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Alcohol dependence is characterized by compulsive alcohol use. Chronic alcohol 

consumption can lead to alterations of neurotransmitter systems. The Glutamatergic 

system is one of the neurotransmitter systems affected as a consequence of alcohol abuse. 

It is suggested that increased glutamate transmission in key brain regions of the 

mesocorticolimbic motive circuit may promote alcohol- seeking behavior due to its 

reinforcing effects. We hypothesize that activation or up-regulation of the glutamate 

transporter 1 (GLT 1), a major transporter responsible for most of glutamate uptake 

would reduce extracellular glutamate and consequently attenuate alcohol consumption. 

Ceftriaxone (CEF), a β lactam antibiotic, has previously been identified as a drug that can 

elevate GLT 1 expression and reduce alcohol consumption in alcohol-preferring (P) rats 

(Sari et al., 2011). In the present study, we further explored the differential effects of 

CEF in the prefrontal cortex (PFC) and subregions of nucleus accumbens (NAc) such as 

the core and shell. In order to confirm the effects of upregulation/activation of GLT 1 in 
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the attenuation of alcohol consumption, we also tested GPI-1046, another compound 

known to increase GLT 1 expression.  

Alcohol consumption was significantly reduced in P rats treated with CEF 50 mg/kg, 

CEF 100 mg/kg, GPI 10 mg/kg and GPI 20 mg/kg intra-peritoneally as compared to 

saline treated groups. GPI-1046 had no effect on sucrose consumption. GLT 1 expression 

was down regulated in P rats exposed to alcohol as compared to naïve group, in the NAc 

core and shell areas but not in the PFC. Upregulation of GLT 1 was observed with CEF 

100 mg/kg treatment in PFC, NAc core and NAc shell and with GPI 10 mg/kg and GPI 

20 mg/kg treatments in PFC and NAc Core. These results provide substantial information 

about the role of GLT 1 as a potential target for the treatment of Alcohol dependence. 
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Chapter 1 

Introduction 

1.1 Alcohol dependence 

Chronic consumption of alcohol has been implicated in an array of diseases and disorders 

in human beings. The harm incurred depends on the amount of alcohol consumed and the 

pattern of consumption (Anderson et al., 1993). Alcohol abuse, alcohol dependence and 

harmful use of alcohol are collectively termed as alcohol use disorders, of which alcohol 

dependence, also known as alcoholism is considered as the one of high severity 

(Schuckit, 2009). It was estimated that about 14% of men and 5% of women in the US 

will experience an alcohol use disorder in their lives (Grant 1994). Alcohol dependence 

was found to be more prevalent among men, whites, native americans, younger and 

unmarried adults, and those with lower incomes in the US and only 24.1% of those 

diagnosed were ever treated (Hasin et al., 2007). According to the National Institute of 

Alcohol Abuse and Alcoholism (NIAAA), the economic loss in the US due to alcohol 

related problems is estimated at $185 billion each year. This includes health services and 

medical expenses, premature death, loss of productivity, and alcohol related crimes. 

 

The term “Alcohol Addiction” has been supplanted by “Alcohol dependence” or 

“Alcoholism” over the years in alcohol related research. Alcohol dependence is a cluster 

of behavioral, cognitive, and physiological phenomena that may develop after repeated 
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alcohol use (The ICD-10 Classification of Mental and Behavioral Disorders: Diagnostic 

criteria for research).  

The Diagnostic and Statistical Manual of Mental Disorders IV (DSM-IV) lists 7 criteria 

for alcohol dependence (The individuals who meet more than three of these criteria for a 

period of one year are diagnosed with alcohol dependence). 

1. Tolerance  

2. Alcohol withdrawal signs or symptoms 

3. Drinking more than intended 

4. Unsuccessful attempts to cut down on use 

5. Excessive time related to Alcohol (obtaining, hangover) 

6. Impaired social or work activities due to Alcohol 

7. Use despite physical or psychological consequences 

  

1.2 Current Pharmacotherapy for Alcohol dependence: 

The current available therapy for alcohol dependence includes drugs targeting several 

different systems due to the non-specific nature of alcohol action in the body. Listed 

below are some of those that have been studied extensively. 
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Disulfiram and calcium carbimide are aversive drugs that act by inhibiting aldehyde 

dehydrogenase, which leads to accumulation of acetaldehyde, a metabolite of alcohol. 

This causes several unpleasant physiological symptoms such as tachycardia, flushing, 

diaphoresis, dyspnea, nausea and vomiting. The individuals refrain from alcohol intake in 

order to avoid these symptoms. However, clinical studies have shown that there is no 

significant effect of these drugs as compared to placebo (Peachey et al., 1989). 

 

Naltrexone and other Opioid antagonists have been shown in clinical studies to be 

effective in lowering alcohol craving, increasing time to first relapse and lowering overall 

rates of relapse in heavy alcohol drinking (Balldin et al., 2003). This study suggests that 

the opioid antagonists may act by inhibiting alcohol- induced dopamine release, thereby 

reducing the reward effect to alcohol. The mechanism, however, does not fully explain 

their effect on alcohol consumption. Several clinical studies show that naltrexone was not 

beneficial in alcohol consumption. The variability in these studies may be due to different 

sample sizes, addiction to multiple substances of abuse in the subjects and compliance to 

the medication (as reviewed by Swift, 1999). Naltrexone shows some hepatotoxicity and 

makes the individual insensitive to safe doses of opiate analgesics for 72 hours. It has 

also been noted that the opiate antagonists seem to be effective only in conjunction with 

specific psychosocial interventions (Tambour and Quertemont, 2007).  

 

Acamprosate, a synthetic GABA analog is FDA-approved drug for the prevention of 

Alcohol relapse. It is thought to be a functional glutamate antagonist, which regulates the 
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hyperglutamatergic state produced by chronic alcohol consumption. The clinical studies 

comparing acamprosate to placebo have shown conflicting results of efficacy as it was 

found in case of opioid antagonists (Whitworth et al., 1996; Boothby and Doering, 2005). 

Further studies are required to understand the mechanism of action underlying the 

activity of acamprosate. 

 

Tiapride is a dopamine D2 antagonist, which is thought to help in treatment of chronic 

alcoholism by reducing the withdrawal symptoms (Shaw et al., 1994). Dopamine 

antagonists act by inhibiting the alcohol rewarding effects produced by mesolimbic 

dopaminergic activity and thereby preventing reinforcing effects of alcohol. Dopamine 

agonists such as bromocriptine were tested in alcohol relapse as it was suggested that 

agonists can reverse the dopaminergic hypofunction caused in alcohol withdrawal, the 

clinical studies, did not show efficacy compared to placebo (Naranjo et al., 1997). 

 

SSRIs seem to have effects in preventing relapse in alcoholics who also suffer from 

depression (Cornelius et al., 1997). Buspirone, a 5 hydroxytryptamine (5HT)-1A partial 

agonist decreased alcohol consumption in animal studies but was found to be ineffective 

in clinical studies. Ondansetron, a 5HT-3 antagonist is found to be effective in alcoholics, 

especially those with serotonergic dysfunction. It acts by inhibiting alcohol-induced 

dopamine release in the mesolimbic system (Tambour and Quertemont, 2007). 
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Baclofen is a GABAB receptor agonist which proved to be beneficial in maintaining 

alcohol abstinence and preventing relapse in some preliminary clinical studies (Flannery 

et al., 2004). Baclofen is thought to act by inhibiting the GABAB receptors that are 

present on cell bodies of dopaminergic neurons in VTA that project to limbic areas, 

thereby diminishing alcohol-induced dopamine release in the limbic system (Tambour 

and Quertemont, 2007). 

 

The available pharmacotherapy for alcohol dependence includes drugs acting on alcohol 

metabolism as well as a wide range of neurotransmitter systems including endogenous 

opioid system, glutamate system, dopamine system, serotonin system and GABA 

systems. Some drugs have been proved to be more effective than others in clinical 

studies. In conclusion, since alcohol has multiple mechanisms of action on the brain 

neurotransmitter systems, it is important to understand all the modifications it produces, 

identify the sequence and use this information to design therapies that could neutralize if 

not reverse these changes. The present study is another attempt in this direction. 

 

1.3 Neuropharmacology of Alcohol Dependence: 

Individuals with alcohol dependence lose reliable control of their alcohol use due to the 

psychological and physiological manifestations of  tolerance and withdrawal effects. 

Long-term alcohol use induces changes in a wide range of neurotransmitter systems, 

neuronal proteins and membranes of neuronal cells (Chin and Goldstein, 1981). 
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Tolerance and withdrawal effects can be best elucidated based on alcohol action on 

neurotransmitters and their functional balance. In a normal functioning brain, a balance 

exists between excitatory and inhibitory neurotransmission. Acute alcohol consumption 

disturbs this equilibrium by enhancing inhibitory and attenuating excitatory 

neurotransmission. It has been suggested that, after long term alcohol consumption, the 

brain compensates for the depressant effects of alcohol, to maintain homeostasis 

(Valenzuela, 1997). These compensatory physiological changes play a significant role in 

the transition of individuals from controlled to compulsive alcohol users. The following 

are the effects of alcohol on various neurotransmitter systems in the CNS 

 

Gamma Amino Butyric Acid (GABA) is the major inhibitory neurotransmitter in 

mammalian central nervous system. It acts on three classes of receptors, termed GABAA, 

GABAB and GABAC receptors of which GABAA and GABAC receptors are ionotropic, 

while the GABAB receptors are metabotropic. The GABAA receptors are found in most of 

the neurons in brain and spinal cord and mediate the major CNS depressant effects 

(Johnston, 1996). Activation of GABAA receptor by GABA leads to influx of chloride 

ions into the postsynaptic cell causing hyperpolarisation of the post synaptic membrane 

thereby decreasing neuronal excitability (as reviewed by Chebib and Johnston, 1999). 

 

Glycine receptors are ligand-gated chloride channels which play a significant role in 

inhibitory action in the mature central nervous system, particularly in the brainstem and 

spinal cord. The α and β subunits are arranged on the post synaptic membrane in 
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pentameric form and  inhibit neuronal firing by opening the Cl
−
 channels following 

agonist binding (Langosch et al.,1990). 

 

Alcohol acts as an allosteric modulator of the GABAA receptor complex and potentiates 

the GABA gated current further increasing the hyperpolarisation. This potentiation was 

found to be due to an increase in the number of channel openings and bursts as well as 

the duration of channel openings (Tatebayashi.et al., 1998). The alcohol-induced 

behavioral changes following acute consumption are enhanced by GABA agonists and 

antagonized by GABA antagonists (Liljequist and Engel, 1982). Ion flux studies 

performed in synaptoneurosomes have shown that alcohol also potentiates the inhibitory 

glycine receptors (Engblom and Akerman, 1991). 

 

Ro-15-4513, a negative allosteric modulator of the GABAA receptor inhibits the 

potentiating effects of alcohol in studies with recombinant receptors expressed in 

Xenopus oocytes. The drug has also been shown to reverse the effects of ethanol 

intoxication in rats (Suzdak et al., 1986). However its anxiogenic and proconvulsant 

activity prevented Ro-15-4513 from being tested for clinical trials in humans. 

 

A region of 45 amino-acid residues has been identified using chimeric receptor constructs 

within GABAA and glycine receptors as the putative alcohol binding site. Within this 
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region, two specific amino-acid residues in transmembrane domains 2 and 3 were found 

to be critical for allosteric modulation of the receptors (Mihic et al., 1997). 

On the other hand, prolonged exposure to alcohol leads to changes in mRNA and protein 

levels in the GABAA receptor subunits due to the compensatory adaptive mechanism. 

There is a decrease in the GABAA receptor density and region specific changes in the 

expression of genes for either upregulation or downregulation of α and β subunits. It was 

also found that mRNA and protein levels of α1 decrease and α4 increase in certain brain 

regions such as cerebral cortex (Golovko et al., 2002). Chronic alcohol exposure 

decreases GABAA receptor α1 subunits in the ventral tegmental area (VTA), which in 

turn results in an increase in dopamine release. Hence GABAergic systems are thought to 

be involved in mediating self-administration of alcohol in animal models by stimulating 

reward circuitry in the mesolimbic dopamine system (Chester and Cunningham, 2001). 

 

The Glycine receptors also influence extracellular dopamine levels and alcohol-induced 

dopamine release in the NAc which is an important part of the brain reward circuit. A 

study conducted in male adult Wistar rats showed that reverse microdialysis of glycine 

into the NAc reduces alcohol intake (Molander et al., 2005).  Org25935, a glycine 

reuptake inhibitor, was also shown to reduce alcohol intake in alcohol-preferring wistar 

rats by increasing extracellular glycine levels and subsequently modulating brain glycine 

receptors (Molander et al., 2006). 
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Dopamine release and/or synthesis increases following acute consumption of alcohol, 

while chronic intake results in decreased sensitivity and development of tolerance.  

Alcohol consumption has been shown to increase dopamine levels in the NAc, a major 

component of the mesolimbic dopamine system and brain reward pathway (Weiss et al., 

1993). Blockade of dopamine receptors in the NAc reduced alcohol intake and knockout 

mice deficient in dopamine D1 and D2 receptors were found to consume less alcohol (El-

Ghundi et al., 1998; Cunningham et al., 2000). 

 

Deprivation from alcohol leads to mesolimbic dopamine system hypofunction and it is 

presumed that this decrease in function motivates the individual to resume alcohol 

drinking to restore the baseline function of the system (Ahmed and Koob, 2005).  Studies  

using rat models of chronic alcohol consumption showed underlying mechanisms of 

dopamine system hypofunction  to be overactivity of L-type Calcium channels (Rossetti 

et al.,1992) and a  decrease in tyrosine hydroxylase (Diana et al., 2003). 

 

In a clinical study of abstinent alcoholic individuals, lower availability of dopamine 

receptors in ventral striatum and adjacent putamen was correlated with higher alcohol 

craving behavior (Heinz et al., 2005). Hence, the neuroadaptative changes in the 

mesolimbic dopamine system play a significant role in negative reinforcing effects of 

alcohol in alcoholism. 
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Opioid receptors: there are three types of opioid receptors, μ, δ and κ, which are the 

targets for endogenous opioid peptides such as β-endorphin, enkephalins and dynorphins. 

Endogenous opioid peptides play a major role in the brain reward system through the 

modulation of the mesolimbic dopaminergic system (Spanagel et al., 1992).  

 

Alcohol interferes with the opioid mechanisms both at the level of the endogenous opioid 

peptides by affecting their synthesis, release, or processing and at the level of the opioid 

receptors by altering their affinity for the opioid peptides. Acute exposure to alcohol has 

been shown to increase enkephalin and β-endorphin levels in the brain and higher β-

endorphin levels have been correlated to alcoholism (Gianoulakis et al., 1996). 

 

Opioid antagonists that are selective for μ- and δ-opioid receptors, as well as some 

nonselective antagonists such as Naltrexone and Naloxone have been reported to 

decrease alcohol intake (as reviewed by Herz, 1997). Their mechanism of action, 

however, is contentious. The opioid antagonists were thought to act by inhibiting alcohol- 

induced dopamine release in the NAc. However, In lesion studies of dopaminergic 

terminals in the NAc, while the lesions could not alter alcohol intake, Naltrexone was 

able to reduce the consumption (Koistinen et al., 2001). Hence the effects of opiate 

antagonists cannot be entirely attributed to their actions on dopaminergic transmission. 

