40.9 ± 2.4
44.6 ± 3.6
43.0 ± 2.9
36.5 ± 2.1 *
40.0 ± 2.6
38.9 ± 2.3
30.6 ± 1.6 *†
40.7 ± 2.3
43.5 ± 3.4
29.7 ± 2.1 *†
44.3 ± 5.5

Treatment
Vehicle (8)
0.3 mg/kg (7)
1.0 mg/kg (8)
3.0 mg/kg (8)

Pre-treatment
16.8 ± 1.0
16.7 ± 0.4
16.4 ± 0.8
16.8 ± 0.8

Food consumed (g/day)
During treatment
Post treatment
17.0 ± 0.7
16.8 ± 0.9
18.1 ± 0.5
18.2 ± 0.7
17.1 ± 0.7
16.5 ± 1.0
17.6 ± 0.6
17.1 ± 0.9

Treatment
Vehicle (8)
0.3 mg/kg (7)
1.0 mg/kg (8)
3.0 mg/kg (8)

Pre-treatment
0.332 ± 0.016
0.323 ± 0.014
0.318 ± 0.014
0.334 ± 0.016

Body weight (kg)
During treatment
0.337 ± 0.016 *
0.327 ± 0.014 *†
0.318 ± 0.015 †
0.332 ± 0.015 †

Post treatment
0.341 ± 0.016
0.330 ± 0.014
0.322 ± 0.015
0.339 ± 0.016

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
† indicates a significant difference from vehicle treatment, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
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EFFECTS OF CO-ADMINISTERED LY341495 AND LY379268 ON ETHANOL
CONSUMPTION
Ethanol consumed (g/kg/day)
During treatment
Post treatment
2.01 ± 0.38 *
4.16 ± 0.26

Treatment
LY341495 + LY379268 (7)

Pre-treatment
5.06 ± 0.40

Treatment
LY341495 + LY379268 (7)

Proportion of ethanol consumed
(ethanol (ml)/[ethanol (ml) + water (ml)])
Pre-treatment
During treatment
Post treatment
0.51 ± 0.04
0.30 ± 0.04 *
0.50 ± 0.04

Treatment
LY341495 + LY379268 (7)

Total fluids consumed (ml/day)
Pre-treatment
During treatment
Post treatment
36.5 ± 5.0
20.5 ± 1.1 *
29.3 ± 3.7

Treatment
LY341495 + LY379268 (7)

Pre-treatment
19.3 ± 1.1

Treatment
LY341495 + LY379268 (7)

Pre-treatment
0.386 ± 0.022

Food consumed (g/day)
During treatment
Post treatment
14.1 ± 0.8 *
19.0 ± 1.1
Body weight (kg)
During treatment
0.375 ± 0.021 *

Post treatment
0.375 ± 0.021

* indicates a significant difference from pre-treatment baseline, P < 0.05 (Tukey/Kramer).
Number of rats is indicated in parentheses.
Each drug was administered at a dose of 3.0 mg/kg.

APPENDIX C

MOBILE PHASE, STANDARDS, AND SAMPLES FOR HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY (HPLC)
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MOBILE PHASE FOR HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

1. Combine 0.10 M KH2PO4 (3.4g) and 250 ml deionized H2O. Mix. Adjust pH to
approximately 3.75 with 0.40 M citric acid or 2 N KOH.
2. Combine 0.10 mM Na2EDTA (8.4 mg) and 1.12 mM SOS (0.0650 g) and q.s. to 250 ml with
phosphate solution from step 1. Stir until dissolved.
3. Measure out 22.5 ml MeOH and q.s. to 250 ml with solution from step 2. Stir. Adjust final
pH to 3.90 with 0.40 M citric acid or 2 N KOH.
4. Filter buffer and de-gas. Transfer to a HPLC reservoir.

