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Abstract 

 

The age at which an individual first uses alcohol is a powerful predictor of alcohol dependence 

later in life. Brain development and maturation continues during adolescence until adulthood in 

humans. There are continuous morphological and functional alterations within the brain areas 

involved in emotions, learning, decision-making and reward-motivated behaviors and alcohol 

exposure during this period may modify the development of these regions, increasing the 

sensitivity of adolescents to some of alcohol’s effects. Thus, adolescents might be or may 

become more sensitive to the rewarding properties of alcohol than adults. Despite the important 

role of glutamate neurotransmission for brain development and many other brain functions and 

despite the fact that ethanol consumption during adolescence may have a detrimental impact on 

these functions, we know surprisingly little about glutamatergic transmission in the adolescent 

brain and its modulation by alcohol. Here the acute effects of ethanol on glutamatergic 

neurotransmission in nucleus accumbens (NAc) were studied using brain slice 

electrophysiology and glutamate release and dynamics in the prefrontal cortex (PFC) were 

studied using enzyme-based microelectrode amperometry. 

The results of the present thesis reveal several age-dependent differences in glutamatergic 

neurotransmission in these brain regions. Using extracellular electrophysiology, I found that the 

inhibitory effect of acute ethanol on glutamatergic transmission (fEPSP/PS) in the NAc was 

higher in brain slices from adolescent animals compared to brain slices from adults. As 

previously reported, the mechanism by which acute ethanol inhibits glutamate 

neurotransmission was found to be presynaptic inhibition of glutamate release and this effect 

was blocked by GABA receptor antagonists. Moreover, acute ethanol was found to inhibit the 

induction on long-term potentiation (LTP) in the NAc. In the PFC, glutamate levels in freely 

moving animals were measured and it was found that basal levels of glutamate were more than 

three times higher in adolescent animals than in adults. Spontaneous release of glutamate in 

terms of glutamate transients was higher in the PFC of adolescent rats than in the PFC of adult 

rats. The transients were inhibited by ethanol in the adolescent animals but they were 

unaffected in the adults. The data in my thesis thereby confirms previous studies suggesting 

age-dependent differences in glutamatergic neurotransmission in response to ethanol and 

extend our knowledge about effects of ethanol on adolescent brain. These age-related 

differences and differential effects of alcohol on glutamate neurotransmission in adolescent 

animals may be a contributing factor underlying the increased susceptibility of a young 

individuals’ brain to develop alcoholism or other addictions later in life. 
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1. Introduction 
 

 

1.1 Alcohol use and abuse in society 

Alcohol is the most commonly available and abused drug in our societies. Unfortunately, 

problems related to its consumption such as consequences for an individual’s health like liver 

cirrhosis (Heron, 2004 National vital statistics report volume 56, number 5, www.cdc.gov), 

nephritis (kidney failure), alcoholic myopathy, ataxia, peripheral neuropathy, gastric ulcers, 

recurrent abdominal pain, problems with social life including violence, child abuse and 

maltreatment (The National Centre on Addiction and Substance Abuse report, 1999), 

problematic family relations (Leonard and Rothbard, 1999) and professional problems like loss 

of work efficiency (Booth and Feng, 2002) are common as well. In the United States 80,374 

people die every year due to excessive alcohol consumption which makes it the third leading 

cause of death. In the age group of 15 to 24 years, alcohol is the leading cause of death (centre 

for disease control-CDC, www.cdc.gov). The approximate cost of alcohol abuse is $185 billion 

annually in terms of health care, loss of productivity, and crime (National Institute on Drug 

Abuse-NIDA). 

In Sweden, with a population of 9.5 million individuals, about 330 000 are estimated to be 

addicted to alcohol while the number of people who abuse alcohol is around 780 000 

(Centralförbundet för alkohol och narkotikaupplysning report 130, 2011) and the calculated 

costs associated with alcohol use in terms of health care, social services, crime, research policy 

and prevention, and loss of productivity were estimated to be over 45 billion Swedish crowns in 

2011 (Allbeck et al., 2012). Thus, in addition to problems at the individual level, alcohol 

consumption is also a financial burden on society.  