As alcohol increases extracellular endorphins in the NAc, the opioid antagonists are also 

thought to act by inhibiting endogenous endorphin actions (Olive et al., 2001). 
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Serotonin receptors have been shown to be implicated in alcohol consumption, 

intoxication and withdrawal effects. 5-HT1 receptor activity reduces baseline dopamine 

release in the forebrain. Hence when alcohol is consumed, there is intensified release of 

dopamine and thereby, increase in the rewarding properties of alcohol. Alcohol 

consumption has been shown to decrease the number and sensitivity of 5-HT2 receptors 

over a period of time (Pandey et al., 1992). 5-HT3 receptors are found in the NAc and are 

known to facilitate the dopamine release. 5-HT3 receptor antagonists such as Ondansetron 

inhibit alcohol-induced dopamine release in the mesolimbic system (Tomkins and 

Sellers, 1995).  

 

Acute alcohol consumption increases extracellular 5-HT levels while chronic intake 

causes increased reuptake by serotonin transporter (5-HTT) or decreases release from 

raphe nuclei. Alcohol exposure increases 5-HTT mRNA expression in regions associated 

with reward pathway in the brain (Heinz et al., 2003). Use of selective serotonin reuptake 

inhibitors was found to be beneficial in withdrawal associated anxiety and depression in 

alcoholics and reduce alcohol consumption to some extent (Lejoyeux, 1996).  

 

Glutamate acts on two broad categories of receptors, ionotropic and metabotropic. The 

ionotropic receptors are ligand-gated ion channels and are further classified into NMDA, 

AMPA and Kainate receptors based on their sensitivity to respective agonists (Nakanishi, 

S, 1992). The metabotropic receptors are G-protein coupled receptors divided into eight 

mGluR subtypes, having multiple splice variants (Pin, J, 1995).  
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Alcohol non-competitively inhibits NMDA mediated calcium influx in the cortex, NAc, 

amygdala, hippocampus (HPC) and VTA (as reviewed by Gass and Olive, 2008). It also 

inhibits NMDA induced increase in cyclic guanosine mono phosphate (GMP) (Hoffman 

et al., 1989). Due to its constant inhibition of glutamate transmission, chronic alcohol 

administration in rats leads to a compensatory upregulation of NMDA receptors and their 

activity. Hence alcohol withdrawal is associated with increased excitatory amino acid 

transmission and manifests into symptoms such as seizures.Alcohol also inhibits AMPA 

and Kainate receptors, but the concentrations required to produce this effect are much 

higher than those that inhibit NMDA receptors (Hoffman et al., 1989). 

 

Glutamate activity at mGluR5 a post synaptic metabotropic glutamate receptor that is 

abundant in areas associated with drug reward was shown to regulate motivation to self-

administer alcohol in rat models (Besheer et al., 2008). The antagonists of mGluR5 were 

also found to be beneficial in preventing alcohol relapse in animal studies (Schroeder et 

al., 2005). 

 

Nicotinic acetyl choline receptors (nAChRs) are present in the brain and peripheral 

nervous system. It was suggested that alcohol‟s effects on nAChRs could be responsible 

for its addictive properties (Bradley et al., 1980). It was observed that alcohol has both 

agonistic and antagonistic actions on acetyl-choline induced responses based on the 

subunit combination of the nAChR. Cholinesterase inhibitors reduced alcohol 
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consumption in alcohol-preferring AA rats (Doetkotte et al., 2005). However, it is not 

clear as to which subunit composition plays a major role in this activity. 

 

Endocannabinoid transmission was found to be inhibited by alcohol intake and chronic 

consumption was implicated in the increased levels of endocannabinoids such as 

Anandamide and downregulation of Cannabinoid1 (CB1) receptors (Cippitelli et al., 

2008). Further, it was shown that CB1 knockout mice consumed less alcohol and CB1 

agonists potentiated while antagonists diminished alcohol consumption (as reviewed by 

Vengeliene et al., 2008). 

 

Ghrelin is a gastric peptide that regulates hunger and appetite and plays a role in 

maintaining body weight and energy balance. It is an endogenous ligand for growth 

hormone secretagogue receptor (GHS-R), which is found in several areas of brain, 

including those associated with reward. It has been found that alcoholic individuals 

showed increase in the ghrelin levels which also correlated with craving behavior 

(Addolorato et al., 2006). Microdialysis studies showed that ghrelin increases dopamine 

flow in the NAc by acting on the GHS-R in VTA and laterodorsal tegmental area. Based 

on these studies, GHS-R1A antagonists and GHS-R1A knockouts were tested for their 

effects on alcohol reward. It was reported that alcohol-induced locomotor stimulation, 

NAc dopamine release and conditioned place preference were inhibited in these models 

(Jerlhag et al., 2009). 

1.4 The reward system and Alcohol dependence: 
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 “Reward is associated with any event (drug) for which an animal will perform an operant 

response” (Koob, 1992). “External and internal stimuli, that are capable of increasing the 

frequency of the operant response, are termed as reinforcers; and stimuli that decrease the 

frequency are termed as punishers” (Spanagel and Weiss, 1999). It has been suggested 

that substances of abuse are self-administered due to their positive reinforcing effects, 

which are the direct rewarding effect of the drug or due to their negative reinforcing 

effect, which is to avoid unpleasant withdrawal symptoms (Kandel, 2002). 

 

The mid-brain dopaminergic projections that arise in the VTA and project to the limbic 

structures, particularly the NAc, play a prominent role in regulating reward related 

behavior and are deemed as such to be the neurochemical substrate for reward (Wise and 

Rompre, 1989). The main sites in the brain that mediate alcohol reinforcement are the 

NAc, PFC and the VTA, which constitute the mesocorticolimbic dopamine system and 

the extended amygdala (AMG) (Vengeliene et al., 2008). On receiving a stimulus that is 

a reinforcer, the limbic system processes all the new and previously learned information 

associated with it (Kalivas et al., 2009). The limbic structures involved in this function 

include the basal lateral amygdala (BLA) which affiliates emotional processing and the 

HPC which makes contextual associations (Myers et al., 1994 and Yaniv et al., 2004). 

The role of the PFC is the determination of goal oriented action. The signals from the 

PFC and limbic structures activate the NAc, which articulates the received information 

and relays it to the motor system to produce motor actions related to the response (Sesack 

and Grace, 2010). The NAc does so via disinhibition of substantia nigra reticulata and 
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motor thalamus and further activation of motor cortex which produces motor response 

through its projections to spinal cord (Groenewegen et al., 1999). 

 

There are strong dopaminergic projections from VTA to NAc and also to the PFC. 

Alcohol increases firing of these neurons, which lead to increase in extracellular levels of 

dopamine in the NAc (Di Chiara and Imperato, 1988). In addition, GABAergic inhibitory 

projections arising in the NAc project to the ventral palladium which further projects to 

VTA and the dorsal medial thalamus (DMT). The DMT sends glutamatergic efferents to 

PFC completing the limbic loop (Sesack and Grace, 2010).  Further, the efferents 

between AMG and PFC and from the PFC to the NAc are glutamatergic. The PFC also 

sends a strong glutamatergic efferent to the dopaminergic neurons in the VTA. Activation 

of these neurons has been directly linked to addictive behavior (Kalivas, 2004). 

Accumulation of extracellular glutamate as a result of alcohol withdrawal has been 

observed in the NAc, striatum and HPCs. These evidences support our hypothesis that 

GLT 1 may be a potential target for treating alcohol dependence as it is responsible for 

the reuptake of the accumulated extracellular glutamate. 

 

 

 

1. 5 Glutamate transporters and Alcohol dependence 



16 
 

1.5.1 Glutamate-Glutamine cycle 

Glutamate is an anionic amino acid present in several cell types in the body. It acts as a 

major excitatory neurotransmitter and a potent neurotoxin in CNS. Glutamate is 

synthesized in the neuronal cytoplasm with phosphate activated glutaminase (PAG) and 

stored in synaptic vesicles. Stimulation of glutamatergic neurons releases glutamate into 

the synaptic cleft where it activates ionotropic receptors for fast excitatory 

neurotransmission and metabotropic receptors for slower modulatory effects. The excess 

glutamate is then taken up by glial cells, where it is metabolized into glutamine. 

Subsequently, the glutamine is transported to the neuronal cell where it is converted into 

glutamate and taken up by vesicles. This completes the glutamate-glutamine cycle (as 

reviewed by Shigeri et al., 2004). 

 

Glutamate transporters are membrane bound protein pumps found in neuronal and glial 

membranes. They are responsible for the uptake of glutamate at synaptic cleft and in the 

neuron. Accumulation of glutamate at the synaptic cleft can cause overstimulation of 

glutamate receptors, which in turn causes calcium homeostasis dysfunction, increased 

nitric oxide production, activation of proteases, increase in cytotoxic transcription factors 

and increase in free radicals that may subsequently lead to neuronal death (Wang and 

Qin, 2010). The glutamate transporters come into play here to maintain glutamate below 

excitotoxic level. They are of two types: sodium dependent excitatory amino acid 

transporters (EAATs) and vesicular glutamate transporters (VGLUTs). 
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Figure 1.1: A representation of the Glutamate-Glutamine cycle in the neurons and glia 

involving the Glutamate transporters, EAATs and VGLUTs (modified from Shigeri et al., 

2004). 

 

1.5.2 Excitatory Amino Acid Transporters (EAATs) 

The EAATs are present in both presynaptic neurons and glial cell and are responsible for 

terminating the activity of glutamate in the synapse and removing it from the 

extracellular space in order to maintain it at a non-toxic level. The glutamate transport is 

in conjunction with an inward sodium gradient (Kanai et al., 1995). Glutamate is co 

transported with two to three sodium ions and one proton along with counter transport of 

a potassium ion (Zerangue and Kavanaugh, 1996). There is also a substrate gated anion 

conductance (chloride flux) associated with EAATs (Seal and Amara, 1999). Five 
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subtypes of EAATs have been identified in human and rodent brains. The first three 

subtypes that were identified in the rat brain are termed as glutamate/aspartate transporter 

(GLAST), GLT 1 and excitatory amino acid carrier type 1 (EAAC1); their human 

counterparts are named EAAT1, EAAT2 and EAAT3 respectively. The two subtypes 

found subsequently were identified in both rodents and humans and named as EAAT4 

and EAAT5 (Amara and Fontana, 2002). 

 

EAAT1 and EAAT2 are primarily localized on the membranes of astroglia or Bergman 

glia associated with excitatory synapses. EAAT2 is also found in presynaptic neurons and 

oligodendrocytes. GLAST was found to be expressed predominantly in the cerebellum 

and moderately in the hippocampus, forebrain and spinal cord. GLT 1, on the other hand 

is mainly expressed in the forebrain though it is detected in all regions of the brain and 

spinal cord (as reviewed by Kim et al., 2011). The EAAT3 and EAAT4 are localized on 

postsynaptic neuronal terminals and astrocytes while the EAAT5 is present in rod and 

bipolar cells. EAAT3 is expressed sparsely in several regions of the brain. EAAT4 is 

found in the cerebellum and EAAT5 is localized in the retina (as reviewed by Kim et al., 

2011). 

 

1.5.3 Vesicular glutamate transporter (VGLUTs) 

The VGLUTs are responsible for the uptake of glutamate and sequestering into the 

synaptic vesicles for storage after it has been synthesized in the presynaptic neuronal 

cytoplasm (Amara and Fontana, 2002). The uptake is driven by a proton dependent 
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electrochemical gradient that exists across the vesicle membrane. It depends mainly on 

the vesicular membrane potential gradient which is created by a vacuolar-type ATPase 

(Takamori, 2006).  

 

Three isoforms of VGLUT have been identified in the mammalian CNS and were termed 

as VGLUT1, VGLUT2 and VGLUT3. They belong to type 1 phosphate transporter 

family (Herzog et al., 2006). VGLUT1 was found to be expressed in the cortex, HPC 

(dentate gyrus) and subiculum. VGLUT2 was found in neocortex, olfactory bulb, dentate 

gyrus and subiculum. It has been suggested that VGLUT1 is expressed at synapses 

associated with low release rate and long term potentiation, while VGLUT 2 is expressed 

at synapses with high release rate and long term depression (Fremeau et al., 2001). 

VGLUT3 was identified in somato-dendrites of neurons and glia apart from pre synaptic 

terminals and is distributed sparsely throughout the brain. It is thought that the expression 

of VGLUT outside the presynaptic terminal suggests the probability of its role in 

modulating glutamate signaling rather than in the exocytotic release of glutamate 

(Fremeau et al., 2002). 

 

1.5.4 Cystine–glutamate antiporter 

The cystine–glutamate antiporter is a source of non-vesicular glutamate release. The 

antiporter is a plasma membrane-bound, Na
+
-independent, anionic amino acid transporter 

that exchanges extracellular cystine for intracellular glutamate. It exists as two separate 

proteins, the light chain xCT that is unique to the cystine–glutamate antiporter and the 
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heavy chain 4F2 that is common to many amino acid transporters. Similar EAAT 

transporters, this antiporter was found to be distributed on cells throughout the body and 

preferentially on the glia in the brain (Baker et al., 2002). It provides cysteine for 

glutathione synthesis, thereby antagonizing oxidative stress and provides glutamatergic 

tone to mGluRs. Cystine-glutamate exchange is thought to play a prominent role in 

maintaining extracellular glutamate levels and excitatory neurotransmission (Murphy et 

al., 1989) 

 

A study of the role of the cystine-glutamate exchange in cocaine seeking behavior by 

Baker and colleagues showed that reduction in the exchange increased susceptibility to 

relapse (Baker et al., 2003). Further, the restoration of the activity of the antiporter by 

intracranial perfusion of cystine or systemic administration of N-acetyl cystine was 

shown to decrease the cocaine seeking in the rat models. Another study in cocaine relapse 

by Knackstedt and colleagues showed that CEF treatment restored both GLT 1 and xCT 

levels, which in turn inhibited relapse (Knackstedt et al., 2009). It was suggested that 

glutamate transport and cystine-glutamate exchange are coregulated to maintain 
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glutamate homeostasis. 
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Figure 1.2: A representation of the cystine-glutamate exchange. Cystine (CySS) is 

transported inwards in a 1:1 exchange for glutamate (Glu), which travels outwards down 

its concentration gradient. Glutamate is co-transported with two to three sodium ions and 

one proton along with counter transport of a potassium ion. Intracellular cystine is 

converted to cysteine (Cys) (modified from McBean, 2002). 

 

1.5.5 Role of Glutamate reuptake in Alcohol dependence 

Glutamate mediated excitotoxicity has been implicate in trauma, ischemia and several 

other neurodegenerative disorders. Reuptake of the extracellular glutamate rapidly is 

necessary for the survival and normal functioning of neurons. The glial sodium 

dependent transporters, GLAST and GLT 1 are primarily responsible for this activity 

(Anderson and Swanson, 2000). GLT 1 was found to be responsible for the removal of 

90% of the extracellular glutamate. Impaired glutamate uptake due to dysfunction or 

downregulation of EAAT2 has been implicated in a wide range of disorders such as 
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Amyotrophic Lateral Sclerosis (ALS), Alzheimer‟s disease, epilepsy, ischemia and 

hepatic encephalopathy (as reviewed by Maragakis and Rothstein, 2006). 

 

Study by Schreiber and Freund, 2000 showed a reduction in the density and function of 

glutamate transporter sites in synaptosomal and membrane preparations obtained from 

alcoholic rat models. A study of glutamate transporter expression in post-mortem human 

alcoholic brains showed a significant reduction in the levels of EAAT1 and EAAT2 in 

the BLA as compared to non-alcoholics (Kryger and Wilce, 2010). As it has previously 

been established that alcohol consumption has inhibitory effect on glutamate 

transmission, it can be inferred that glutamate transporters have an important role to play 

on this action of alcohol and an increase in the glutamate transporter activity would have 

neutralizing action on reinforcing and withdrawal effects of alcohol.  