225

STANDARDS AND SAMPLES FOR HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
(HPLC)

1. Prepare “stock solution” standards:
10 μl of 0.5 mg/ml DA + 0.99 ml of 0.10 M H3PO4 = 5 μg/ml DA
10 μl of 0.5 mg/ml DOPAC + 0.99 ml of 0.10 M H3PO4 = 5 μg/ml DOPAC
10 μl of 0.5 mg/ml DHBA + 0.99 ml of 0.10 M H3PO4 = 5 μg/ml DHBA
(*The 0.5 mg/ml DA, 0.5 mg/ml DOPAC, and 0.5 mg/ml DHBA stock solutions are
prepared in 0.01 N HCl and stored at 4°C.)

2. Prepare “non-extracted” standard:
10 μl of 5 μg/ml DHBA
10 μl of 5 μg/ml DA
10 μl of 5 μg/ml DOPAC
970 μl of 0.10 M H3PO4
3. Label homogenate tubes. Put tubes in ice with pestle. Add 800 μl of 0.4 N HClO4 to each
homogenate tube. Add 10 μl of 5 μg/ml DHBA to each homogenate tube.

4. Prepare “extracted” standards in triplicate:
“50 ng @”:
10 μl of 5 μg/ml DHBA
10 μl of 5 μg/ml DA
10 μl of 5 μg/ml DOPAC
770 μl of 0.4 N HClO4
“50/250”:
10 μl of 5 μg/ml DHBA
50 μl of 5 μg/ml DA
50 μl of 5 μg/ml DOPAC
690 μl of 0.4 N HClO4
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5. Weigh tissue, place in homogenate tube containing 800 μl of 0.4 N HClO4 and 10 μl of 5
μg/ml DHBA, and homogenize. (If storing homogenate overnight, freeze along with
extracted standards at -20°C.)
6. Perform an alumina extraction for each tissue sample and “extracted” standard:
 Microcentrifuge homogenate for 2.5 minutes.
 Add 40-50 mg alumina to a fresh labeled microcentrifuge tube for each homogenate
and “extracted” standard.
 Add 0.5 ml supernate or 0.5 ml “extracted” standard.
 Add 0.5 ml of 0.5 M Tris.
 Shake for 7 minutes.
 Microcentrifuge for 2 minutes.
 Aspirate supernate.
 Add 1.0 ml of 0.005 M Tris.
 Shake for 7 minutes.
 Microcentrifuge for 2 minutes.
 Aspirate.
 Add 1.0 ml deionized H2O.
 Shake for 7 minutes.
 Microcentrifuge for 2 minutes.
 Aspirate.
 Add 0.5 ml of 0.10 M H3PO4.
 Shake for 7 minutes.
 Microcentrifuge for 2 minutes.
 Transfer supernate into a labeled 13 X 100 mm borosilicate glass tube. This sample or
“extracted” standard is analyzed on the HPLC.

APPENDIX D

STOCK AND WORKING SOLUTIONS (BUFFERS) FOR WESTERN BLOTTING
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STOCK SOLUTIONS

10% Sodium Dodecyl Sulfate (SDS)
2.5 g Sodium Dodecyl Sulfate (SDS)
25 ml deionized H2O
10X Running Buffer
30.3 g Tris-Base
144.1 g Glycine
10.00 g Sodium Dodecyl Sulfate (SDS)
Adjust volume to 1L with deionized H2O, pH to 8.6
10X Tris/Glycine Buffer
30.3 g Tris-Base
144.1 g Glycine
Adjust volume to 1L with deionized H2O
10X Phosphate Buffered Saline (PBS) [pH 7.4]
80.00 g NaCl
2.00 g KCl
14.40 g Na2HPO4
2.40 g KH2PO4
Adjust volume to 1L with deionized H2O, pH to 7.4
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WORKING SOLUTIONS
Lysis Buffer
Phosphate Buffered Saline (PBS) [pH 7.4] ………... 22.5 ml
1% Sodium Dodecyl Sulfate (SDS) ………………… 2.5 ml 10% SDS
2 mM ethylenediamine tetraacetate (EDTA) ………. 16.8 mg
5 mM ethylene glycol tetraacetic acid (EGTA) …….. 47.6 mg
25 mM Sodium Fluoride (NaF) ………………………. 26.2 mg
2 mM Sodium Orthovanadate (Na3VO4) ……………. 9.2 mg
Running Buffer
100 ml 10X Running Buffer
Adjust volume to 1L with deionized H2O
Sample Loading Buffer
950 μl Bio-Rad Laemmli Sample Buffer
50 μl β-mercaptoethanol (β-ME)
Transfer Buffer
200 ml 10X Tris/Glycine Buffer
400 ml Methanol (MeOH)
Adjust volume to 2L with deionized H2O
Phosphate Buffered Saline (PBS)
100 ml 10X Phosphate Buffered Saline (PBS)
Adjust volume to 1L with deionized H2O
Phosphate Buffered Saline (PBS) [pH 7.4]
10 ml 10X Phosphate Buffered Saline (PBS)
Adjust volume to 100 ml with deionized H2O, pH to 7.4
5% Non-Fat Dry Milk Blocker
2.0 g Blotting Grade Blocker Non-Fat Dry Milk (Bio-Rad)
40 ml 1X Phosphate Buffered Saline (PBS)
Filter
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Phosphate Buffered Saline-0.1% Tween-20 (PBS-T)
100 ml 10X Phosphate Buffered Saline (PBS)
1.0 ml Tween-20
Adjust volume to 1L with deionized H2O