Epidemiological studies have repeatedly come to the conclusion that age at first alcohol use is a 

powerful predictor of lifetime alcohol dependence (DeWit et al., 2000; Grant et al., 2001; 

Hingson et al., 2006a and b). It is, therefore, important to work both preventatively in order to 

protect the young people from developing alcoholism and also to find better treatments for those 

who have become addicted. This thesis is focused on understanding age-dependent 

neurobiological effects of alcohol and hopefully, the obtained knowledge from this field of 

neuroscience and other research areas will be useful in understanding the mechanisms by 

which alcohol affects the young brain and develop or improve treatments based on these 

understandings. 

 

1.2 Alcohol abuse, dependence and addiction  

The Diagnostic and Statistical Manual of Mental Disorders (DSM-IV, 1993), characterizes abuse 

and dependence separately. According to DSM-IV, alcohol abuse is defined as the 

http://www.cdc.gov/
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maladaptive recurrent alcohol use leading to clinically significant impairment or distress as 

manifested by one (or more) of the following, occurring within a 12-month period: 1) recurrent 

alcohol use despite failures to fulfil major obligations at work, school or home 2) recurrent 

alcohol use in physically hazardous situations 3) recurrent alcohol use-related legal problems 4) 

continued alcohol use despite persistent or recurrent social problems caused or exacerbated by 

the effects of alcohol.  

Alcohol dependence, which is the more severe diagnosis, is characterized by or defined as a 

maladaptive pattern of alcohol use leading to clinically significant impairment or distress, as 

manifested by three (or more) of the following, occurring any time within the same 12-month 

period: 1) tolerance, defined as markedly increased amounts of alcohol consumption to achieve 

intoxication or the desired effect or markedly diminished effect with the use of same amount of 

alcohol 2) The characteristic withdrawal syndrome for alcohol; or drinking (or using a closely 

related substance) to relieve or avoid withdrawal symptoms 3) alcohol is consumed in larger 

amounts or over a longer period than was intended 4) a persistent desire or unsuccessful efforts 

to cut down or control use of alcohol 5) a great deal of time is spent in activities necessary to 

obtain alcohol, using alcohol or recovering from its effect 6) important social, occupational, or 

recreational activities are given up or reduced because of the continued alcohol use 7) alcohol 

use is continued despite knowledge of having a persistent or recurrent physical or psychological 

problem that is likely to have been caused or exacerbated by the alcohol. 

Recently, DSM-V has been published and in this updated version alcohol abuse and 

dependence has been merged together into a single disorder measured on a continuum from 

mild to severe. As mentioned above, a diagnosis of alcohol abuse previously required only one 

symptom, but, mild substance use disorder in DSM-V requires two to three symptoms from a list 

of 11. The criterion regarding alcohol-related legal problems has been eliminated because 

cultural differences made the criterion difficult to apply internationally. In addition, the DSM-V 

has added craving as a new criterion which can be defined as a strong urge or desire to 

consume a substance even after long periods of abstinence. 

The currently available drugs for alcohol addiction like naltrexone (O´Malley et al., 1992; 

Volpicelli et al., 1992), acamprosate (Sass et al., 1996), busiprone (Kranzler et al., 1994) have 

been helpful in alleviating alcohol consumption, however, the effect of these drugs seem to be 

limited and varying in different populations, as in case of naltrexone, where alcoholics with a 

family history of alcoholism show better reductions in alcohol consumption compared to 

alcoholics with no family history of alcoholism (Anton et al., 2008; Gelernter et al., 2007: 

Krishnan-Sarin et al., 2007). In case of acamprosate, the effectiveness of the drug in 

maintaining abstinence has not been consistent, with European studies showing it to be 

effective, while some American findings suggest no or modest effects (Mann et al., 2004; Anton 

et al., 2006; Mason et al., 2006). Despite psychological and pharmacological treatment in some 

studies the relapse to alcohol consumption was found in 50% of patients within 12 weeks of 

treatment with naltrexone (O´Malley et al., 1992) and in 60% within 1 to 12 weeks following 

acamprosate treatment. With a combination of naltrexone and acamprosate treatment the 
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relapse occurred in 25% of all the patients (Kiefer et al., 2003). Clearly, better treatments are 

needed but the problem is that, despite research progress in the last couple of decades, the 

neurobiology of addiction is still far from clear and we need better understanding of how alcohol 

affects the brain. 