 

A reduction in the expression of GLAST was observed in some studies and a 

compensatory increase in the mRNA was observed in the post mortem human PFC 

samples (Flatscher-Bader and Wilce, 2008). A study of glutamate and dopamine synaptic 

terminals in the alcoholic rat models revealed an increase in VGLUT2 expression in NAc 

shell while VGLUT1 remained unchanged following deprivation of alcohol (Zhou et al., 

2006). In addition, high throughput screening studies for compounds capable of 

upregulating GLT 1 was performed (Colton et al., 2010) since it has been previously 

established that GLT 1 is the key player in the removal of most of the extracellular 

glutamate (Rothstein et al., 1995).  
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Importantly, a blinded screen of 1040 FDA approved drugs and nutritionals was 

performed in which beta-lactam antibiotics were found to be potent modulators of GLT 1 

expression. Based on its favorable properties, CEF (a third generation cephalosporin) was 

chosen for further study in  in vitro models of ischemic injury and motor neuron 

degeneration  and in vivo animal models of ALS and showed significant positive effects 

(Rothstein et al.,2005).  Another screen of the FDA-approved compounds using 

luciferase reporter assay on human astroglial cells identified harmine, a beta-carboline 

alkaloid, as a potent EAAT2 promoter. Further testing in cell culture and ALS animal 

models demonstrated that harmine effectively increased GLT 1 protein and glutamate 

transporter activity (Li et al., 2010). 

 

1.6 Upregulation of GLT 1 transporter and Alcohol 

dependence 

1.6.1 Ceftriaxone 

Ceftriaxone is a third generation, semi synthetic cephalosporin having a broad spectrum 

of activity against Gram-positive and Gram-negative aerobic, and some anaerobic 

bacteria. It has a long half-life and can be administered either I.V or I.M. It exerts 

antibacterial action by inhibiting bacterial cell wall synthesis. It was found to be effective 

in complicated and uncomplicated urinary tract infections, lower respiratory tract 
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infections, skin, soft tissue, bone and joint infections, bacteremia/septicemia, and 

primarily, meningitis (Richard et al., 1984). 
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Figure 1.3: Structure of CEF disodium  

 

CEF has been extensively studied for its neuroprotective activity following the 

identification of its GLT 1 modulating effect. CEF was found to show a significant 

reduction in acute stroke mortality and improved neurological performance in animal 

models of stroke (Thöne-Reineke et al., 2008). CEF-mediated increase in GLT 1 

expression in spinal cord was found to be beneficial in opioid-induced paradoxical pain 

and neuropathic pain (Ramos et al., 2010). 

 

The effect of CEF in animal models of drug abuse has been tested and it was seen that it 

significantly reduced cue-induced cocaine relapse. Upregulation of GLT 1 was reported 
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in PFC and NAc (Sari et al., 2009; Knackstedt et al., 2009). In a study by Sari and 

colleagues 2011, alcohol-preferring P rats were used as models of alcoholism to test the 

effect of CEF. The P rats were given free choice to 15% and 30% alcohol solutions for 

five weeks to achieve dependence and then treated with CEF with doses ranging from 

25mg/kg to 200 mg/kg for five days. A dose-dependent reduction in alcohol intake was 

observed but it was associated with increased in GLT 1 expression only in the higher 

doses, 100 mg/kg and 200mg/kg. There was no reduction in sucrose intake by the P rat 

models which showed specificity in the effect on alcohol consumption. 

 

In the present study, we further explored the differential effects of the higher doses of 

CEF in the core and shell regions of the NAc. We have also investigated whether CEF is 

reversing the effects of alcohol in GLT 1 expression in NAc- shell and core, and PFC. 

The effect of Dihydrokainate (DHK) on CEF treatment was tested in an attempt to further 

elucidate its mechanism of action in alcoholism. 

 

1.6.2 Dihydrokainate 

Dihydrokainate (DHK) is a selective non-transportable inhibitor of GLT 1. GLAST and 

EAAC 1 were found to be relatively insensitive to inhibition by DHK.  Glutamate 

transport in cortical, striatal, hippocampal and midbrain synaptosomes was found to be 

inhibited by DHK with an IC-50 value of about 100 M (Robinson, 1998). Most of the 

compounds that inhibit glutamate uptake are structural analogs of glutamate receptor 
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agonists. They act as substrates of the transporters and elicit transporter currents in 

voltage clamp measurements. However, Kainic acid and DHK selectively block GLT 1 

mediated uptake without acting as substrates (Arriza et al., 1994).  In the present study, 

DHK was administered to a group of rats prior to CEF treatment to test if it could block 

CEF induced reduction in alcohol consumption. This would help to confirm that CEF 

works by increasing GLT 1 mediated glutamate uptake. The dose used was 10 mg/kg 

based on previous studies (Gunduz et al., 2011; Rawls et al., 2009). 
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1.6.3 GPI-1046  

GPI-1046 is 3-(3-pyridyl)-1-propyl (2S)-1-(3,3-dimethyl-1,2-dioxopentyl)-2-

pyrrolidinedinecarboxylate. It is a synthetic, non-immunosupressive ligand of FK506 

binding protein-12 (Steiner et al., 1997). 
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Figure 1.4: Structure of GPI-1046  

FK506 (Tacrolimus) and cyclosporin are major immunosupressants and “immunophilins” 

are the high affinity protein receptors for these drugs. The FKBP-12 and cyclophilin A 

are prototypes of the immunophilin family. They form complexes with FK506 and 

cyclosporin respectively. These complexes bind to calcineurin, inhibit phosphatase 

activity, decrease production of cytokines such as Interleukin-2 which in turn decreases 

T-cell proliferation, ultimately producing immune system suppression (Schreiber et al., 

1991; Emborg et al., 2001). 

 

It has been shown that neural tissue concentrations of FKBP immunophilins are 10 to 30 

fold greater as compared to immune cells, which suggested having a functional role in the 

nervous system. FK506 was found to potentiate nerve growth factor (NGF) induced 

neurite growth in vitro (Lyons et al., 1994). It later was found that FK 506 promoted 

neuronal survival and neurite outgrowth in cultures even in the absence of exogenous 

NGF at picomolar concentrations. FK 506 and its analogue L685818 also induced 

regeneration of a previously crushed sciatic nerve in vivo (Steiner et al., 1997).In order to 

exploit the potential of this neurotrophic activity, a series of non-immune suppressive 
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ligands of FKBP-12 which lack the ability to bind to calcineurin have been synthesized. 

GPI-1046 is the prototype of the non-immunosuppressive ligands. 

 

GPI-1046 was shown to have both neuroprotective and neuroregenerative activity in vitro 

and in animal models of disease. It was shown to induce regeneration of crushed sciatic 

nerves in animals and protect serotonin neurons against parachloroamphetamine toxicity. 

Further, it was found that GPI-1046 can protect nigro-striatal dopamine neurons on 

administration with a neurotoxin in an MPTP model of Parkinson‟s disease (Steiner et 

al., 1997). 

 

 Furthermore, a series of in vitro and in vivo studies have been conducted to study the 

effect of GPI-1046 on expression and function of GLT 1. It has been suggested that 

regulation of glutamate transporter activity plays a role in the neuroprotective activity of 

this compound (Ganel et al., 2006). These latter studies showed that GPI-1046 increased 

expression and activity of GLT 1 in spinal cord organotypic cultures and cortical primary 

astrocytes in vitro and in the cortex of mouse brain and cortex, thalamus and HPC of rat 

brain in vivo. In addition, it was also demonstrated that GPI-1046 can prevent glutamate 

induced neural injury in models of chronic glutamate toxicity. This effect was produced 

through interaction with FKBP-12 (Ganel et al., 2006). Based on these studies, we 

hypothesized that GPI-1046 induced upregulation of GLT 1 protein can reduce alcohol 

consumption in P rats exposed to a free choice alcohol drinking paradigm. 

1.7 P rats as Models of Alcoholism: 
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The P rat lines were originally outbred from Wistar rats at the Walter Reed Army 

institute for research, Washington, DC (Li et al., 1993). The original stock of Wistar rats 

from which they were bred were tested by a two-bottle preference test and their alcohol 

consumption was recorded and found to range between 0.08 to 9.24 g/kg/day. The rats 

with high preference were mated to develop the P rat line and a mass selection was 

enabled subsequently by mating the offspring with additional stock Wistar rats with high 

alcohol preference. The selection criteria for the P rats was alcohol consumption of 

greater than 5 g alcohol/kg body weight/day and a preference ratio greater than 2:1 (v/v) 

of alcohol to water consumed (Li et al., 1993). 

Some studies of the neurotransmitter systems in P rats versus the NP rats revealed that P 

rats showed a deficiency of 5 HT, upregulation of 5HT1A receptors (Mc Bride et al., 

1994), abnormalities in the VTA-NAc dopaminergic system (Gongwer et al., 1989) and a 

higher density of GABAergic terminals in the NAc (Hwang et al., 1990). However, a 

convergence of findings has been observed in animal and clinical studies in most of the 

therapies for alcoholism (Li et al., 1993). 

 

 Several criteria have been proposed in which animal models of alcoholism were 

expected to be tested and provide satisfactory results. Lester et al., 1973 compiled a table 

of 7 criteria, Cicero, 1979 proposed 6 and Keane and Leonard, 1989 proposed 4 criteria 

to be satisfied by the alcoholism models. However, they are very similar in their intent. It 

has been established that P rats satisfy all the criteria for animal models of alcoholism as 

proposed by Cicero, 1979.  
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Thus, Cicero (1979) proposed that (as reviewed in Rood et al., 2004): 

(1) The animal should orally self-administer Alcohol. 

(2) The amount of Alcohol consumed should result in pharmacologically relevant blood 

Alcohol levels. 

(3) Alcohol should be consumed for its post-ingestive pharmacological effects, and not 

strictly for its caloric value or taste.  

(4) Alcohol should be positively reinforcing, or in other words, the animals must be 

willing to work for Alcohol. 

(5) Chronic Alcohol consumption should lead to the expression of metabolic and 

functional tolerance. 

(6) Chronic consumption of Alcohol should lead to dependence, as indicated by 

withdrawal symptoms after access to Alcohol is terminated. 

 

Li and colleagues summarized all the findings of P rat studies that provide evidence that 

they satisfy the above criteria. The summary is as follows: 

(1) Animals voluntarily consume 5-8 g alcohol/kg/body wt/day. 

(2) Animals attain blood alcohol concentrations of 50-200 mg% with free choice 

drinking. 

(3) It has been shown that P rats and alcohol non preferring rats (NP rats) react to the 

taste and smell of alcohol similarly; P rats self-administer alcohol intragastrically 

and voluntarily drink the same or greater amounts of alcohol even in the presence 

of highly palatable fluids and caloric sources. P rats will self-administer, through 
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operant responding, nanoliter quantities of alcohol at concentrations of 50-200 

mg% directly into VTA. 

(4) Animals bar-press to obtain alcohol orally when food and water are freely 

available demonstrating that alcohol is behaviorally reinforcing. 

(5) Animals develop physiological tolerance towards the motor impairing effects of 

alcohol and tolerance to subjective aversive effects of alcohol as revealed by 

conditioned taste aversion. With tolerance development, P rats drink about 50% 

more alcohol/day 

(6) Animals develop physical dependence with chronic free choice drinking. 

The above unique characteristics of P rats made them the choice of subjects for the 

present study. 

 

1.8 Aims and Objectives: 

We intended to test the effects of CEF 50 mg/kg and CEF 100 mg/kg on alcohol 

consumption based on previously published data (Sari et al., 2011).  We also proposed to 

test the effect of CEF on rats treated with DHK, an inhibitor of GLT 1 to elucidate the 

mechanism of action underlying the activity of CEF. We proposed to test two doses of a 

novel compound, GPI 1046 for effect on alcohol consumption and for specificity of 

action.  Further, we wanted to compare the GLT 1 expression in naïve, alcoholic saline 

treated rats, and alcoholic drug treated rats 8 days after the first treatment, to observe the 

differential effects of the treatment on GLT 1 in various regions of the brain associated 

with reward. We hypothesized that the drugs could produce an increase of GLT 1 
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expression and/or activity which would result in a significant reduction of alcohol 

consumption in P rats. 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

Methods and Materials 
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2.1 Subjects 

Male Alcohol-preferring P rats were used as they are an established model of 

Alcoholism. They were procured from the Indiana University medical health center 

(Indianapolis, IN) Indiana Research center breeding colonies at 21-30 days of age. They 

were housed in pairs in standard plastic tubs in the DLAR (Department of Laboratory 

Animal Resources, University of Toledo, HSC) and acclimatized to the vivarium. The 

plastic tubs had Corn-cob bedding and a temperature of 21°C and 50% humidity were 

maintained in the room. A 12 hour light/dark cycle was followed. Food and water were 

given ad libitum. After habituation to the vivarium, the animals at 80 days of age were 

single housed. They were introduced to either alcohol or sucrose solutions at 90 days of 

age based on the paradigm. 

 

2.2 Alcohol Drinking Paradigm 

Male adult P rats at 90 days of age were given free access to food, water and Alcohol, 

15% and 30% for a period of 5 weeks, to simulate chronic alcohol consumption in human 

beings. The alcohol was prepared by diluting 190 proof (95%) alcohol, with deionised 

water to make 15% and 30% concentrations. The 190 proof alcohol was purchased from 

PHARMCO-AAPER (Shelbyville, KY). About 100 ml of each of the diluted solutions 

were given to all the animals in separate bottles. The alcohol was replaced three times a 

week, and the bottles were weighed before and after consumption. The amount consumed 

was determined by subtraction of the measured bottle weights. Further, the animals were 
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weighed every other day and calculations were done to report the individual drinking 

behavior of the animals in terms of grams of alcohol consumed per kilogram of body 

weight per day. It was ensured that all the animals met the requirement of drinking ≥ 4 

grams of alcohol per day consistently for at least 2 weeks before treatment. The 

requirement for simulation of chronic alcohol drinking behavior was the modified version 

of a previous model (Li, Lumeng, McBride, and Murphy, 1987).  The average 

consumption during the last two weeks before treatment was taken as the baseline for the 

drinking behavior calculations. 

 

 2.2.1 Treatment groups 

The drugs were administered to the animals intra peritoneally starting week six, for 5 

days after allotting them to different treatment groups randomly. The groups included 

Saline (n=8), CEF 50 mg/kg (n=4), CEF 100 mg/kg (n=8), DHK 10 mg/kg+ CEF 50 

mg/kg (n=4), DHK 10 mg/kg + CEF 100 mg/kg (n=8), GPI 10 mg/kg (n=6) and GPI 20 

mg/kg (n=7). 

CEF was purchased as powder in 250 mg bottles from the Pharmacy at UTMC. It was 

reconstituted with saline and calculations were made according to the animal weight to 

administer the doses of 50 mg/kg and 100 mg/kg. GPI-1046 was purchased from Key 

Organics, U.K. It was dissolved in saline and 2% DMSO. The dilution was made in such 

a way as to administer 10 mg/kg and 20 mg/kg doses, adjusted according to the animal 

weight.  DHK was purchased as a powder in 50 mg bottles from Tocris Biosciences. It 

was reconstituted with phosphate buffered saline solution and diluted so as to administer 
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10 mg/kg dose according to the animal weight. The injections were given 

intraperitoneally (i.p.) for a period of 5 days.  For the CEF + DHK treatment, DHK was 

given 1 hour prior to the administration of CEF. 