APPENDIX E

PROTEIN CONCENTRATION DETERMINATION WITH BCA REAGENT
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This protein assay requires a Pierce Bicinchoninic Acid (BCA) Protein Assay Kit (Pierce
Thermo Scientific, Rockford, IL).

1. Prepare homogenate, or if using a homogenate already prepared and frozen, thaw
sample on ice.
2. Microcentrifuge homogenates at 14,000 rpm for 1-2 minutes at 4°C.
3. Prepare 25 μl of diluted sample if measuring duplicate samples. Prepare 40 μl of
diluted sample if measuring triplicate samples. Dilute all samples in deionized water.
The concentration (generally, 1:5 or 1:10) will depend upon the density of the
homogenate.
4. Prepare serial dilutions of the Bovine Serum Albumin (BSA) standard (2 mg/ml) at
the following concentrations: 1.0, 0.5, 0.25, and 0.125 mg/ml. Dilute each standard
in deionized water. Also prepare a “blank” standard using deionized water alone.
Prepare adequate amounts of each standard to allow for 10 μl of each to be loaded
in duplicate.
5. Add 10 μl of the standards, beginning with the “blank” and sequentially using higher
concentrations, in duplicate to the top row of the 96-well plate.
6. Add 10 μl of the diluted protein samples, in duplicate or triplicate to the second row
(and additional rows, if needed) of a 96-well plate.
7. Calculate the total volume of detection solution needed by multiplying the [number of
wells (N) + 2 extra samples] x 0.2 ml. Round the results up to the nearest whole
number to allow for extra solution. This is the total volume of detection solution to be
prepared.
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8. Calculate the volume of Reagent B needed. Since Reagent B is at a 50X
concentration, divide the total volume of detection solution needed by 50. This is the
volume of Reagent B needed.
9. Calulate the volume of Reagent A needed by subtracting the volume of Reagent B
needed from the total volume of detection solution being prepared.
10. Add the appropriate volumes of Reagent A and Reagent B to a clean tube and mix
well.
11. Add 200 μl of the Reagent A+B mixture to each well of the 96-well plate containing a
standard or sample.
12. Cover the plate and incubate at 37°C for 30 minutes.
13. At least 15 minutes prior to the end of the 30-minute incubation period, turn on the
Bio Tek Synergy HT Multi-Mode Microplate Reader (Bio Tek, Winooski, VT).
14. To read the 96-well plate, run program KC4 and set wavelength at 562 nm.
15. When generating the standard curve, R2 should be at least 0.99. If samples were
measured in duplicate, average the readings. If samples were measured in triplicate,
average the two readings that are closest.