A variety of external and internal factors that initiate, sustain and direct behavior can be referred 

to as motivational cues. Natural rewards such as food and water, which are required for 

physical well-being and survival (hunger and thirst), provide a satiating or positive feeling once 

consumed and thereby provide positive reinforcement of the preceding behavior. Drugs of 

abuse share similar properties with natural rewards initially, but consumption of addictive drugs 

is more positively reinforcing than natural rewards. The idea of positive reinforcement by drugs 

of abuse has been suggested as a primary initial factor driving the development of drug 

dependence. Repeated use of drugs of abuse may lead to a decrease in their reinforcing effect 

which in turn may lead to a compensatory increase in the amount of drug consumed. Long-term 

drug use can in fact result in negative psychological and physiological effects if consumption is 

suspended, thus inducing continued drug use as a means to evade the aversive consequences 

of drug withdrawal i.e. negative reinforcement. This theory of positive and negative 

reinforcement provides a general idea about the initiation and persistence of drug use (see 

Cami and Farre, 2003, Feltenstein and See, 2008), although, it is still unable to explain many 

other aspects of drug dependence like relapse of drug seeking and drug-taking following a 

prolonged period of abstinence. Other theories of addiction have been proposed, for example, 

the theory of pathological shift of hedonic-set points in the drug user, requiring high amounts of 

drug to attain the same rewarding feeling as with first exposure (Koob and Le Moal, 1997). The 

theory of incentive sensitization (Robinson and Berridge, 1993; Robinson and Berridge, 2001) 

proposes that drug abuse induces modifications in number of neural systems, especially in 

brain areas involved in incentive motivation and reward for natural reinforcers like food, water 

and sex. Thereby, repeated drug use leads to a shift from drug-liking to drug-wanting which in 

turn leads to compulsive or habitual patterns of drug-seeking behavior.  

Several other theories specifically explaining the course and perseverance of drug addiction 

offer to explain the persistent nature of addictive behaviors that include a shift of neural control 

over drug-taking behavior from the prefrontal cortex (PFC) to nucleus accumbens (NAc) and 

eventually to dorsal striatum possibly mediated via neuroplasticity changes in these regions 

(see Everitt and Robbins, 2005; Koob and Volkow, 2010). Changes in prefrontal cortical 

functions are suggested to lead to loss of behavioral control and decision-making ability and 

thereby increase the risk of relapse and decrease the ability to terminate potentially harmful 

behaviors (Goldstein and Volkow, 2002; 2011). The maladaptive learning theory suggests that 

because addictive drugs induce larger dopamine release, an abnormal stimulus-response 

behavior is learned and makes drug-related stimuli more salient than stimuli related to natural 

rewards (see Di Chiara, 1999). Each of these theories covers or explains unique aspects of 

addiction as a process and there is often significant overlap among these different perspectives.  



Devesh Mishra 

4 

 

Although, it seems difficult to define addiction in humans by just one of the above theories, there 

are many aspects of the neurobiological substrates underlying addiction that are common 

across species that can be studied using animal models. For example, all drugs of abuse, lead 

to an excessive release of the neurotransmitter dopamine in the NAc (Imperato and Di Chiara, 

1986; Di Chiara and Imperato, 1988; Volkow et al., 2004). The dopaminergic pathways have 

been extensively implicated for their involvement in the rewarding properties of both natural 

stimuli and addictive drugs and dopamine release appears necessary for reward (Di Chiara and 

Imperato, 1988: Hernandez and Hoebel, 1988). Moreover, various manipulations of the 

dopaminergic systems alter drug self-administration in animals (Roberts et al., 1980; Roberts 

and Koob, 1982; Hubner and Koob, 1990). Therefore, the large release of dopamine is 

assumed to provide positive reinforcement for drug self-administration and possibly initiating the 

addiction process. 

Nevertheless, certain manipulations of dopaminergic neurotransmission like infusion of a 

dopamine receptor antagonist or selective lesions of dopamine neurons in the NAc using 6-

hydroxydopamine which can block psychostimulant self-administration (Lyness et al., 1979; 

Belin and Everitt, 2008), however, failed to affect alcohol self-administration (Rassnick et al., 

1993), suggesting dopamine-independent mechanisms maintaining alcohol self-administration. 