 

We have also included a control group without alcohol exposure. The group of rats of the 

same age (n=6) were given only water and food during the 5 weeks. The water drinking 

and weights were measured 2 weeks prior treatment and during treatment. The group was 

treated with saline in week six to maintain the same amount of stress, thereby ruling out 

differences in neurochemistry due to stress. 

 

2.2.2 Measurements 

The alcohol and water consumption and weights of the animals were measured daily for 

eight days starting the first day of injections (during the treatment and the following three 

days). The measurements obtained from different groups were analyzed using two-way 

ANOVA and one-way ANOVA followed by Dunnett‟s post-hoc test to determine 

statistical significant differences between control and treatment groups.            

 

2.2.3 Brain tissue harvesting: 

All the animals were euthanized by decapitation with guillotine on Day 8 following 

exposure to Isoflurane. The brains were dissected out, frozen immediately on dry ice and 
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stored at -70°C. The brains were then further dissected into left and right parts of six 

areas, PFC, NAc core, NAc shell, HPC and AMG based on the coordinates using the 

cryostat and stored for immunoblotting.  

 

2.3 Sucrose Drinking Paradigm 

In order to ensure that the effects of GPI-1046 on drinking behavior are specific to 

alcohol, a sucrose drinking paradigm was adopted. The animals of this group were given 

free choice to 10% sucrose, food and water. The 10% sucrose was prepared by dissolving 

sucrose, crystal (purchased from Mallinckrodt chemicals) in deionised water and each 

animal was given 100 ml of the solution per day.  They were exposed to sucrose for a 

period of three weeks and baseline was calculated by averaging the drinking during the 

last two weeks. It was ensured that all animals met the requirement of drinking ≥15 

milliliters of sucrose solution per kilogram of body weight per day. The animals were 

treated for 5 days with either saline or GPI-1046 at dose of 20 mg/kg. The measurements 

of drinking and weights were obtained and analyzed as described in the Alcohol drinking 

paradigm. Animals were sacrificed on Day 8, the brains were dissected out, frozen and 

stored at -70°C for future immunoblotting. 

 

2.4 Immunoblotting: 

2.4.1 Grouping 
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2.4.1.1 CEF groups 

Western blot assays were performed on the PFC, NAc core and shell to determine the 

GLT 1 protein level. The comparisons were made between the water, saline, CEF 50 

mg/kg and CEF 100 mg/kg. 

 

2.4.1.2 GPI-1046 groups 

 Western blot assays were performed on the PFC and NAc core to determine the GLT 1 

protein level. The comparisons were made between the water, saline, GPI-1046 at doses 

10 mg/kg and 20 mg/kg. 

 

2.4.2 Protein Homogenization 

 Lysis buffer was prepared by mixing 1M Tris HCl, 3M NaCl, 0.5M EDTA, 10% NP-40, 

10% Triton, 10% SDS and protease inhibitor tablet dissolved in Millipore water. The 

tissue samples were homogenized immediately using lysis buffer. The amount of lysis 

buffer used was adjusted based on the size of the sample and it was ground with a pestle 

until no solid mass remained. The homogenized suspension was incubated on ice for 30 

minutes and then centrifuged at 13,200 rpm for 15 minutes in a 4°C refrigerated micro-

centrifuge. The supernatant was aliquoted into labeled polypropylene tubes and the pellet 

was discarded. One of the aliquots was used to perform the protein quantification assay. 
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2.4.3 Protein Quantification Assay 

   This Lowry Protein Quantification assay using 96 well plates was performed to 

determine the amount of protein present in the homogenized samples. The protein 

quantification values were used to calculate the appropriate dilutions such that all the 

samples used for Western blot assays had the same concentration of protein per unit 

volume. Bovine serum albumin (1.48 mg/ml, New England Biolabs) was used as the 

standard. Serial dilutions of BSA were made to produce a linear standard curve. All 

standards and samples were assayed in triplicates and the lysis buffer was used to make 

up the volume. Biorad Protein assay Reagent A and Reagent S (Biorad laboratories) were 

combined in required concentrations and added to all the wells and mixed thoroughly. 

Reagent B was added as required and the plate was incubated at room temperature for 15 

minutes before reading the optical density using the Multiskan FC spectrophotometer 

(Thermo Scientific). The optical density was read at 750 nm wavelength and Normal 

speed.  The standard curve was obtained by plotting the BSA optical density values 

against the known concentrations. The regression and line equation was obtained. The 

concentration of the protein in the samples was then calculated using their optical density 

and the line equation. 

 

2.4.4 Western Blot procedure 

2.4.4.1 Preparation of samples 
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Samples were divided into four groups: water, saline, CEF 50, and CEF 100 or water, 

saline, GPI-1046/10 and GPI-1046/20 as required. The samples were thawed on ice and 

diluted with lysis buffer based on their protein quantification values to achieve a 

concentration of 2 ug/20 l. A 5X Laemelli dye (IM Tris HCl,100%Glycerol, SDS, 

bromophenol blue, b-mercaptoethanol) was added to the sample (5 ul/20ul of the diluted 

sample), mixed and vortexed thoroughly. The sample mix was then incubated at 98°C for 

5 minutes in a digital dry bath (Labnet International Inc.). The vials were opened and 

resealed to relieve pressure and vortexed again. The sample mix was centrifuged at 4°C 

and 13,200 rpm for 4 minutes (Centrifuge 5415R, Eppendorf Inc.). 

 

2.4.4.2 Electrophoresis: 

 Tris-glycine gels (10-20%; 1.0mmX12 well) from Invitrogen were placed in the 

electrophoresis apparatus and immersed with 1X Laemmli buffer. The Laemmli buffer 

was prepared with Tris base, glycine, SDS and deionised water. The wells were flushed 

to avoid bubbles. The supernatant of the centrifuged sample mix was used for the 

procedure. A total of 20 l of the mixed samples was added to each well and 

electrophoresis was performed at 200 volts for 1 hour.   

 

2.4.4.3 Transfer of proteins: 

The gels containing the separated proteins were transferred onto immobilon-P 

membranes in a transfer apparatus. The membranes were placed on the gels and 
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sandwiched between an Anode and a Cathode plate that were separated by layers of 

Whatman paper and sponges soaked in transfer buffer. The box was also filled with 

Transfer buffer (glycine, tris base, methanol and deionised water) such that the whole 

ensemble was submerged in it. The apparatus was run at 24 volts for 2.5 hours. At the 

end of the run, the membranes were numbered, placed in petri dishes and tested with 

Ponceau solution (1% Ponceau, 5% Acetic acid and deionised water). It was a staining 

method to locate the protein bands on the immobilon membrane. 

 

2.4.4.4 Primary antibody 

 The membranes were washed immediately with deionised water until the dye 

disappeared and blocked with blocking buffer (dry milk and 1X TBST) and placed on 

agitator. After 30 minutes, the primary antibody guinea pig anti-GLT 1 (AB 1783 GP X 

Glutamate transporter, Millipore Inc.) was added at 1:5000 dilution. The petri dishes 

were sealed with parafilm and incubated overnight in refrigerator by shaking at 300 rpm. 

 

2.4.4.5 Secondary antibody 

The blocking buffer from the overnight was poured out and the membranes were washed 

with 1X TBST (Tris base, Sodium chloride and deionised water at pH adjusted to 7.4) 

five times for five minutes each. The membranes were blocked again with blocking 

buffer for 30 minutes and then incubated with horseradish peroxidase (HRP)-labeled 

donkey anti-guinea pig secondary antibody (Jackson Immuno research laboratories, Inc.) 
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at 1: 5000 dilution for 1.5 hours. The membranes were washed again with 1X TBST and 

prepared for developing. 

 

2.4.4.6 Developing 

The washed membranes were dried and used for chemiluminiscent detection. They were 

incubated with the developer solution, a mixture of SuperSignal West Pico Luminal 

enhancer and SuperSignal West Pico stable peroxidase solution (Developer kit, Pierce) in 

1:1 ratio for about one minute. The membranes were dried again, placed in between 

transparent sheets and exposed to Kodak BioMax MR Film (Thermo Fischer Scientific) 

in a cassette for one minute. The exposed films were developed with an SRX-101A 

machine.  

 

2.4.5 Normalization of Protein loading 

The membranes were washed with 1XTBST and the procedure of incubating with 

antibodies and developing was repeated using β-tubulin primary antibody and anti-mouse 

secondary antibody in 1:5000 dilution.  

 

2.4.6 Analysis of the Western blots 

The developed films were used to capture images with SRX-101A Film processor and the 

digitized images were quantified using MCID software. The size and density of the     
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GLT 1 bands and the β-tubulin bands were measured for all samples. The ratios of 

GLT1/β-tubulin were calculated and analyzed using one-way ANOVA followed by 

Dunnett post-hoc test to determine statistical significant differences between control and 

treatment groups. Photomicrographs for GLT1 and β-tubulin bands were taken using the 

Q imaging DC camera and QCID software. 

 

 

 

 

 

 

 

Chapter 3 

Results 
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3.1 CEF Groups 

3.1.2 Effect on Alcohol consumption 

Alcohol consumption measurements before and after treatment were compared to 

determine if CEF could significantly reduce the intake in alcoholic P rats. 

Alcohol consumption during treatment and the following 3 days was measured and 

compared with the baseline, which was the average of the consumption for two weeks 

before treatment. Figure 3.1 shows the average alcohol intake (g/kg body weight/day) of 

the animals within each group plotted against the baseline and 8days from the day of first 

injection. The treatment groups were: Saline (n=8), CEF 50 mg/kg (n=4) and CEF 100 

mg/kg (n=8).  

A 3 x 8 (Dose by Day) two-way ANOVA performed on alcohol intake, followed by 

Dunnett‟s t-test (two-sided), demonstrated a significant main effect of Day [F(1, 8)= 

25.86, p<0.001] and a significant Day x Treatment interaction effect [F(2, 16)= 10.87, 

p<0.001].  One-way ANOVA analyses for each day demonstrated significant difference 

(F> 4.63, p<0.03) among saline and both doses of CEF from Day 2 through Day 8. 

Analyses revealed significant reduction in alcohol intake in both doses of CEF groups at 
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Day 2 (p<0.01), and at Day 3 through 8 (p<0.001) as compared to saline groups.  

Figure 3.1
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Fig. 3.1.  Daily alcohol intake of male P rats treated for 5 days with 50 mg/kg (i.p.) CEF (n=4), 

100 mg/kg (i.p.) CEF (n=8), or saline (n=8).  Graph represents average daily alcohol (±SEM) 

intake during the treatment (days 1-5) and post-treatment periods (days 6-8).  Baseline was 

estimated as an average alcohol intake for the last 2 weeks prior to saline or CEF injections.  One-

way ANOVA analyses revealed significance difference (F> 4.63, p<0.03) among control and 

treatments groups.  Dunnett‟s t-test analyses revealed significant reduction in alcohol intake with 

both doses of CEF starting Day 2 through Day 8 as compared to saline groups.  There was no 

significant difference between both doses of CEF. (a: p<0.01, b: p<0.001). 

 

 

3.1.2 Effect on Water consumption 

Water consumption measurements were compared before and after treatment to observe any 

difference in intake following CEF administration. The Water intake during treatment and the 

following 3 days was also measured and compared with the baseline. The figure 3.2 shows the 

average water intake (ml/kg body weight/day) of the animals within each group plotted against 
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the baseline and 8days from the day of first injection. A 3 x 8 (Dose by Day) two-way ANOVA 

performed on water intake, followed by Dunnett‟s t-test (two-sided), showed a significant main 

effect of Day [F(1, 8)= 21.002, p<0.001] and a significant Day x Treatment interaction effect 

[F(2, 16)= 12.45, p<0.001].  One-way ANOVA analyses for each day revealed significant 

difference (F> 8.002, p<0.01) in water intake between saline and both CEF doses groups starting 

Day 1 through Day 8. Dunnett‟s (two sided) multiple comparisons test analyses revealed a 

significant increase in water intake starting Day 1 through Day 8 (Figure 3.2; a: p<0.05, b: 

p<0.001) at both doses of CEF (50 and 100 mg/kg). There was no significant difference between 

both doses of CEF.  

Figure 3.2
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Fig. 3.2.  Daily water intake of male P rats treated for 5 days with 50 mg/kg (i.p.) CEF (n=4), 100 

mg/kg (i.p.) CEF (n=8), or saline (n=8). Graph represents average daily water (±SEM) intake 

during the treatment (days 1-5) and post-treatment periods (days 6-8).  One-way ANOVA 

analyses revealed significance difference (F> 8.002, p<0.005) among control and treatments 

groups starting Day 1 through Day 8.  Dunnett‟s t-test analyses revealed significant increase in 

water intake starting Day 1 through Day 8 at both doses of CEF. (a: p<0.05, b: p<0.001). 

 

3.1.3 Effect on body weight 
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The effects of CEF were also evaluated on the body weight to test for any abnormal loss due to 

adverse effects of the drug. Figure 3.3 shows the average body weight of the animals (grams) 

plotted against the baseline and 8 days following day 1 of treatment.  A 3 x 8 (Dose by Day) two-

way ANOVA performed on body weight, which was followed by Dunnett‟s (two-sided) multiple 

comparison test, revealed a significant main effect of Day [F(1, 8)= 8.96, p<0.001], but no 

significant Day by Treatment interaction effect has been found [F(2, 16)= 0.62, p=0.53] (Figure 

3.3).  In addition, one-way ANOVA analyses for each day did not reveal any significant 

differences between control and treatment groups (F< 0.27, p> 0.5) in body weight.  These data 

demonstrate that CEF did not alter the body weight of the rats. 
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Figure 3.3

 

Fig. 3.3.  Daily body weight of male P rats treated for 5 days with with 50 mg/kg (i.p.) CEF 

(n=4), 100 mg/kg (i.p.) CEF (n=8), or saline (n=8).  Graph represents average daily body 

weight (±SEM) during the treatment (days 1-5) and post-treatment periods (days 6-8).  CEF at 

both doses did not affect the body weight across the 8 days. 

 

3.1.4 Effect on GLT 1 expression 
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The GLT 1 expression in Naïve, alcoholic saline treated and alcoholic CEF treated rats was 

compared to detect if it is the mechanism underlying the action of CEF on alcohol intake. 

The effects of CEF treatment on GLT 1 expression in PFC and the NAc core and the NAc shell 

were determined using Western blot. Figure 3.4A, an immunoblot depicts the effect on PFC.  

One-way ANOVA analyses revealed a significant main effect between all groups [F(3, 21) = 

3.46, p<0.05].  Posthoc Dunnett‟s multiple comparison test analyses showed significant 

upregulation of GLT 1 level in PFC in the CEF-100 treated group (100 mg/kg, i.p.) (p<0.02) 

when compared to saline vehicle-treated group (Figure 3.4B).  Note that there were no significant 

differences between naive, saline and CEF-50 treated groups.  There were also no significant 

differences between CEF-50, CEF 100 and naïve groups.   
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Figure 3.4: GLT1 in cortex

 

Fig. 3.4.  Effects of CEF at 50 mg/kg (CEF-50, n=4), CEF-100 at 100 mg/kg (CEF-100, n=6), 

saline (n=6) vehicle, naive (water) (n=6) groups on GLT 1 expression in PFC.  A) Each panel 

presents immunoblots for β-tubulin, which was used as a control loading protein, and GLT 1.  