APPENDIX F

IMMUNOBLOTTING PROCEDURE
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1. Prior to beginning the Western blot, a cooling unit for transfer must be prepared. Fill
a Bio-Rad Bio-Ice Cooling Unit (Bio-Rad, Hercules, CA) with tap water. Freeze at
-20°C.
2. Prepare working sample buffer solution.
3. Dilute homogenate in sample buffer. Use concentrations of protein based upon
previous optimization studies. Dilute each homogenate based upon results from the
BCA protein assay previously performed.
4. Boil for ten minutes.
5. Prepare electrophoresis apparatus:
a. Assemble unit with two gels or one gel and a dam. Use “Bio-Rad Ready
Gels, 10% Tris-HCl, 15-well, 15 μl” (precast polyacrylamide).
b. Dilute 10X running buffer to 1X working solution.
c. Using 1X working solution, fill the area between the gels and the bottom of
the electrophoresis unit to cover the electrodes at the bottom of the
apparatus.
6. Load pre-stained standard (Bio-Rad Precision Plus Kaleidoscope) as follows: 5 μl in
Lane 1 and 1 μl in Lanes 2 and 15.
7. Depending on the concentration of protein to be added per well, load 10 μl or 15 μl of
each sample in duplicate wells.
8. Run the gel(s) at 110 volts until the dye front is near the bottom of the gel.
9. Prepare transfer buffer.
10. Chill 0.5 L 1X working buffer at -20°C.
11. For each gel, soak the following in transfer buffer:
a. Bio-Rad Mini Gel Holder Cassette
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b. Two Bio-Rad Mini Trans-Blot fiber pads
c. Two sheets of Bio-Rad Mini Trans-Blot filter paper
d. Nitrocellulose membrane (0.45 μm pore size)
12. Equilibrate the gel(s) in transfer buffer for 20 minutes.
13. Load the transfer cassette(s) as follows:
a. Place a fiber pad on the dark side of the cassette.
b. Add filter paper.
c. Add gel.
d. Add nitrocellulose.
e. Add filter paper.
f.

Add fiber pad.

g. Close and latch the cassette.
h. Insert vertically into electrophoresis blotting unit.
i.

Insert into buffer tank.

j.

Add Bio-Ice cooling unit.

k. Add stir bar.
l.

Place assembled unit in a pan filled with ice.

m. Place assembly on stir plate in cold room.
n. Fill buffer tank with chilled transfer buffer.
o. Add lid.
14. Transfer for 1 hour at 350 mA.
15. Remove filter paper and gel.
16. Block non-specific binding by incubating the nitrocellulose with 5% blotting grade
blocker non-fat dry milk (Bio-Rad) for 1 hour at room temperature.
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17. Rinse 5 times with PBS-T.
18. Add the primary antibodies diluted in PBS-T and incubate overnight in the cold room.
Use concentrations of primary antibodies previously determined by optimization
studies.
19. Wash 3 times with PBS-T for 5 minutes per wash.
20. Add the secondary antibodies diluted in PBS-T and incubate for 1 hour in the cold
room. Use concentrations of secondary antibodies previously determined by
optimization studies. Keep in the dark.
21. Wash 3 times with PBS-T for 5 minutes per wash. Keep in the dark.
22. Scan the membrane on the LiCor Odyssey imaging system. Allowing the
membranes to dry prior to scanning may enhance the image. Scan with the
following settings: Preset = Membrane; Quality = Medium; Focus Offset = 0.0 mm.
For all membranes in each set of experiments, i.e. combination of brain region and
primary antibody being studied, use the same settings for intensity. Scan images to
be quantitated at Resolution = 84 μm.

APPENDIX G

DATA TABLES FROM BIOCHEMICAL EXPERIMENTS
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HPLC RESULTS
Prefrontal Cortex
Treatment Group

n

Dopamine

DOPAC

Ctl/Ctl

7

0.13 ±0.02

0.12 ±0.03

Ctl/EtOH (1.0 g/kg)

7

0.12 ±0.02

0.10 ±0.02

Ctl/EtOH (2.5 g/kg)

7

0.15 ±0.03

0.12 ±0.02

Mem/Ctl

7

0.12 ±0.03

0.10 ±0.01

Mem/EtOH (1.0 g/kg)

6

0.18 ±0.04

0.14 ±0.03

Mem/EtOH (2.5 g/kg)