Moreover, following repeated drug use (alcohol) other brain regions like the PFC have been 

shown to be dysfunctional as well. Normally, the PFC mediates the executive functions of the 

brain, including inhibitory control of potentially harmful activities. Thus, loss of PFC functions, as 

seen in alcohol addicts, results in a compromised ability to control craving and thereby, relapse 

to alcohol consumption (Goldstein and Volkow, 2011). Once addicted an individual develops 

such a strong motivation to consume the drug that he/she is unable to inhibit or control the 

alcohol consumption despite awareness of the negative consequences associated with alcohol 

consumption. Overall, alcohol-induced increases in dopamine in the NAc are thought to underlie 

the reinforcing responses to alcohol consumption (Weiss et al., 1993) and could be termed as 

an initial stage of addiction via positive reinforcement. With repeated alcohol consumption 

there is a series of adaptations resulting in tolerance which may manifest as withdrawal 

symptoms. At the same time there may be loss of control (dysfunctional PFC) over alcohol-

intake resulting in compulsive alcohol consumption which characterizes addiction.  

 

1.3 Alcohol consumption and the developing brain: why age matters? 

As mentioned above, a number of epidemiological studies have shown that age at first alcohol 

use predicts the risk of lifetime alcohol dependence (DeWit et al., 2000; Hingson et al., 2006a 

and 2006b). Individuals who report consumption of alcohol before the age of 15 are four times 

more likely to also report meeting the criteria for alcohol dependence later in their lives (Grant 

and Dawson, 1998; Dawson et al., 2008; Hicks et al., 2010). Human brain imaging studies 

reveal that alcohol addicts show depletion in cortical grey matter [consisting of neuronal cell 

bodies, neuropil, glial cells (astroglia and oligodendrocytes) and capillaries] (Pfefferbaum et al., 

1998; 2001; Fein et al., 2002) when compared to those of healthy volunteers. Many brain 
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regions continue to mature until adulthood; therefore, alcohol consumption during adolescence 

may severely affect brain development and function. Indeed, adolescent brain scans reveal that 

alcohol affects the health of white matter in the brain with a less efficient thinking process as a 

possible outcome (McQueeny et al., 2009). McQueeny and colleagues (2009) utilized diffusion 

imaging technique in which a high fractional anisotropy index is a measure of hindrance of 

water diffusion, which in turn is related to the presence of oriented structures. Fractional 

anisotropy index has been used in studies to evaluate the influence of alcohol use on white 

matter integrity (Rosenbloom et al., 2003) and it has been shown to be reduced in the corpus 

callosum (Schulte et al., 2005, see Pfefferbaum and Sullivan, 2005 and references therein), 

right frontal lobe (Harris et al., 2008), and global white matter in adults (McQueeny et al., 2009). 

Supporting the idea that disturbances in white matter integrity may lead to inefficient information 

processing, a recent longitudinal brain imaging study showed that adolescents who developed 

heavy alcohol drinking habits during a three-year period performed worse than those who were 

still non-users on tasks requiring working memory (Squeglia et al. 2012).  

So far, ethical boundaries have limited our knowledge of the neurobiological differences 

between human adolescents and adults, but animal models have been helpful in examining 

age-dependent differential effects of ethanol. Thus, studies in rats have demonstrated several 

age-dependent differences in response to ethanol (see Spear, 2013). For example, when given 

free access to ethanol, adolescent rats consumed more (Doremus et al., 2005). Adolescent rats 

also show reduced taste aversion (Vetter-O'Hagen et al., 2009) and reduced sensitivity to motor 

impairing effect of ethanol when compared to adults (Silveri and Spear., 2001). Ethanol is also 

known to interfere with learning and memory and has been shown to induce greater impairment 

in a hippocampus-regulated spatial memory task in adolescent animals compared to adults 

(Markwiese et al., 1998). Moreover, adolescent animals are more sensitive to ethanol-induced 

neurodegeneration compared to adults (Crews et al., 2000, 2004; Pascual et al. 2007). At the 

synaptic level, ethanol-mediated inhibition of glutamatergic neurotransmission is greater in 

adolescents than in adults (White and Swartzwelder, 2005).  