B) Quantitative analysis revealed a significant increase in the ratio of GLT 1/ β-tubulin in 

CEF-100 group as compared to the saline vehicle group.  Error bars indicate SEM. (* p<0.02) 
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Figure 3.5A depicts the effect on NAc core.  One-way ANOVA analyses showed significant main 

effect between all groups [F(3, 22)= 5.16, p<0.01].  Dunnett‟s t-test analyses showed significant 

increase of GLT 1 level in NAc-core in CEF-100 treated group (100 mg/kg, i.p.) (p<0.01) treated 

groups when compared to saline vehicle group (Figure 3.5B).   In addition, statistical analyses 

demonstrated significant down-regulation of GLT 1 level in saline group (p<0.02) as compared to 

naive group.  These results indicate that chronic alcohol consumption decreases the level of   

GLT 1 in the NAc-core as compared to naive group (water only exposed group)  

A

B

Figure 3.5: GLT1 in Core
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Fig. 3.5.  Effects of CEF at 50 mg/kg (CEF-50, n=4), CEF at100 mg/kg (CEF-100, n=6), saline 

(n=6) vehicle, naive (water) (n=6) groups on GLT 1 expression in NAc core.  A) Each panel 

presents immunoblots for β-tubulin, which was used as a control loading protein, and GLT 1.  

B) Quantitative analysis revealed a significant increase in the ratio of GLT 1/ β-tubulin in 

CEF-100 group as compared to the saline vehicle group.  In addition, a significant down-

regulation of GLT 1 expression was revealed in saline group as compared to naive group.  

Error bars indicate SEM. (* p<0.02; ** p<0.01) 

 

Figure 3.6A depicts the effects on NAc Shell. One-way ANOVA analyses demonstrated 

significant main effect between all groups [F(3, 21)= 3.21, p<0.05].  Dunnett‟s t-test analyses 
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revealed significant increase of GLT 1 level in NAc-shell in CEF-100 treated group (100 mg/kg, 

i.p.) (p<0.05) as compared to saline vehicle group (Figure 3.6 B).  Moreover, Dunnett‟s t-test 

demonstrated significant down-regulation of GLT 1 level in saline group (p<0.05) as compared to 

naive group.  These results demonstrate that chronic alcohol intake decreases the level of GLT 1 

in the NAc-shell as compared to naive group. 

 

Figure 3.6: GLT1 in Shell
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Fig. 3.6.  Effects of CEF at 50 mg/kg (CEF-50, n=4), CEF at100 mg/kg (CEF-100, n=6), saline 

(n=6) vehicle, naive (water) (n=6) groups on GLT 1 expression in NAc shell. A) Each panel 

presents immunoblots for β-tubulin, which was used as a control loading protein, and GLT 1.  

B) Quantitative analysis revealed a significant increase in the ratio of GLT 1/ β-tubulin in 

CEF-100 treated group as compared to saline vehicle group.  Alternatively, statistical analyses 

revealed significant down-regulation of GLT 1 expression in saline group as compared to 

naive group. Error bars indicate SEM. (* p<0.05). 

 

3.1.5 Effect on DHK treated animals: 

DHK was administered prior to CEF treatment to test if CEF induced reduction in alcohol 

consumption is inhibited by DHK. This was done to confirm that CEF works by increasing 
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GLT 1 mediated glutamate uptake. The average alcohol intake (g/kg body weight/day) of the 

animals within each group plotted against the baseline and 8days from the day of first injection 

is shown. The treatment groups in Figure 3.7 A are saline (n=8), CEF 50 mg/kg (n=4) and 

DHK 10 mg/kg + CEF 50 mg/kg (n=4) and Figure 3.7 B are Saline (n=8), CEF 100 mg/kg 

(n=8) and DHK 10 mg/kg + CEF 100 mg/kg (n=8). 

 

A 3 x 8 (Dose by Day) two-way ANOVA performed on alcohol intake, followed by Dunnett‟s 

t-test (two-sided), demonstrated a significant main effect of Day [F(1, 8)= 43.23, p<0.001] and 

a significant Day x Treatment interaction effect [F(4,32)= 5.075, p<0.001].  One-way ANOVA 

analyses for each day demonstrated significant difference (F> 4.59, p<0.006) among saline and 

all doses of CEF and DHK+CEF from Day 2 through Day 8. 

 

A post hoc Dunnett‟s multiple comparison test revealed no significant difference in alcohol 

intake, across the five days of treatment and three days post-treatment, between CEF 

treatments and DHK + CEF treatment groups (p>0.05) with the exclusion of Day2 between 

CEF 100 and DHK+ CEF 100 (p<0.05). These results indicate that DHK could not block CEF 
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induced reduction in alcohol intake. 
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Figure 3.7 B

 

Fig.3.7. A) Daily alcohol intake of male P rats treated for 5 days with Saline (n=8), CEF 

50 mg/kg (n=4) and DHK 10 mg/kg + CEF 50 mg/kg (n=4). B) Daily alcohol intake of 
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male P rats treated for 5 days with Saline (n=8), CEF 100 mg/kg (n=8) and DHK 10 

mg/kg + CEF 100 mg/kg (n=8).  

The Graphs represent average daily alcohol (±SEM) intake during the treatment (days 1-

5) and post-treatment periods (days 6-8).  Baseline was estimated as an average alcohol 

intake for the last 2 weeks prior to injections. Independent t-test analyses revealed no 

significant difference in alcohol intake between CEF and DHK treated animals except 

Day 2 in 100 mg/kg dose (a: p<0.01). 

 

3.2 GPI-1046 Groups 

3.2.1 Effect on Alcohol consumption: 

Alcohol consumption measurements before and after treatment were compared to 

determine if GPI 1046 could significantly reduce the intake in alcoholic P rats. The 

Alcohol consumption during treatment and the following 3 days was measured and 

compared with the baseline, which was the average of the consumption for two weeks 

before treatment. The Figure 3.8 shows the average alcohol intake (g/kg body 

weight/day) of the animals within each group plotted against the baseline and eight days 

from the day of first injection. The treatment groups were: Saline (n=7), GPI-1046 10 

mg/kg(n=6) and GPI-1046 20 mg/kg(n=7). A 3 x 8 (Dose by Day) two way ANOVA was 

performed on alcohol consumption, followed by a posthoc multiple comparisons 

Dunnett‟s test (two-sided). It revealed a significant main effect of Day [F(1, 8)= 16.27, 

p<0.001] and a significant Day x Treatment interaction effect [F(2, 16)= 9.25, p<0.0001].  

One-way ANOVA analyses for each day demonstrated significant difference (F>5.52, 

p<0.02) among saline and the two doses of GPI-1046 for Day 2 through Day 8.  

Dunnett‟s (two sided) multiple comparisons test analyses revealed significant reduction 

in alcohol consumption with the higher dose of GPI-1046 (20 mg/kg, i.p.) at Day 2 
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(p<0.01), and at Day 3 through 8 (p<0.001) as compared to saline groups.  Moreover, the 

lower dose of GPI-1046 (10 mg/kg, i.p.) showed a significant reduction in alcohol intake, 

relative to saline treated group, starting at Day 3 through Day 8 of treatment (Figure 3.8; 

a: p<0.01, b: p<0.05, c: p<0.001). When comparing the two doses 10 mg/kg and 20 

mg/kg, it is noteworthy that Dunnett‟s multiple comparisons test revealed significant 

difference in alcohol intake at Day 3-6 (p<0.001) and Day 7 (p<0.05); however, we did 

not see any significant difference   in the alcohol intake on Day 1-2 and Day 8. 
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Figure 3.8

 

Fig.3.8.    Daily alcohol intake of male P rats treated for 5 days with 10 mg/kg (i.p.) GPI-1046 

(n=6), 20 mg/kg (i.p.) GPI-1046 (n=8), or saline (n=7).  Graph represents average daily alcohol 

(±SEM) intake during the treatment (days 1-5) and post-treatment periods (days 6-8).  Baseline 

was estimated as an average alcohol intake for the last 2 weeks prior to saline or GPI-1046 

injections.  One-way ANOVA analyses revealed significance difference (F>5.52, p<0.02) among 

control and treatments groups.  Posthoc Dunnett‟s (two-sided) multiple comparison test analyses 

revealed significant reduction in alcohol intake with the higher dose of GPI-1046 (20 mg/kg, i.p.) 

starting Day 2 through Day 8 as compared to saline groups.  Moreover, the lower dose of GPI-

1046 (10 mg/kg, i.p.) showed a significant reduction in alcohol intake, relative to saline treated 

group, starting at Day 3 through Day 8 of treatment.  It is noteworthy that Dunnett‟s t-test 
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revealed significance difference in alcohol intake between both doses of GPI-1046 (10 and 20 

mg/kg) from Day 3 through Day 7. (a: p<0.01, b: p<0.05, c: p<0.001). 

 

 

3.2.2 Effect on Water consumption: 

 

Water consumption measurements were compared before and after treatment to observe any 

difference in intake following GPI administration. The Water intake during treatment and the 

following 3 days was also measured and compared with the baseline. Figure 3.9 shows the 

average water intake (ml/kg body weight/day) of the animals within each group plotted against 

the baseline and 8days from the day of first injection. The treatment groups were: Saline (n=7), 

GPI-1046 10 mg/kg (n=6) and GPI-1046 20 mg/kg (n=7). A 3 x 8 (Dose by Day) two way 

ANOVA was performed on water intake followed by a posthoc multiple comparisons Dunnett‟s 

(two-sided) test. It revealed a significant main effect of Day [F(1, 8)= 2.30, p<0.03] and a 

significant Day x Treatment interaction effect [F(2, 16)= 2.01, p<0.02].  One-way ANOVA 

analyses for each day revealed significant difference (F>4.21, p<0.05) in water intake between 

saline and GPI-1046 doses groups starting Day 1 through Day 8. Dunnett‟s (two sided) multiple 

comparisons test analyses revealed significant increase in water intake starting Day 1 through 

Day 8 (Figure 3.9; a: p<0.005, b: p<0.05, c: p<0.01) at higher dose of GPI-1046 (20 mg/kg), and 

Day 1 (p<0.005), Day 4 (p<0.05), and Days 6-8 (Figure 3.9, a: p<0.005, b: p<0.05) at lower dose 

of GPI-1046 (10 mg/kg). There was no significant difference in water intake between the two 

doses the two doses 10 mg/kg and 20 mg/kg. 
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Figure 3.9

 

Fig. 3.9.    Daily water intake of male P rats treated for 5 days with 10 mg/kg (i.p.) GPI-1046 

(n=6), 20 mg/kg (i.p.) GPI-1046 (n=8), or saline (n=7).  Graph represents average daily water 

(±SEM) intake during the treatment (days 1-5) and post-treatment periods (days 6-8).  One-way 

ANOVA analyses revealed significance difference (F>4.21, p<0.05) among control and 

treatments groups starting Day 1 through Day 8.  Dunnett‟s multiple comparison (two sided) test 

analyses revealed significant increase in water intake starting Day 1 through Day 8 at higher dose 

of GPI-1046 (20 mg/kg), and Day 1, Day 4, and Days 6-8 at lower dose of GPI-1046 (10 mg/kg). 

(a: p<0.005, b: p<0.05, c: p<0.01). 

 

 

3.2.3 Effect on body weight: 

 

The effects of GPI on the body weight were also evaluated to test for any abnormal loss due to 

adverse effects of the drug.  A 3 x 8 (Dose by Day) two way ANOVA was performed on body 

weight (Figure 3.10), followed by a posthoc Dunnett‟s multiple comparison (two sided) test. It 

revealed a significant main effect of Day [F(1, 8)=38.61, p<0.001], but no significant Day by 

Treatment interaction effect has been observed [F(2, 16)=0.93, p=0.53].  Importantly, one-way 
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ANOVA analyses for each day did not reveal any significant differences between control and 

treatment groups (F<1.25, p>0.5) in body weight.  These data indicate that GPI-1046 did not alter 

the body weight of the rats. 
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Fig. 3.10 Daily body weight of male P rats treated for 5 days with 10 mg/kg (i.p.) GPI-1046 

(n=6), 20 mg/kg (i.p.) GPI-1046 (n=8), or saline (n=7).  Graph represents average daily water 

(±SEM) intake during the treatment (days 1-5) and post-treatment periods (days 6-8).  GPI-

1046 at both doses did not affect the body weight across the 8 days. 

 

3.2.4 Effect on sucrose consumption: 

The effect of GPI on sucrose consumption was tested to confirm that its activity os specific to 

alcohol consumption and not a general reduction in intake of fluids.To determine the effects GPI-

1046 at dose 20 mg/kg on sucrose consumption, the consumption during treatment and the 

following 3 days was measured and compared with the baseline. The baseline was the average 

sucrose consumption for two weeks before treatment.  
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 The figure 3.11 shows the average sucrose intake (ml/kg body weight/day) of the animals within 

each group plotted against the baseline and 8days from the day of first injection. The treatment 

groups were: Saline (n=5) and GPI-1046 20 mg/kg (n=5). An independent t-test revealed no 

significant difference in sucrose intake, across the five days of treatment and three days post-

treatment, between saline and 20 mg/kg GPI-1046-treated group (p>0.05).  These results indicate 

that GPI-1046 did not affect sucrose consumption. 

 

 

Fig. 3.11.  Daily sucrose intake of male P rats treated for 5 days with 20 mg/kg (i.p.) GPI-1046 

(n=5), or saline (n=5).  Graph represents average daily sucrose intake (±SEM) during the 

treatment (Days 1-5 and post treatment periods (Days 6-8).  An independent t-test did not show 

any significant difference in sucrose intake between saline and GPI-1046-treated groups (p > 

0.05). 
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3.2.5 Effect on GLT 1 expression: 

 
The effects of GPI-1046 treatment on GLT 1 expression in PFC and the NAc core were 

determined using Western blot to elucidate the mechanism underlying the activity of GPI in 

reducing alcohol intake. Figure 3.12 A, an immunoblot depicts the effect on PFC.  One-way 

ANOVA analyses revealed significant main effect between all groups [F(3, 23)= 6.41, p<0.003]. 

A post-hoc multiple comparison Dunnett‟s (two sided) test revealed significant increase in PFC 

GLT 1 expression in GPI-1046 (10 mg/kg, i.p.) (p<0.03) and GPI-1046 (20 mg/kg, i.p.) 

(p<0.003) treated groups as compared to saline vehicle-treated group (Figure 3.12B).  There were 

no significant differences between Water and Saline.  
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Figure 3.12: GLT1 in Cortex

 

Fig. 3.12 Effects of GPI-1046 at10 mg/kg (GPI-10, n=6), GPI-1046 at 20 mg/kg (GPI-20, 

n=6), saline (n=6) vehicle, water naïve (n=6) groups on GLT 1 expression in PFC.  A) Each 

panel presents immunoblots for β-tubulin, which was used as a control loading protein, and 

GLT 1.  B) Quantitative analysis revealed a significant increase in the ratio of GLT 1/ β-

tubulin in the GPI-10 and GPI-20 groups as compared to the saline vehicle group.  In addition, 
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a significant increase in GLT 1 expression was revealed in GPI-20 group as compared to water 

group.  Error bars indicate SEM. (* p<0.05; ** p<0.01) 

 

The effect on the NAc core is depicted in Figure 3.13.  One-way ANOVA analyses revealed 

significant main effect between all groups [F(3, 23)= 11.97, p<0.001]. A post-hoc multiple 

comparison Dunnett‟s (two sided) test revealed significant increase in PFC GLT 1 expression in 

GPI-1046 (10 mg/kg, i.p.) (p<0.03) and GPI-1046 (20 mg/kg, i.p.) (p<0.001) treated groups as 

compared to saline vehicle-treated group (Figure 3.13 B). There was also a significant decrease in 

the saline group as compared to the naïve group (p<0.02).  
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Fig. 3.13.  Effects of GPI-1046 at10 mg/kg (GPI-10, n=6), GPI-1046 at 20 mg/kg (GPI-20, 

n=6), saline (n=6) vehicle, water naïve (n=6) groups on GLT 1 expression in NAc-core.  A) 

Each panel presents immunoblots for β-tubulin, which was used as a control loading protein, 

and GLT 1.  B) Quantitative analysis revealed a significant increase in the ratio of GLT 1/ β-

tubulin in GPI-10 and GPI-20 treated groups as compared to saline vehicle group.  Significant 

increases in GLT 1 expression was revealed in GPI-20 as compared to GPI-10 and water naïve 

groups.  Alternatively, statistical analyses revealed significant down-regulation of GLT 1 

expression in saline group as compared to water group. Error bars indicate SEM. (* p<0.05; ** 

p<0.01; *** p<0.001) 
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Chapter4 
 

Discussion 

Alcohol consumption in P rats was significantly reduced following the treatment with CEF 50 

mg/kg, CEF 100 mg/kg, GPI 10 mg/kg and GPI 20 mg/kg as compared to saline treated 

groups. Down-regulation of GLT 1 expression was observed in alcoholic rats as compared to 

naïve group, in the NAc core and shell areas but not in the PFC. Upregulation of GLT 1 was 

observed on treatment with CEF 100 mg/kg treatment in PFC, NAc core and NAc shell and 

with GPI 10 mg/kg and GPI 20 mg/kg treatments in PFC and NAc Core.  