8

0.13 ±0.01

0.11 ±0.01

Nucleus Accumbens
Treatment Group

n

Dopamine

DOPAC

Ctl/Ctl

8

8.64 ±1.38

8.31 ±0.98

Ctl/EtOH (1.0 g/kg)

7

5.61 ±0.26

6.34 ±0.65

Ctl/EtOH (2.5 g/kg)

7

9.13 ±1.30

8.18 ±0.67

Mem/Ctl

7

6.02 ±0.56

6.52 ±0.72

Mem/EtOH (1.0 g/kg)

8

7.34 ±0.90

8.34 ±0.81

Mem/EtOH (2.5 g/kg)

8

6.94 ±0.63

8.50 ±0.69

Striatum
Treatment Group

n

Dopamine

DOPAC

Ctl/Ctl

8

11.79 ±1.22

7.82 ±1.14

Ctl/EtOH (1.0 g/kg)

8

10.68 ±1.25

8.34 ±0.82

Ctl/EtOH (2.5 g/kg)

7

11.67 ±1.19

11.42 ±1.42

Mem/Ctl

7

11.69 ±0.82

9.13 ±0.48

Mem/EtOH (1.0 g/kg)

8

10.82 ±1.00

10.70 ±0.65

Mem/EtOH (2.5 g/kg)

9

9.71 ±0.92

11.89 ±1.02

Data are reported as µg per g wet weight of tissue (Mean ±S.E.M.).
No significant treatment effects were observed (P < 0.05, Tukey/Kramer).
n = Number of samples.
Ctl = control (0.9% saline); EtOH = ethanol; Mem = memantine (10.0 mg/kg)
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WESTERN BLOT RESULTS
Prefrontal Cortex
Treatment Group

DARPP-32

DARPP-32(Thr34)

DARPP-32(Thr75)

Ctl/Ctl

100.0

(6)

n/a

100.0

(6)

Ctl/EtOH (1.0 g/kg)

116.7 ± 20.1 (6)

n/a

96.6 ± 11.9 (6)

Ctl/EtOH (2.5 g/kg)

127.3 ± 21.6 (6)

n/a

108.9 ± 5.2 (5)

Mem/Ctl

146.2 ± 39.2 (5)

n/a

94.5 ± 13.5 (6)

Mem/EtOH (1.0 g/kg)

135.9 ± 25.2 (6)

n/a

83.5 ± 21.7 (6)

Mem/EtOH (2.5 g/kg)

95.4 ± 16.2 (6)

n/a

93.7 ± 12.9 (6)

Nucleus Accumbens
Treatment Group

DARPP-32
(6)

DARPP-32(Thr34)

DARPP-32(Thr75)

100.0

100.0

Ctl/Ctl

100.0

(6)

(6)

Ctl/EtOH (1.0 g/kg)

107.5 ± 6.8 (6)

122.6 ± 8.7 (5)

142.0 ± 15.9 (5)

Ctl/EtOH (2.5 g/kg)

129.3 ± 18.2 (6)

145.0 ± 17.5 (6)

164.1 ± 26.5 (5)

Mem/Ctl

114.8 ± 16.7 (6)

143.2 ± 24.6 (6)

137.9 ± 22.0 (6)

Mem/EtOH (1.0 g/kg)

112.4 ± 13.4 (6)

135.9 ± 20.0 (6)

138.9 ± 16.9 (5)

Mem/EtOH (2.5 g/kg)

109.0 ± 20.5 (6)

104.0 ± 18.8 (6)

152.3 ± 32.7 (5)

DARPP-32(Thr34)

DARPP-32(Thr75)

100.0

100.0

Striatum
Treatment Group

DARPP-32

Ctl/Ctl

100.0

Ctl/EtOH (1.0 g/kg)

110.7 ± 27.8 (5)

76.2 ± 15.0 (5)

107.1 ± 17.1 (6)

Ctl/EtOH (2.5 g/kg)

86.7 ± 11.7 (6)

127.3 ± 41.9 (5)

126.8 ± 33.3 (6)

116.8 ± 39.3 (5)

102.8 ± 17.4 (5)

120.7 ± 36.2 (6)

Mem/EtOH (1.0 g/kg)