 

1.4 Glutamate and glutamatergic neurotransmission  

The excitatory neurotransmitter glutamate mediates almost 70% of neurotransmission within the 

central nervous system (see Danbolt, 2001 and references therein) and is thought to be central 

in regulating neuroadaptational processes in the brain (see Selemon, 2013). Glutamate is 

packed into synaptic vesicles in the presynaptic terminal by vesicular glutamate transporters 

(vGluTs) using a proton gradient generated using the energy from hydrolysis of adenosine 

triphosphate (ATP). So far, three different vGluTs have been identified (vGluT1–3) (Danbolt, 

2001; Shigeri et al., 2004). Following release, glutamate is cleared from the extracellular space 

by a family of sodium (Na
+
)-dependent excitatory amino acid transporters (EAATs) and 

identified distinctly as EAAT1 to 5. EAAT1–3, are also known as GLAST, GLT-1, and EAAC1, 

respectively. EAAT2 and EAAT5 are expressed in presynaptic terminals, EAAC1 and EAAT4 

are present postsynaptically, and GLAST and GLYT-1 are expressed in glial cells. The EAATs 
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prevent excessive accumulation of extracellular glutamate, which can result in excitotoxicity. 

The major part of glutamate uptake is mediated by GLAST and GLT-1 and once inside the glial 

cells, glutamate is converted to glutamine by glutamine synthetase which is then secreted from 

the glia and taken up by the presynaptic terminal for conversion back to glutamate by 

glutaminase. Glutamate can also be transported from the glial cells to the extracellular 

environment by the cysteine-glutamate exchanger (Xc) (Melendez et al., 2005; Baker et al., 

2002). 

Glutamate released in the extracellular space can bind to two different classes of glutamate 

receptors (iGluRs); the ionotropic receptors (N-methyl-D-aspartate (NMDA) receptor, the alpha-

amino- 3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor, and the kainic acid 

(kainate, KA) receptor) and the metabotropic glutamate receptors (mGluR group I and II).  

 

1.4.1 Ionotropic glutamate receptors 

NMDA receptors are heterotetrameric protein complexes that form ligand-gated ion channels 

composed of two NR1 subunits (at least eight splice variants exist) and a combination of two 

NR2A-D and NR3A or 3B subunits (see Dingeldine et al., 1999; Stephenson, 2006 and 

references therein). In addition to glutamate which is an endogenous agonist, the stimulation of 

NMDA receptors also requires a co-agonist such as D-serine, glycine or D-alanine. The NR2 

subunit contains the glutamate binding domain and the NR1 subunit contains the glycine 

binding domain. During hyperpolarized states, the NMDA receptor channel pore is blocked by 

Mg
2+

 ions, but once adequate membrane depolarization has been established, the Mg
2+

 block is 

removed, allowing the influx of Ca
2+

 ions causing a large depolarization. Notably, NMDARs 

containing the subunits NR2C, NR2D and NR3 have a reduced Mg
2+

 inhibition and require 

lower depolarization to open the NMDA receptor channel pore (Momiyama et al., 1996; 

Chatterton et al., 2002; see Cull-Candy and Leszkiewicz, 2004). The NMDA receptor is 

permeable to K
+
 and Na

+ 
ions as well. Activation of the NMDA receptor is modulated by 

polyamines and is inhibited by Zn
2+

. The subunit composition of NMDA receptors is 

ontogenetically regulated with predominant NR2B subunits initially and switched to NR2A 

dominance with development (Sheng et al., 1994; Quinlan et al., 1999). Apart from the 

postsynaptic nerve terminals, NMDA receptors have also been shown to be expressed on 

presynaptic terminals (Casado et al., 2000) as well as on glial cells including microglia, 

astrocytes, and oligodendrocytes (Paoletti and Neyton, 2007).  

AMPA receptors are ligand-gated ion channels which are heterotetrameric protein complexes 

composed of subunits termed GluR1–4 (also termed GluRA-D). Each GluR subunit contains a 

binding site for glutamate (see Dingledine et al., 1999 and references therein). Once activated, 

AMPA receptors become permeable to various cations including Ca
2+

, Na
+
 and K

+
. The majority 

of AMPA receptors in the brain contain GluR2 subunits, which render the channel impermeable 

to Ca
2+

. AMPA receptor function can also be blocked by polyamines-mediated ion channel block 

(Bowie and Mayer 1995; Bowie et al., 1998). 
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KA receptors are tetrameric protein complexes forming ligand-gated ion channels composed of 

different subunits. These subunits are named GluR5-7. KA receptors are permeable to Na
+
 and 

K
+
 ions and activated upon Na

+
 influx. KA receptors, along with postsynaptic sites, are also 

localized on presynaptic terminals where they can modulate neurotransmitter release (see, 

Huettner, 2003 and references therein). 