 

The results in the CEF treated animals showed that the doses, CEF 50 mg/kg and CEF 100 

mg/kg significantly reduced alcohol consumption when compared to the saline-treated group. 

There was no significant difference observed in the activity of the two doses. A 

compensatory increase in the water intake was observed in the treated groups while the 

intake remained consistent in the saline group before and during treatment. There was no 

effect of the drug on body weight of the animals.  

  

Although the effect of both doses on alcohol intake was similar, on examining the changes in 

GLT 1 protein expression in the PFC, NAc Core and NAc Shell, a significant increase was 

observed only in the higher dose. This result is in agreement with the earlier study by Sari et 

al., 2011 which showed that GLT 1 upregulation is only achieved at doses of 100 mg/kg and 

above. A trend towards upregulation of the protein was observed in CEF 50 mg/kg but this 

effect was not statistically significant. 
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On the other hand in the GPI-1046 treated Animals, both doses, 10 mg/kg and 20 mg/kg 

significantly reduced alcohol consumption, but the higher dose was more potent in its 

activity. While CEF showed effect from Day2, GPI-1046 displayed significant activity from 

Day3. A study of CEF induced GLT 1 expression in temporal regions showed that the 

mRNA levels increase 48 hours after first injection and the protein levels increase after 72 

hours (Chu et al., 2007). Hence, it can be inferred CEF works by other mechanisms to 

produce the initial effect on alcohol intake while the more sustained effect may be due to 

GLT 1 upregulation. GPI-1046, on the other hand, seems to act primarily by upregulation of 

GLT 1. 

 

A compensatory increase in water intake was observed in the GPI-1046 group, but it was not 

consistently significant in the lower dose group. This could be attributed to the fact that the 

effect in the GPI-1046-treated animals was more gradual than, and not as drastic as, observed 

in the CEF-treated groups. Alternatively, GPI-1046 did not affect the body weight of animals 

and did not decrease sucrose intake in rats, which showed that its activity is specific to 

alcohol consumption. 

 

The immunoblotting results of the PFC and NAc core displayed that both doses of GPI-1046 

increased the expression of GLT 1 protein. The rationale behind harvesting the PFC and NAc 

for immunoblotting is that both these brain regions are considered as key plays in drug-

seeking behavior (McFarland and Kalivas, 2001). It is known that the PFC is one of the 
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limbic structures in the reward system that is involved in processing sensory stimulus toward 

the motor system via the NAc (Sesack and Grace, 2010). The role of the NAc is to act as a 

gateway for the limbic structures to reach the motor system. It converts the limbic 

information into motivational action (Groenenwegen et al., 1996). The NAc has been further 

differentiated into subregions, core and shell. It has been suggested that the dopaminergic 

neurons in the core area in conjunction with the nigrostriatal system while those of shell are 

with the mesolimbic system (Deutch and Cameron, 1992). In addition, it has been established 

that the dopamine innervation in the shell is functionally associated with response to primary 

reward, and that of the core is associated with response reinforcement (as reviewed by 

Dichiara, 2004). A selective lesions study demonstrated the differential effects of core and 

shell in cocaine seeking behavior showed that lesions in core hindered drug seeking by 

disrupting response to conditioned reinforcers and lesions in the shell diminished the 

psychostimulant effects of cocaine in the brain (Ito et al., 2004). 

 

In the present study, a significant decrease in the GLT 1 expression in alcohol exposed 

animals has been observed in both the core and the shell when compared to the naïve group. 

Importantly, upregulation in GLT 1 level was observed in both regions of the NAc by CEF 

treatment. We have also found that GPI 1046 treatment induced upregulation of GLT 1 level 

in the NAc core. 

 

The PFC, however, did not show a significant downregulation of the protein in the animals 

exposed to alcohol as compared to the naïve group. CEF treatment at higher doses was 
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effective in upregulating GLT 1 level. A similar effect was observed in a study testing CEF 

in cocaine-seeking behavior. GLT 1 and xCT levels were lowered in the NAc but not in the 

PFC following self-administration of cocaine in rats (Knackstedt et al., 2010). It is suggested 

that these differences in GLT 1 level in cocaine-seeking model could involve 

neuroadaptations of the dopaminergic synapses in the PFC and the glutamatergic synapses in 

the NAc (Kalivas et al., 2005). Hence it could be inferred that alcohol, like other substances 

of abuse, causes differential neuroadaptations in the glutamatergic systems in different brain 

regions and the effect on the GLT 1 level is more pronounced in the NAc compared to PFC. 

Hence, NAc can be given primary focus in future studies in our laboratory. 

 

The effect of CEF was found to be consistently significant even in rats treated with DHK. 

The dose of DHK used was 10 mg/kg based on previous studies (Gunduz et al., 2011; Chu et 

al., 2007). In the present study, the inability of DHK to inhibit CEF-induced GLT 1 

upregulation and subsequent reduction in alcohol consumption could be explained by 

different conjectures. Firstly, most of the studies that demonstrated the effect of DHK as a 

selective GLT 1/EAAT2 inhibitor involve administration of DHK directly into the local areas 

of the brain or CNS. Hence it is possible that at the dose administered in the present study 

intra- peritoneally, DHK is unable to reach those regions of the brain in concentrations 

capable of producing this effect. Secondly, it is possible that the increase in GLT 1 level 

following CEF treatment may have been a factor is that the amount of DHK administered 

was not sufficient to block most of upregulated GLT 1. However, the ability of CEF 50 to 

reduce consumption in the presence of DHK defies this possibility. In addition, it has been 

shown that DHK at dose of 10 mg/kg i.p significantly blocked CEF 200 mg/kg-induced 
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prevention of cannabinoid tolerance (Gunduz et al., 2011). These facts support a third 

conjecture which was previously discussed in this thesis, which is that, though CEF 

upregulates GLT 1, it has other potent mechanisms by which it reduces alcohol consumption. 

This probability could be further substantiated by administering DHK into local regions of 

the brain and testing the effects of CEF on alcohol consumption.  

It is noteworthy that both drugs showed significant increase in GLT 1 level, which was 

correlated with reduction in alcohol consumption. These data support our central hypothesis 

that upregulation of GLT 1 level is a potential new target for treatment of alcohol 

dependence. In order to further substantiate the results of this thesis, future studies may 

include neurochemical assays such as microdialysis to detect changes in glutamate levels 

following the administration of CEF and GPI-1046. It is also necessary to explore other 

effects of these drugs which may also play a role in countering alcohol dependence. 

Immunoblotting assays of other relevant proteins such as xCT, assays to detect effects on 

free radical scavengers such as Glutathione, and binding assays of other receptors mediating 

alcohol effects are warranted to be investigated in futures studies. Molecular level studies 

should be performed to elucidate the mechanisms of actions of CEF and GPI-1046 in the 

upregulation or activation of GLT 1. 

 

CEF could be further tested in chronic alcohol consumption models such as 14 weeks. This 

work is underway and results will be reported elsewhere. In addition, studies in collaboration 

with other laboratory are focusing in testing the combination with existing FDA-approved 
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drug for the treatment of alcohol dependence for revealing the synergistic inhibition of 

alcohol-seeking behavior. 

 

Furthermore, GPI-1046 induced increase in GLT 1 expression is in close conjunction with its 

effect on alcohol-seeking behavior. Hence, it could be further studied the long lasting effects 

of this drug. Our laboratory is planning to further investigate for potential toxicity, in 

particular with higher dose, in order to ensure the safety of the drug and to determine the 

pharmacologically relevant doses. This could be a promising new candidate for clinical 

studies aiming at treating alcohol dependence. 

 

In conclusion, we report that alcohol consumption in P rats was significantly reduced 

following the treatment with CEF as compared to control saline treated group. Treatment 

with GPI-1046, another drug known to upregulate GLT1 level, has shown reduction in 

alcohol intake. Alternatively, P rats exposed to alcohol showed down-regulation of GLT1 

expression in the NAc core and shell areas but not in the PFC as compared to naïve group. 

Upregulation of GLT 1 level was observed with CEF 100 mg/kg treatment in PFC, NAc core 

and NAc shell and with GPI-1046 10 mg/kg and GPI-1046 20 mg/kg treatments in PFC and 

NAc Core. These results, in conjunction with previous studies of CEF in P rats (Sari et al., 

2011), provide substantial information about the role of GLT 1 as a potential target for the 

treatment of alcohol dependence. 

 

  



66 
 

5. References 

Abdelkader Dahchour, Philippe De Witte, Nicolas Bolo, Jean-François Nédélec, 

Muriel Muzet, Philippe Durbin, and Jean-Paul Macher. "Central Effects of 

Acamprosate: Part 1. Acamprosate Blocks the Glutamate Increase in the Nucleus 

Accumbens Microdialysate in Ethanol Withdrawn Rats." Psychiatry Research: 

Neuroimaging 82.2 (1998): 107-14. Print.  

Addolorato, Giovanni, Esmeralda Capristo, Lorenzo Leggio, Anna Ferrulli, 

Ludovico Abenavoli, Noemi Malandrino, Sara Farnetti, Marco Domenicali, Cristina 

D'Angelo, Luisa Vonghia, Antonio Mirijello, Silvia Cardone, and Giovanni 

Gasbarrini. "Relationship Between Ghrelin Levels, Alcohol Craving, and Nutritional 

Status in Current Alcoholic Patients." Alcoholism: Clinical and Experimental Research 

30.11 (2006): 1933-937. Print.  

Ahmed, Serge H., and George F. Koob. "Transition to Drug Addiction: A Negative 

Reinforcement Model Based on an Allostatic Decrease in Reward Function." 

Psychopharmacology 180.3 (2005): 473-90. Print.  

Amara, S., and A. Fontana. "Excitatory Amino Acid Transporters: Keeping up with 

Glutamate." Neurochemistry International 41.5 (2002): 313-18. Print.  

Anderson, Christopher M., and Raymond A. Swanson. "Astrocyte Glutamate 

Transport: Review of Properties, Regulation, and Physiological Functions." Glia 32.1 

(2000): 1-14. Print.  



67 
 

Anderson, Peter, Anne Cremona, Alex Paton, Charlotte Turner, and Paul Wallace. 

"The Risk of Alcohol." Addiction 88.11 (1993): 1493-508. Print.  

Arriza JL, WA Fairman, JI Wadiche, GH Murdoch, MP Kavanaugh, and SG 

Amara. “Functional comparisons of three glutamate transporter subtypes cloned from 

human motor cortex.”  The Journal of Neuroscience, 14.9 (1994): 5559-5569. Print. 

Balldin, J., M. Berglund, S. Borg, Marianne M??nsson, P. Bendtsen, J. Franck, L. 

Gustafsson, J. Halldin, L.- H. Nilsson, G. Stolt, and A. Willander. "A 6-Month 

Controlled Naltrexone Study: Combined Effect With Cognitive Behavioral Therapy in 

Outpatient Treatment of Alcohol Dependence." Alcoholism: Clinical & Experimental 

Research 27.7 (2003): 1142-149. Print.  

Bernadette Beane and Leonard.B.E.  "Rodent models of alcoholism: a review." 

Alcohol and Alcoholism 24.4 (1989): 299-309. Print.  

Besheer, Joyce, Sara Faccidomo, Julie J. M. Grondin, and Clyde W. Hodge. 

"Regulation of Motivation to Self-Administer Ethanol by MGluR5 in Alcohol-Preferring 

(P) Rats." Alcoholism: Clinical and Experimental Research 32.2 (2008): 209-21. Print.  

Boothby, L., and P. Doering. "Acamprosate for the Treatment of Alcohol Dependence." 

Clinical Therapeutics 27.6 (2005): 695-714. Print.  

Bradley, Ronald J., Klaus Peper, and Raimund Sterz. "Postsynaptic Effects of 

Ethanol at the Frog Neuromuscular Junction." Nature 284.5751 (1980): 60-62. Print.  



68 
 

Carmen, Bouza, Magro Angeles, Muñoz Ana, and Amate José María. "Efficacy and 

Safety of Naltrexone and Acamprosate in the Treatment of Alcohol Dependence: A 

Systematic Review." Addiction 99.7 (2004): 811-28. Print.  

Chebib, Mary, and Graham A R. Johnston. "The 'Abc' Of Gaba Receptors: A Brief 

Review." Clinical and Experimental Pharmacology and Physiology 26.11 (1999): 937-

40. Print. 

Chester, Julia A., and Christopher L. Cunningham. "GABAA Receptor Modulation 

of the Rewarding and Aversive Effects of Ethanol." Alcohol 26.3 (2002): 131-43. Print.  

Chin J H and Goldstein DB. "Membrane-Disordering Action of Ethanol Variation with 

Membrane Cholesterol Content and Depth of the Spin Label Probe." Molecular 

Pharmacology 19.3 (1981): 425-31. Print.  

Christina Gianoulakis. "Implications of Endogenous Opioids and Dopamine in 

aAcoholism: Human and basic science studies." Alcohol & Alcoholism 31.1 (1995): 33-

42. Print.  

Chu Kon, Soon-Tae Lee, Dong-In Sinn, Song-Yi Ko, Eun-Hee Kim, Jeong-Min Kim, 

Se-Jeong Kim, Dong-Kyu Park, Keun-Hwa Jung, Eun-Cheol Song, Sang Kun Lee, 

Manho Kim, and Jae-Kyu Roh. "Pharmacological Induction of Ischemic Tolerance by 

Glutamate Transporter-1 (EAAT2) Upregulation." Stroke 38 (2007): 177-82. Print. 

Chu, K.S.T. Lee, D.I. Sinn, S.Y. Ko, E.H. Kim, J.M. Kim, S.J. Kim, D.K. Park, K.H. 

Jung, E.C. Song, S. K. Lee, M.Kim, and J.K. Roh. "Pharmacological Induction of 



69 
 

Ischemic Tolerance by Glutamate Transporter-1 (EAAT2) Upregulation." Stroke 38.1 

(2006): 177-82. Print.  

Cippitelli, Andrea, Nazzareno Cannella, Simone Braconi, Andrea Duranti, Andrea 

Tontini, Ainhoa Bilbao, Fernando Rodríguez DeFonseca, Daniele Piomelli, and 

Roberto Ciccocioppo. "Increase of Brain Endocannabinoid Anandamide Levels by 

FAAH Inhibition and Alcohol Abuse Behaviours in the Rat." Psychopharmacology 198.4 

(2008): 449-60. Print.  