65.8 ± 13.7 (6)

77.7 ± 14.2 (5)

78.6 ± 18.1 (6)

Mem/EtOH (2.5 g/kg)

66.1 ± 10.4 (5)

79.2 ± 10.2 (5)

75.4 ± 10.2 (6)

Mem/Ctl

(6)

(5)

(6)

Data are reported as percentage of controls (control/control) (Mean ±S.E.M.).
No significant treatment effects were observed (P < 0.05, Tukey/Kramer).
Number of samples is indicated in parentheses. Each sample for NAc contained pooled
tissue from 2 to 4 rats. Samples for mPFC and STR were not pooled.
Ctl = control (0.9% saline); EtOH = ethanol; Mem = memantine (10.0 mg/kg)

APPENDIX H

ALTERNATE ANALYSIS FOR WESTERN BLOT RESULTS
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ALTERNATE ANALYSIS FOR WESTERN BLOT RESULTS
Prefrontal Cortex
Treatment Group

DARPP-32(Thr34)/DARPP-32

DARPP-32(Thr75)/DARPP-32

Ctl/Ctl

n/a

100.0

(6)

Ctl/EtOH (1.0 g/kg)

n/a

93.1 ± 16.5 (6)

Ctl/EtOH (2.5 g/kg)

n/a

144.6 ± 36.3 (5)

Mem/Ctl

n/a

93.6 ± 32.4 (5)

Mem/EtOH (1.0 g/kg)

n/a

69.8 ± 16.1 (6)

Mem/EtOH (2.5 g/kg)

n/a

111.9 ± 17.6 (6)

Nucleus Accumbens
Treatment Group

DARPP-32(Thr34)/DARPP-32

DARPP-32(Thr75)/DARPP-32

Ctl/Ctl

100.0

100.0

Ctl/EtOH (1.0 g/kg)

115.7 ± 8.7 (5)

141.9 ± 21.1 (5)

Ctl/EtOH (2.5 g/kg)

200.4 ± 84.5 (4)

125.2 ± 14.9 (5)

Mem/Ctl

148.7 ± 37.7 (4)

120.9 ± 7.9 (6)

Mem/EtOH (1.0 g/kg)

139.9 ± 24.0 (4)

121.9 ± 14.7 (6)

Mem/EtOH (2.5 g/kg)

108.6 ± 16.1 (4)

145.3 ± 26.9 (6)

(5)

(6)

Striatum
Treatment Group
Ctl/Ctl

DARPP-32(Thr34)/DARPP-32

DARPP-32(Thr75)/DARPP-32

100.0

100.0

(5)

(5)

Ctl/EtOH (1.0 g/kg)

75.3 ± 5.1 (4)

110.3 ± 22.1 (4)

Ctl/EtOH (2.5 g/kg)

132.0 ± 26.7 (4)

151.6 ± 30.3 (5)

Mem/Ctl

108.4 ± 20.9 (4)

140.4 ± 39.0 (4)

Mem/EtOH (1.0 g/kg)

142.6 ± 21.9 (4)

159.7 ± 35.3 (5)

Mem/EtOH (2.5 g/kg)

134.7 ± 25.9 (4)

136.0 ± 44.2 (5)

Data are reported as percentage of controls (control/control) (Mean ±S.E.M.).
No significant treatment effects were observed (P < 0.05, Tukey/Kramer).
Number of samples is indicated in parentheses. Each sample for NAc contained pooled
tissue from 2 to 4 rats. Samples for mPFC and STR were not pooled.
Ctl = control (0.9% saline); EtOH = ethanol; Mem = memantine (10.0 mg/kg)
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p-DARPP-32(Thr75)/DARPP-32
(% of control)

MEDIAL PREFRONTAL CORTEX

CTL/CTL (6)

MEM/CTL (5)

CTL/1.0 EtOH (6)

MEM/1.0 EtOH (6)

CTL/2.5 EtOH (5)

MEM/2.5 EtOH (6)