 

1.4.2 Metabotropic glutamate receptors  

As mentioned above, along with ionotropic receptors, glutamate can also bind to metabotropic 

glutamate receptors (mGluRs).The mGluRs are located throughout the extraceulllar space with 

perisynaptic location on glial cells, on the presynaptic terminals and on postsynaptical terminals. 

Structurally mGluRs are seven transmembrane domain-containing G-protein coupled receptors 

and are thought to be mediating slower, modulatory neurotransmission compared to ionotropic 

receptors (see Conn and Pin, 1997 and references therein; Cooper et al., 2003). mGluRs are 

divided into two distinct groups:  

Group I mGluRs are further divided into mGluR1 and mGluR5. Group I mGluRs activate the 

Gαq class of G-proteins, stimulating phospholipase C, resulting in phosphoinositol hydrolysis 

and formation of lipid signalling intermediates such as inositol triphosphate (IP3) and 

diacylglycerol (DAG), which in turn can activate various intracellular messengers including 

protein kinase C (PKC). Activation of Group I mGluRs also activates calcium release from IP3 

receptor-mediated intracellular stores, which in turn could activate other intracellular 

messengers such as Ca
2+

-calmodulin dependent kinase II (CaMKII). Group I mGluRs, 

particularly mGluR5, are positively coupled to NMDA receptor function via PKC, and are 

structurally linked to these receptors as well as to IP3-gated intracellular Ca
2+

-channels via the 

Homer family of proteins. Group I mGluRs are located on postsynaptic cells (mGluR5 on glial 

cells as well) and seldom present on presynaptic terminals. 

Group II (mGluR2 and mGluR3) and Group III (mGluR4, mGluR6, mGluR7 and mGluR8) 

mGluRs activate the Gαi class of G-proteins and are negatively coupled to adenylyl cyclase 

(AC) activity. Stimulation of these receptors results in a decreased intracellular levels of cyclic 

adenosine monophosphate (cAMP). Group II and Group III mGluRs are located on presynaptic 

terminals, particularly mGluR2 and mGluR3, and mediate the classical inhibitory autoreceptor 

mechanism that suppresses glutamate release. mGluR3 and mGluR5 are also localized on glial 

cells such as astrocytes. All these receptors play a significant role in generating and /or 

modulating action potentials and therefore, regulating neurotransmission (see Hermans and 

Challiss, 2001; Coutinho and Knopfel, 2002; and references therein, Mudo et al., 2007)  

In addition to its role in synaptic transmission, activation of NMDA receptors can trigger various 

intracellular signalling cascades including protein kinase A (PKA), mitogen-activated protein 

kinase, and extracellular signal-regulated kinase. Activation of additional signalling molecules, 

like PKC, can also be achieved by stimulation of mGluRs. Together, the simultaneous activation 

of NMDA and mGluRs activates a host of intracellular signalling pathways that result in protein 

phosphorylation of ion channels, other kinases, and transcription factors that eventually lead to 
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the molecular events underlying synaptic plasticity. These events can lead to branching and 

development of synapses via de novo protein synthesis, changes in gene expression and 

cytoskeletal remodelling. Convincingly, glutamate-mediated synaptic plasticity has been shown 

to induce changes in iGluR subunit trafficking such as insertion of AMPA receptors into 

postsynaptic plasma membrane. It is believed that iGluRs, especially NMDA and AMPA are 

necessary for the induction of many forms of synaptic plasticity including long-term potentiation 

(LTP), which is considered to be the experimental equivalent of learning and memory, inducing 

similar changes at cellular and molecular levels in the brain (see Malenka and Bear, 2004).  