Colton, C. K., Q. Kong, L. Lai, M. X. Zhu, K. I. Seyb, G. D. Cuny, J. Xian, M. A. 

Glicksman, and C.-L. Glenn Lin. "Identification of Translational Activators of Glial 

Glutamate Transporter EAAT2 through Cell-Based High-Throughput Screening: An 

Approach to Prevent Excitotoxicity." Journal of Biomolecular Screening 15.6 (2010): 

653-62. Print.  

Cunningham, Christopher L., MacKenzie A. Howard, Sylvia J. Gill, Marcelo 

Rubinstein, Malcolm J. Low, and David K. Grandy. "Ethanol-conditioned Place 

Preference Is Reduced in Dopamine D2 Receptor-deficient Mice." Pharmacology 

Biochemistry and Behavior 67.4 (2000): 693-99. Print.  

David A. Baker, Zheng-Xiong Xi, Hui Shen, Chad J. Swanson, and Peter W. 

Kalivas. "The Origin and Neuronal Function of In Vivo Nonsynaptic Glutamate." The 

Journal of Neuroscience 22.20 (2002): 9134-141. Print.  

Davies, Martin. "The Role of GABAA Receptors in Mediating the Effects of Alcohol in 

the Central Nervous System." Journal of Psychiatry & Neuroscience 28.4 (2003): 263-

74. Print.  



70 
 

Deutch, A., and D. Cameron. "Pharmacological Characterization of Dopamine 

Systems in the Nucleus Accumbens Core and Shell." Neuroscience 46.1 (1992): 49-56. 

Print.  

Devaud, Leslie L., and Paul Alele. "Differential Effects of Chronic Ethanol 

Administration and Withdrawal on γ-Aminobutyric Acid Type A and NMDA Receptor 

Subunit Proteins in Male and Female Rat Brain." Alcoholism: Clinical and Experimental 

Research 28.6 (2004): 957-65. Print.  

Di Chiara G., and Imperato A. "Drugs Abused by Humans Preferentially Increase 

Synaptic Dopamine Concentrations in the Mesolimbic System of Freely Moving Rats." 

Proceedings of the National Academy of Sciences of the United States of America 85.14 

(1988): 5274-278. Print.  

Diana, Marco, Mark Brodie, Annalisa Muntoni, Maria C. Puddu, Giuliano Pillolla, 

Scott Steffensen, Saturnino Spiga, and Hilary J. Little. "Enduring Effects of Chronic 

Ethanol in the CNS: Basis for Alcoholism." Alcoholism: Clinical & Experimental 

Research 27.2 (2003): 354-61. Print.  

Dichiara, G. "Dopamine and Drug Addiction: The Nucleus Accumbens Shell 

Connection." Neuropharmacology 47 (2004): 227-41. Print.  

Doetkotte, Roman, Klaus Opitz, Kalervo Kiianmaa, and Hilke Winterhoff. 

"Reduction of Voluntary Ethanol Consumption in Alcohol-preferring Alko Alcohol 

(AA) Rats by Desoxypeganine and Galanthamine." European Journal of 

Pharmacology 522.1-3 (2005): 72-77. Print.  



71 
 

El-Ghundi, Mufida, Susan R. George, John Drago, Paul J. Fletcher, Theresa Fan, 

Tuan Nguyen, Christopher Liu, David R. Sibley, Heiner Westphal, and Brian F. 

O'Dowd. "Disruption of Dopamine D1 Receptor Gene Expression Attenuates Alcohol-

seeking Behavior." European Journal of Pharmacology 353.2-3 (1998): 149-58. Print.  

Emborg, M. "Systemic Administration of the Immunophilin Ligand GPI 1046 in MPTP-

Treated Monkeys." Experimental Neurology 168.1 (2001): 171-82. Print.  

Engblom, A. C., and K. E. O. Akerman. "Effect of Ethanol on Gamma Aminobutyric 

Acid and Glycine Receptor-Coupled Cl Fluxes in Rat Brain Synaptoneurosomes." 

Journal of Neurochemistry 57.2 (1991): 384-90. Print.  

F Weiss, M T Lorang, F E Bloom, and G F Koob. "Oral Alcohol Self-administration 

Stimulates Dopamine Release in the Rat Nucleus Accumbens: Genetic and Motivational 

Determinants." J Pharmacol Exp Ther 267 (October 1993): 250-58. Print.  

Flannery, Barbara A., James C. Garbutt, Meghan W. Cody, William Renn, Kathy 

Grace, Michael Osborne, Ken Crosby, Mary Morreale, and Amy Trivette. "Baclofen 

for Alcohol Dependence: A Preliminary Open-Label Study." Alcoholism: Clinical & 

Experimental Research 28.10 (2004): 1517-523. Print.  

Flatscher-Bader, Traute, and Peter A. Wilce. "Impact of Alcohol Abuse on Protein 

Expression of Midkine and Excitatory Amino Acid Transporter 1 in the Human 

Prefrontal Cortex." Alcoholism: Clinical and Experimental Research 32.10 (2008): 1849-

858. Print.  



72 
 

Fremeau Jr., Robert T., Matthew D. Troyer, Ingrid Pahner, Gro Owren Nygaard, 

Cindy H. Tran, Richard J. Reimer, Elizabeth E. Bellocchio, Doris Fortin, Jon 

Storm-Mathisen, and Robert H. Edwards. "The Expression of Vesicular Glutamate 

Transporters Defines Two Classes of Excitatory Synapse." Neuron 31.2 (2001): 247-60. 

Print.  

Ganel, Raquelli, Tony Ho, Nicholas J. Maragakis, Mandy Jackson, Joseph P. 

Steiner, and Jeffrey D. Rothstein. "Selective Up-regulation of the Glial Na+-dependent 

Glutamate Transporter GLT1 by a Neuroimmunophilin Ligand Results in 

Neuroprotection." Neurobiology of Disease 21.3 (2006): 556-67. Print.  

Gass, J., and M. Olive. "Glutamatergic Substrates of Drug Addiction and 

Alcoholism☆." Biochemical Pharmacology 75.1 (2008): 218-65. Print.  

Gethin J McBean. "Cerebral Cystine Uptake: A Tale of Two Transporters." TRENDS in 

Pharmacological Sciences 23.7 (2002): 299-302. Print.  

Gianoulakis, Christina, Jean-Pascal De Waele, and Joseph Thavundayil. 

"Implication of the Endogenous Opioid System in Excessive Ethanol Consumption." 

Alcohol 13.1 (1996): 19-23. Print.  

Golovko, A. I., Golovko, S. I., Leontieva, L. V., and Zefirov, S. Yu. "The Influence of 

Ethanol on the Functional Status of GABAA Receptors." Biochemistry (Moscow) 67.7 

(2002): 719-29. Print.  



73 
 

Gongwer, M.a., J.m. Murphy, W.j. McBride, L. Lumeng, and T.-K. Li. "Regional 

Brain Contents of Serotonin, Dopamine and Their Metabolites in the Selectively Bred 

High- and Low-alcohol Drinking Lines of Rats." Alcohol 6.4 (1989): 317-20. Print.  

Grant, Bridget F. "Alcohol Consumption, Alcohol Abuse and Alcohol Dependence. The 

United States as an Example." Addiction 89.11 (1994): 1357-365. Print.  

Gunduz, Ozgur, Cagatay Oltulu, and Ahmet Ulugol. "Role of GLT-1 Transporter 

Activation in Prevention of Cannabinoid Tolerance by the Beta-lactam Antibiotic, 

Ceftriaxone, in Mice." Pharmacology Biochemistry and Behavior 99.1 (2011): 100-03. 

Print.  

Hasin, D. S., F. S. Stinson, E. Ogburn, and B. F. Grant. "Prevalence, Correlates, 

Disability, and Comorbidity of DSM-IV Alcohol Abuse and Dependence in the United 

States: Results From the National Epidemiologic Survey on Alcohol and Related 

Conditions." Archives of General Psychiatry 64.7 (2007): 830-42. Print.  

Heinz, A. "Correlation of Alcohol Craving With Striatal Dopamine Synthesis Capacity 

and D2/3 Receptor Availability: A Combined DOPA and DMFP PET Study in 

Detoxified Alcoholic Patients." American Journal of Psychiatry 162.8 (2005): 1515-520. 

Print.  

Heinz A, D W Jones, J G Gorey, A Benne, S J Suomi, D R Weinberger, and J D 

Higley. "Serotonin Transporter Availability Correlates with Alcohol Intake in Non-

human Primates." Molecular Psychiatry 8 (2003): 231-34. Print.  



74 
 

Henk J Groenewegen, Yvonne Galis-de Graaf, and Wilhelmus J.A.J Smeets. 

"Integration and Segregation of Limbic Cortico-striatal Loops at the Thalamic Level: An 

Experimental Tracing Study in Rats." Journal of Chemical Neuroanatomy 16.3 (1997): 

167-85. Print.  

Herzog, Etienne, Shigeo Takamori, Reinhard Jahn, Nils Brose, and Sonja M. 

Wojcik. "Synaptic and Vesicular Co-localization of the Glutamate Transporters 

VGLUT1 and VGLUT2 in the Mouse Hippocampus." Journal of Neurochemistry 99.3 

(2006): 1011-018. Print.  

Hoffman, Paula L., Carolyn S. Rabe, Frances Moses, and Boris Tabakoff. "N-

Methyl-D-Aspartate Receptors and Ethanol: Inhibition of Calcium Flux and Cyclic GMP 

Production." Journal of Neurochemistry 52.6 (1989): 1937-940. Print.  

Hwang, Bang H., Lawrence Lumeng, Jang-Yen Wu, and Ting-Kai Li. "Increased 

Number of GABAergic Terminals in the Nucleus Accumbens Is Associated with Alcohol 

Preference in Rats." Alcoholism: Clinical and Experimental Research 14.4 (1990): 503-

07. Print.  

"The ICD-10 Classification of Mental and Behavioral Disorders: Diagnostic Criteria for 

Research." Proc. of World HealthOrganization, Geneva. 1993. Web.  

Ito, Rutsuko, Trevor W. Robbins, and Barry J. Everitt. "Differential Control over 

Cocaine-seeking Behavior by Nucleus Accumbens Core and Shell." Nature Neuroscience 

7.4 (2004): 389-97. Print.  



75 
 

Jack R. Cornelius, Ihsan M. Salloum, Joan G. Ehler, Patricia J. Jarrett, Marie D. 

Cornelius, James M. Perel, Michael E. Thase, and Ann Black. "Fluoxetine in 

Depressed Alcoholics." Arch Gen Psychiatry 54.8 (1997): 700-05. Print.  

Jerlhag, E., E. Egecioglu, S. Landgren, N. Salome, M. Heilig, D. Moechars, R. Datta, 

D. Perrissoud, S. L. Dickson, and J. A. Engel. "Requirement of Central Ghrelin 

Signaling for Alcohol Reward." Proceedings of the National Academy of Sciences 106.27 

(2009): 11318-1323. Print.  

Johnston, G. "GABAA Receptor Pharmacology." Pharmacology & Therapeutics 69.3 

(1996): 173-98. Print.  

Joseph P. Steiner, Gregory S. Hamilton, Douglas T. Ross, Heather L. Valentine, 

Hongzhi Guo, Maureen A. Connolly, Shi Liang, Cynthia Ramsey, Jia-He J. Li, Wei 

Huang, Pamela Howorth, Rajat Soni, Michael Fuller, Hans Sauer, Alison C. 

Nowotnik, and Peter D. Suzdak. "Neurotrophic Immunophilin Ligands Stimulate 

Structural and Functional Recovery in Neurodegenerative Animal models." Proceedings 

of the National Academy of Sciences of the Unite States of America 94.5 (1997): 2019-

024. Print.  

Kalivas, P. "Glutamate Systems in Cocaine Addiction." Current Opinion in 

Pharmacology 4.1 (2004): 23-29. Print.  

Kalivas, P., R. Lalumiere, L. Knackstedt, and H. Shen. "Glutamate Transmission in 

Addiction." Neuropharmacology 56 (2009): 169-73. Print.  



76 
 

Kalivas, P.W., N. Volkow, and J. Seamans. "Unmanageable Motivation in Addiction: 

A Pathology in Prefrontal-Accumbens Glutamate Transmission." Neuron 45.5 (2005): 

647-50. Print.  

Kandel, Denise B. Stages and Pathways of Drug Involvement: Examining the Gateway 

Hypothesis. Cambridge, UK: Cambridge UP, 2002. Print.  

Keetae Kim, Seok-Geun Lee, Timothy P. Kegelman, Zhao-Zhong Su, Swadesh K. 

Das, Rupesh Dash, Santanu Dasgupta, Paola M. Barral, Michael Hedvat, Paul Diaz, 

John C. Reed, John L. Stebbins, Maurizio Pellecchia, Devanand Sarkar, Paul B. 

Fisher. "Role of Excitatory Amino Acid Transporter-2 (EAAT2) and Glutamate in 

Neurodegeneration: Opportunities for Developing Novel Therapeutics." Journal of 

Cellular Physiology 226.10 (2011): 2484-493. Print.  

Kirsch, Joachim. "Glycinergic Transmission." Cell and Tissue Research 326.2 (2006): 

535-40. Print.  

Knackstedt, Lori A., Roberto I. Melendez, and Peter W. Kalivas. "Ceftriaxone 

Restores Glutamate Homeostasis and Prevents Relapse to Cocaine Seeking." Biological 

Psychiatry 67.1 (2010): 81-84. Print.  

Koistinen, Meri, Paivi Tuomainen, Petri Hyytia, and Kalervo Kiianmaa. "Naltrexone 

Suppresses Ethanol Intake in 6-Hydroxydopamine-Treated Rats." Alcoholism: Clinical 

and Experimental Research 25.11 (2001): 1605-612. Print. 

Koob, G. "A Role for GABA Mechanisms in the Motivational Effects of Alcohol." 

Biochemical Pharmacology 68.8 (2004): 1515-525. Print.  



77 
 

Kryger, R., and P.A. Wilce. "The Effects of Alcoholism on the Human Basolateral 

Amygdala." Neuroscience 167.2 (2010): 361-71. Print.  

Langosch, Dieter, Cord-Michael Becker, and Heinrich Betz. "The Inhibitory Glycine 

Receptor: A Ligand-gated Chloride Channel of the Central Nervous System." European 

Journal of Biochemistry 194.1 (1990): 1-8. Print.  

Lester, David, and Earl X. Freed. "Criteria for an Animal Model of Alcoholism." 

Pharmacology Biochemistry and Behavior 1.1 (1973): 103-07. Print.  

Li, Ting-Kai, Lawrence Lumeng, and Donald P. Doolittle. "Selective Breeding for 

Alcohol Preference and Associated Responses." Behavior Genetics 23.2 (1993): 163-70. 

Print.  

Li, Yun, Rita Sattler, Eun Ju Yang, Alice Nunes, Yoko Ayukawa, Sadia Akhtar, 

Grace Ji, Ping-Wu Zhang, and Jeffrey D. Rothstein. "Harmine, a Natural Beta-

carboline Alkaloid, Upregulates Astroglial Glutamate Transporter Expression." 

Neuropharmacology (2010). Print.  

Liljequist, Sture, and Jorgen Engel. "Effects of GABAergic Agonists and Antagonists 

on Various Ethanol-induced Behavioral Changes." Psychopharmacology 78.1 (1982): 71-

75. Print.  

Lyons W E, E B George, T M Dawson, J P Steiner, and S H Snyder. 

"Immunosuppressant FK506 Promotes Neurite Outgrowth in Cultures of PC12 Cells and 

Sensory Ganglia." Proceedings of the National Academy of Sciences of the Unite States 

of America 91.8 (1994): 3191-195. Print.  