300
250
200
150
100
50
0

Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg,
i.p.) on the abundance of phospho-DARPP-32 (Thr75) in the medial
prefrontal cortex (mPFC). The number of samples for each treatment
group is indicated in parentheses. Each sample contained tissue
obtained from a single male mHEP rat. Data are presented as the ratio
of phospho-DARPP-32 (Thr75)/GAPDH to DARPP-32/GAPDH,
expressed as a percentage of controls (control/control). No
significant differences were observed between treatment groups for
the protein and brain region studied. (CTL = control; EtOH = ethanol;
MEM = memantine).
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p-DARPP-32(Thr34)/DARPP-32
(% of control)

NUCLEUS ACCUMBENS

CTL/CTL (5)

MEM/CTL (4)

CTL/1.0 EtOH (5)

MEM/1.0 EtOH (4)

CTL/2.5 EtOH (4)

MEM/2.5 EtOH (4)

300
250
200
150
100
50
0

Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0
mg/kg, i.p.) on the abundance of phospho-DARPP-32 (Thr34) in
the nucleus accumbens (NAc). The number of samples for
each treatment group is indicated in parentheses. Each sample
contained tissue obtained from 2 to 4 male mHEP rats. Data are
presented as the ratio of phospho-DARPP-32 (Thr34)/GAPDH to
DARPP-32/GAPDH, expressed as a percentage of controls
(control/control). No significant differences were observed
between treatment groups for the protein and brain region
studied. (CTL = control; EtOH = ethanol; MEM = memantine).
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p-DARPP-32(Thr75)/DARPP-32
(% of control)

NUCLEUS ACCUMBENS

CTL/CTL (6)

MEM/CTL (6)

CTL/1.0 EtOH (5)

MEM/1.0 EtOH (6)

CTL/2.5 EtOH (5)

MEM/2.5 EtOH (6)

300
250
200
150
100
50
0

Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg,
i.p.) on the abundance of phospho-DARPP-32 (Thr75) in the nucleus
accumbens (NAc). The number of samples for each treatment group
is indicated in parentheses. Each sample contained tissue obtained
from 2 to 4 male mHEP rats. Data are presented as the ratio of
phospho-DARPP-32 (Thr75)/GAPDH to DARPP-32/GAPDH, expressed
as a percentage of controls (control/control). No significant
differences were observed between treatment groups for the
protein and brain region studied. (CTL = control; EtOH = ethanol;
MEM = memantine).
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p-DARPP-32(Thr34)/DARPP-32
(% of control)

STRIATUM

CTL/CTL (5)

MEM/CTL (4)

CTL/1.0 EtOH (4)

MEM/1.0 EtOH (4)

CTL/2.5 EtOH (4)

MEM/2.5 EtOH (4)

300
250
200
150
100
50
0

Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg,
i.p.) on the abundance of phospho-DARPP-32 (Thr34) in the striatum
(STR). The number of samples for each treatment group is indicated
in parentheses. Each sample contained tissue obtained from a
single male mHEP rat. Data are presented as the ratio of
phospho-DARPP-32 (Thr34)/GAPDH to DARPP-32/GAPDH, expressed
as a percentage of controls (control/control). No significant
differences were observed between treatment groups for the
protein and brain region studied. (CTL = control; EtOH = ethanol;
MEM = memantine).
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p-DARPP-32(Thr75)/DARPP-32
(% of control)

STRIATUM

CTL/CTL (5)

MEM/CTL (4)

CTL/1.0 EtOH (4)

MEM/1.0 EtOH (5)

CTL/2.5 EtOH (5)

MEM/2.5 EtOH (5)

300
250
200
150
100
50
0

Effects of ethanol (1.0 or 2.5 g/kg, i.p.) and/or memantine (10.0 mg/kg,
i.p.) on the abundance of phospho-DARPP-32 (Thr75) in the striatum
(STR). The number of samples for each treatment group is indicated
in parentheses. Each sample contained tissue obtained from a
single male mHEP rat. Data are presented as the ratio of
phospho-DARPP-32 (Thr75)/GAPDH to DARPP-32/GAPDH, expressed
as a percentage of controls (control/control). No significant
differences were observed between treatment groups for the
protein and brain region studied. (CTL = control; EtOH = ethanol;
MEM = memantine).