 

1.5 Learning and memory 

Learning is the process by which we acquire knowledge about our surroundings, while memory 

is the process by which that knowledge is encoded, stored and later retrieved. During high 

frequency stimulation (HFS) large amounts of glutamate is released which in turn activates 

glutamate receptors. Activation of ionotropic receptors depolarizes the cell and removes the 

voltage-dependent Mg
2+

-blockade of the NMDA receptors resulting in Ca
2+

 influx leading to 

even stronger depolarization. Increased intracellular Ca
2+

 activates a variety of Ca
2+

-dependent 

enzymes (kinases) and triggers the early, protein synthesis–independent phase of LTP also 

known as early-LTP (E-LTP). Following the induction of E-LTP, a synapse may undergo further 

strengthening and develop so called late phase LTP. This late phase or L-LTP has been 

proposed to be the mechanism by which long-term memory is stored (see Malenka and Bear, 

2004; Lynch, 2004; Kandel, 2000). It is dependent on the synergistic activation of target cell, 

through various inputs like excitatory glutamatergic inputs and modulatory dopaminergic inputs. 

Along with repeated and strong glutamate stimulation, dopamine triggers the formation of cAMP 

via activation of the dopamine D1 receptors which induces the cAMP-PKA-CREB (cAMP-

response-elements binding protein) pathway responsible for triggering the formation of new 

membrane proteins and facilitating the branching of the synapse. Following LTP the surface 

expression levels of AMPA has been shown to be increased (see Bear, 2003 and references 

there in) and this increased expression along with new protein synthesis triggers further 

branching and strengthening of synapses.  

Recent behavioral experiments, assessing the physiological correlates for learning, report LTP-

like increases in hippocampal synaptic activity in mice that were trained in a hippocampus-

dependent procedure known as trace eye blink conditioning (Gruart et al., 2006) and support 

the relation between learning and neuronal activity. Moreover, both learning (water maze test) 

and plasticity were shown to be affected in the presence of NMDA receptor antagonist (AP-5) 

which indicated that this glutamate receptor subtype controls the induction of LTP (Morris et al., 

1989; Harris et al., 1984; see Morris, 2013 and references therein). By using knockout models 

where the animals lack the NR1 subunit of NMDA receptors specifically located on pyramidal 

cells in the CA1 region of hippocampus, Tsien and colleagues (1996) have shown that HFS 

failed to induce LTP in the mutant mice while LTP could be readily induced in the wild type 

animals. Moreover, after training, the wild type animals were able to learn and find the location 
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of a submerged platform in the water maze test faster compared to the mutant mice. 

Furthermore, the knock out animals were slower to learn initially, and did not remember where 

the platform was and spent equal amount of time (25%) in all quadrants of the water maze 

cylindrical tank.  

The above mentioned studies were based on tasks requiring learning and potentiation of 

synapses in the hippocampus, but the processes regulating reward related behaviors are still 

being examined and have been difficult to pin-down. Experiments performed by Schultz and 

colleagues support the basis of reward based learning. In these experiments, single 

dopaminergic neurons were recorded in alert monkeys while they received appetitive rewards 

like fruit juice. The neurons were transiently potentiated upon receiving the juice while other 

stimuli (aversive) like air puffs to the hand did not cause the transient activation of neurons. 

After repeated pairing of visual (light) and auditory (tone) cues followed by reward, the timing of 

activation of neurons changed from firing just after the reward was delivered to the exact time 

when the cue was presented. This change in neuronal activation resembles the transfer of the 

animals appetitive-reward mediated potentiation reaction initially, to a learned response i.e. from 

unconditioned stimulus to conditioned stimulus-learning. In another experiment a naïve monkey 

was required to press a lever, before appearance of a light, to receive an appetitive reward. 

After several days of training, the animals learned to reach the lever as soon as the light was 

turned on and this behavioral change correlated with the firing pattern of dopaminergic neurons 

(Mirenowicz and Schultz, 1996, see Schultz et al., 1997). These studies suggest an intricate 

relationship between reward and learning.  

 

1.6 Brain regions mediating reward-related behaviors  

The brain’s reward circuitry was first discovered by Olds and Milner in the early 1950s. They 

showed that animals recurrently returned to an area in which they had received mild electrical 

stimulation of subcortical structures anatomically associated with the medial forebrain bundle. 

The animals would unfailingly perform tasks (e.g. lever pressing) in order to receive brain 

stimulation (Olds and Milner 1954, Olds, 1956; Olds, 1958; see Milner, 1991 and references 

therein). Extensive mapping studies of the rodent brain, confirmed that a large majority of the 

brain sites supporting brain stimulation reward are associated with the nuclei of origin, tracts 

and terminal region of the medial forebrain bundle i.e. the hypothalamus and related structures. 