78 
 

M. Foster Olive, Heather N. Koenig, Michelle A. Nannini, and Clyde W. Hodge. 

"Stimulation of Endorphin Neurotransmission in the Nucleus Accumbens by Ethanol, 

Cocaine, and Amphetamine." The Journal of Neuroscience 21 (2001): 1-5. Print.  

Maragakis, Nicholas J., and Jeffrey D. Rothstein. "Mechanisms of Disease: Astrocytes 

in Neurodegenerative Disease." Nature Clinical Practice Neurology 2.12 (2006): 679-89. 

Print.  

McBride, W.j., X.M. Guan, E. Chernet, L. Lumeng, and T.K. Li. "Regional 

Serotonin1A Receptors in the CNS of Alcohol-preferring and -nonpreferring Rats." 

Pharmacology Biochemistry and Behavior 49.1 (1994): 7-12. Print.  

Michel Lejoyeux. "Use of Serotonin (5-hydroxytryptamine) Reuptake inhibitors in the 

treatment of alcoholism." Alcohol and Alcoholism 31.1 (1996): 69-75. Print.  

Molander, A., H. H. Lido, E. Lof, M. Ericson, and B. Soderpalm. "The Glycine 

Reuptake Inhibitor Org 25935 Decreases Ethanol Intake And Preference In Male Wistar 

Rats." Alcohol and Alcoholism 42.1 (2006): 11-18. Print.  

Murphy, T. "Glutamate Toxicity in a Neuronal Cell Line Involves Inhibition of Cystine 

Transport Leading to Oxidative Stress." Neuron 2.6 (1989): 1547-558. Print.  

Myers, Catherine E., and Mark A. Gluck. "Context, Conditioning, and Hippocampal 

Rerepresentation in Animal Learning." Behavioral Neuroscience 108.5 (1994): 835-47. 

Print.  

Nakanishi, S. "Molecular Diversity of Glutamate Receptors and Implications for Brain 

Function." Science 258.5082 (1992): 597-603. Print.  



79 
 

Naranjo, C. A., M. Dongier, and K. E. Bremner. "Long-acting Injectable 

Bromocriptine Does Not Reduce Relapse in Alcoholics." Addiction 92.8 (1997): 969-78. 

Print.  

Ortiz, Jordi, Lawrence W. Fitzgerald, Maura Charlton, Sarah Lane, Louis 

Trevisan, Xavier Guitart, William Shoemaker, Ronald S. Duman, and Eric J. 

Nestler. "Biochemical Actions of Chronic Ethanol Exposure in the Mesolimbic 

Dopamine System." Synapse 21.4 (1995): 289-98. Print.  

Pandey, Subhash C., Mariann R. Piano, Dorie W. Schwertz, John M. Davis, and 

Ghanshyam N. Pandey. "Effect of Ethanol Administration and Withdrawal on Serotonin 

Receptor Subtypes and Receptor-Mediated Phosphoinositide Hydrolysis in Rat Brain." 

Alcoholism: Clinical and Experimental Research 16.6 (1992): 1110-116. Print.  

Peachey, John E., Helen M. Annis, Evelyn R. Bornstein, Kathy Sykora, Silveria M. 

Maglana, and Shmuel Shamai. "Calcium Carbimide in Alcoholism Treatment. Part 1: 

A Placebo-controlled, Double-blind Clinical Trial of Short-term Efficacy." Addiction 

84.8 (1989): 877-87. Print.  

Peter R Dodd, and Alison M Beckmann, Marks S Davidson, Peter A Wilce. 

"Glutamate-mediated Transmission, Alcohol, and Alcoholism." Neurochemistry 

International 37.5-6 (2000): 509-33. Print.  

Philippe De Witte, and Littleton, John and Parot, Philippe and Koob, George. 

"Neuroprotective and Abstinence-Promoting Effects of Acamprosate: Elucidating the 

Mechanism of Action." CNS Drugs 19.6 (2005): 517-37. Print.  



80 
 

Pin, J. "The Metabotropic Glutamate Receptors: Structure and Functions." 

Neuropharmacology 34.1 (1995): 1-26. Print.  

Rainer Spanagel, Albert Herz, and Toni S Shippenberg. "Opposing Tonically Active 

Endogenous Opioid Systems Modulate the Mesolimbic Dopaminergic Pathway." Proc. 

Nati. Acad. Sci. USA 89 (March, 1992): 2046-050. Print.  

Ramos, K.m., M.t. Lewis, K.n. Morgan, N.y. Crysdale, J.l. Kroll, F.r. Taylor, J.a. 

Harrison, E.m. Sloane, S.f. Maier, and L.r. Watkins. "Spinal Upregulation of 

Glutamate Transporter GLT-1 by Ceftriaxone: Therapeutic Efficacy in a Range of 

Experimental Nervous System Disorders." Neuroscience 169.4 (2010): 1888-900. Print.  

Raymond F. Anton, Darlene H. Moak, Randolph Waid, Patricia K. Latham, Robert 

J. Malcolm, and James K. Dias. "Naltrexone and Cognitive Behavioral Therapy for the 

Treatment of Outpatient Alcoholics: Results of a Placebo-Controlled Trial." The 

American Journal of Psychiatry 156.11 (1999): 1758-764. Print.  

Rawls, Scott M., Michael Zielinski, Hiren Patel, Steven Sacavage, David A. Baron, 

and Digvesh Patel. "Beta-lactam Antibiotic Reduces Morphine Analgesic Tolerance in 

Rats through GLT-1 Transporter Activation." Drug and Alcohol Dependence 107.2-3 

(2010): 261-63. Print. 

Richard K. Fuller, Laure Branchey, and Dennis R. Brightwell. "Disulfiram Treatment 

of Alcoholism : A Veterans Administration Cooperative Study." The Journal of 

American Medical Association 256.11 (1986): 1449-455. Print.  



81 
 

Richards DM, Heel RC, Brogden RN, Speight TM, Avery GS. "Ceftriaxone. A 

Review of Its Antibacterial Activity, Pharmacological Properties and Therapeutic Use." 

Drugs 27.6 (1984): 469-527. Print.  

Robert M. Swift. "Drug Therapy for Alcohol Dependence." The New England Journal 

of Medicine 340 (1999): 1482-490. Print.  

Robert T. Fremeau, Jr., Jonathon Burman, Tayyaba Qureshi, Cindy H. Tran, John 

Proctor, Juliette Johnson, Hui Zhang, David Sulzer, David R. Copenhagen, Jon 

Storm-Mathisen, Richard J. Reimer, Farrukh A. Chaudhry, and Robert H. 

Edwards. "The Identification of Vesicular Glutamate Transporter 3 Suggests Novel 

Modes of Signaling by Glutamate." Proceedings of the National Academy of Sciences of 

the United States of America 99.22 (2002). Print.  

Robinson, M. "Review Article The Family of Sodium-dependent Glutamate 

Transporters: A Focus on the GLT-1/EAAT2 Subtype." Neurochemistry International 

33.6 (1998): 479-91. Print. 

Rodd, Zachary A., Richard L. Bell, Helen J.K. Sable, James M. Murphy, and 

William J. McBride. "Recent Advances in Animal Models of Alcohol Craving and 

Relapse." Pharmacology Biochemistry and Behavior 79.3 (2004): 439-50. Print.  

Rossetti, Zvani L., Yousef Hmaidan, and Gian Luigi Gessa. "Marked Inhibition of 

Mesolimbic Dopamine Release: A Common Feature of Ethanol, Morphine, Cocaine 

and Amphetamine Abstinence in Rats." European Journal of Pharmacology 221.2-3 

(1992): 227-34. Print.  



82 
 

Rothstein, Jeffrey D., Sarjubhai Patel, Melissa R. Regan, Christine Haenggeli, 

Yanhua H. Huang, Dwight E. Bergles, Lin Jin, Margaret Dykes Hoberg, Svetlana 

Vidensky, Dorothy S. Chung, Shuy Vang Toan, Lucie I. Bruijn, Zao-zhong Su, 

Pankaj Gupta, and Paul B. Fisher. "β-Lactam Antibiotics Offer Neuroprotection by 

Increasing Glutamate Transporter Expression." Nature 433.7021 (2005): 73-77. Print.  

Rueben A. Gonzales, and Friedbert Weiss. "Suppression of Ethanol-Reinforced 

Behavior by Naltrexone Is Associated with Attenuation of the Ethanol-Induced Increase 

in Dialysate Dopamine Levels in the Nucleus Accumbens." The Journal of Neuroscience 

18.24 (1998): 10663-0671. Print.  

S. John Mihic, Qing Ye, Marilee J. Wick, Vladimir V. Koltchine, Matthew D. 

Krasowski, Suzanne E. Finn, Maria Paola Mascia, C. Fernando Valenzuela, Kirsten 

K. Hanson, Eric P. Greenblatt, R. Adron Harris, and Neil L. Harrison. "Sites of 

Alcohol and Volatile Anaesthetic Action on GABAA and Glycine Receptors." Nature 

389 (1997): 385-89. Print.  

Schreiber, S. "Chemistry and Biology of the Immunophilins and Their 

Immunosuppressive Ligands." Science 251.4991 (1991): 283-87. Print.  

Schroeder, Jason P., David H. Overstreet, and Clyde W. Hodge. "The MGluR5 

Antagonist MPEP Decreases Operant Ethanol Self-administration during Maintenance 

and after Repeated Alcohol Deprivations in Alcohol-preferring (P) Rats." 

Psychopharmacology 179.1 (2005): 262-70. Print.  

Schuckit, Marc A. "Alcohol-use Disorders." The Lancet 373.9662 (2009): 492-501. 

Print.  



83 
 

Seal, R. P., and S. G. Amara. "Excitatory amino acid transporters: A Family in Flux." 

Annual Review of Pharmacology and Toxicology 39.1 (1999): 431-56. Print.  

Shaw, G. K., S. Waller, S. K. Majumdar, J. L. Alberts, C. J. Latham, and G. Dunn. 

"Tiapride in the Prevention of Relapse in Recently Detoxified Alcoholics." The British 

Journal of Psychiatry 165.4 (1994): 515-23. Print.  

Shigeri, Y., R. Seal, and K. Shimamoto. "Molecular Pharmacology of Glutamate 

Transporters, EAATs and VGLUTs." Brain Research Reviews 45.3 (2004): 250-65. Print.  

Spanagel R, and Weiss F. "The Dopamine Hypothesis of Reward: Past and Current 

Status." Trends in Neurosciences 22.11 (1999): 521-27. Print.  

Steiner, Joseph P., Maureen A. Connolly, Heather L. Valentine, Gregory S. 

Hamilton, Ted M. Dawson, Lynda Hester, and Solomon H. Snyder. "Neurotrophic 

Actions of Nonimmunosuppressive Analogues of Immunosuppressive Drugs FK506, 

Rapamycin and Cyclosporin A." Nature Medicine 3.4 (1997): 421-28. Print.  

Suzdak, P., Glowa, J. Crawley, R. Schwartz, P. Skolnick, and S. Paul. "A Selective 

Imidazobenzodiazepine Antagonist of Ethanol in the Rat." Science 234.4781 (1986): 

1243-247. Print.  

Takamori, S. "VGLUTs: „Exciting‟ times for Glutamatergic Research?" Neuroscience 

Research 55.4 (2006): 343-51. Print.  

Tambour, Sophie, and Etienne Quertemont. "Preclinical and Clinical Pharmacology of 

Alcohol Dependence." Fundamental & Clinical Pharmacology 21.1 (2007). Print.  



84 
 

Tatebayashi, Hideharu, Motomura, Haruhiko, and Narahashi, Toshio. "Alcohol 

Modulation of Single GABAA Receptor‐channel Kinetics." Neuroreport 9.8 (1998): 

1769-775. Print.  

Thöne-Reineke, Christa, Christian Neumann, Pawel Namsolleck, Kristin 

Schmerbach, Maxim Krikov, Jan H. Schefe, Kristin Lucht, Heide Hörtnagl, Michael 

Godes, Susanne Müller, Kay Rumschüssel, Heiko Funke-Kaiser, Arno Villringer, U. 

Muscha Steckelings, and Thomas Unger. "The β-lactam Antibiotic, Ceftriaxone, 

Dramatically Improves Survival, Increases Glutamate Uptake and Induces Neurotrophins 

in Stroke." Journal of Hypertension 26.12 (2008): 2426-435. Print.  

Tomkins, D. M., A. D. Le, and E. M. Sellers. "Effect of the 5-HT3 Antagonist 

Ondansetron on Voluntary Ethanol Intake in Rats and Mice Maintained on a Limited 

Access Procedure." Psychopharmacology 117.4 (1995): 479-85. Print.  

Valenzuela, Fernando. "Alcohol and Neurotransmitter Interactions." Alcohol, Health & 

Research World 21.2 (1997): 144-48. Print.  

Vengeliene, V., A. Bilbao, A. Molander, and R. Spanagel. "Neuropharmacology of 

Alcohol Addiction." British Journal of Pharmacology 154.2 (2008): 299-315. Print.  

Wallis, Cleatus J., S. Mehdi Rezazadeh, and Harbans Lal. "Role of Serotonin in 

Ethanol Abuse." Drug Development Research 30.3 (1993): 178-88. Print.  

Wang, Yan, and Zheng-hong Qin. "Molecular and Cellular Mechanisms of Excitotoxic 

Neuronal Death." Apoptosis 15.11 (2010): 1382-402. Print.  



85 
 

Whitworth, A., H. Oberbauer, W. Fleischhacker, O. Lesch, H. Walter, A. 

Nimmerrichter, T. Platz, F. Fischer, and A. Potgieter. "Comparison of Acamprosate 

and Placebo in Long-term Treatment of Alcohol Dependence." The Lancet 347.9013 

(1996): 1438-442. Print.  

Wise, R. A., and P. P. Rompre. "Brain Dopamine and Reward." Annual Review of 

Psychology 40.1 (1989): 191-225. Print.  

Yaniv, D. "The Amygdala and Appraisal Processes: Stimulus and Response Complexity 

as an Organizing Factor." Brain Research Reviews 44.2-3 (2004): 179-86. Print.  

Yoshikatsu Kanai, Stephan Nussberger, Michael F. Romero, Walter F. Boron, 

Steven C. Hebert, and Matthias A. Hediger. "Electrogenic Properties of the Epithelial 

and Neuronal High Affinity Glutamate Transporter." J. Biol. Chem 270 (1995): 16561-

6568. Print.  

Youssef Sari, Kathryn D. Smith, Pir K. Ali, and George V. Rebec. "Upregulation of 

Glt1 Attenuates Cue-Induced Reinstatement of Cocaine-Seeking Behavior in Rats." The 

Journal of Neuroscience 29 (2009): 9239-243. Print.  

Zerangue, Noa, and Michael P. Kavanaugh. "Flux Coupling in a Neuronal Glutamate 

Transporter." Nature 383.6601 (1996): 634-37. Print.  

Zhou, Feng C., Robert N. Sahr, Youssef Sari, and Kamran Behbahani. "Glutamate 

and Dopamine Synaptic Terminals in Extended Amygdala after 14-week Chronic 

Alcohol Drinking in Inbred Alcohol-preferring Rats." Alcohol 39.1 (2006): 39-49. Print.  

 



86 
 

 

 

 

 

 

 

 


	The University of Toledo
	The University of Toledo Digital Repository
	2012

	Glutamate transporter 1 in the central nervous system : potential target for the treatment of alcohol dependence
	Sai Nandini Sreemantula
	Recommended Citation


	tmp.1403886611.pdf.lLIvw