Gallistel and colleagues, (1981), using electrophysiology, determined that the neural substrate 

supporting electrical brain stimulation reward was the myelinated descending neural fiber 

system of the medial forebrain bundle. This system was shown to originate in the deep 

subcortical limbic region anterior to the hypothalamus and preoptic area, descending to the 

ventral tegmental area of the midbrain via the medial forebrain bundle, and then ascending, 

again via the medial forebrain bundle, to a specific group of forebrain limbic regions including 

the NAc, olfactory tubercle and frontal cortex. Following the leads from the above experiments, 

direct stimulation of the NAc using different drugs of abuse or electrical stimulations have 

established that this region is a key regulator in the generation of reward-motivated behaviors 
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and changes in neural plasticity within this region can underlie and explain many addiction-

related behaviors (see Gardner, 2011 and references therein). 

 

1.6.1 Nucleus accumbens  

The NAc consists of gamma (γ) aminobutyric acid (GABA)-ergic medium spiny neurons (MSNs) 

accounting to almost 95% of the neuronal population in the NAc with the rest 5% being the local 

circuit cholinergic and GABAergic interneurons (Kawaguchi, 1993a). In vivo electrophysiological 

recordings of medium spiny neurons show a representative pattern of spontaneous activity 

consisting of long periods of silence (down-state) and by brief episodes of firing (up-state) 

(Wilson and Kawaguchi 1996). Under in vitro conditions, MSNs display this two membrane 

potential states: a hyperpolarized down-state (-60 to -90 mV), when MSNs are in their resting 

stage, which is attributable to the activation of a strong and rapidly activating inwardly rectifying 

potassium-selective current known to be present in these cells (Nisenbaum and Wilson, 1995). 

Once depolarized, the MSNs display a membrane potential of -60 to -40 mV. This up-state or 

depolarized state is dependent on the stimulations coming from a large number of cortical and 

thalamic fibres in the striatum. During the up-state the membrane potential may reach the spike 

threshold which triggers a train of spikes in the MSN (Calabresi et al., 1990a and b; Wilson, 

1993). Disturbances in these two-state potentials have been proposed as major 

neuroadaptations underlying addiction (Mu et al., 2010; Kim et al., 2011).  

NAc receives glutamatergic inputs and acts as an interface between limbic and movement 

controlling brain structures (Mogenson et al., 1980). It integrates the limbic (from ventral 

hippocampus) and cortical (from medial PFC) information and projects to the ventral pallidum 

which sequentially sends feedback projections to the PFC via medio-dorsal nucleus of the 

thalamus (Groenewegen et al., 1999). Therefore, the NAc plays an important role in the 

integration of contextual learning and executive/motor plans from the hippocampus and PFC 

respectively, and its output controls goal-directed behaviors (see Goto and Grace, 2008 and 

references therein). Behavioral studies in animals revealed that the NAc generates learned or 

instrumental behaviors elicited by cues predicting natural or drug reward (Everitt and Wolf, 

2002; Kelley and Berridge, 2002). The GABAergic NAc projections to the ventral pallidum also 

modulate or control adaptive motor behaviors (Zahm, 2000). Adaptive motor responses are 

generated as a result of an organism, having obtained information from its external environment 

and internal cues, interpreting and utilizing both factors in producing an appropriate behavior 

supporting the survival in changing circumstances. For example, obtaining food in nature by 

wild animals in absence or presence of their predators, or lever pressing by laboratory animals 

in a particular pattern that would result in to a food or drug reward. NAc is further divided into 

functionally and anatomically distinct sub-regions, the NAc core (AcbC) and shell. 

Pharmacological inactivation of the AcbC reduces the response to rewarding cues in rats, 

suggesting its involvement in regulating goal-directed behavior, while the shell facilitates 

alterations in behavior (task switching) in response to changes in the incentive value of 

conditioned stimuli, suggesting an overall adaptive function of NAc for obtaining rewards (see 
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Ambroggi et al., 2011 and references therein). Up to this point we have seen that NAc is the key 

regulator of reward-related behaviors and these behaviors are generated by changes in 

neuronal activity in the NAc. This neuronal activity of MSNs in the NAc, as mentioned above, is 

directly dependent on the upstream regions like the PFC, sending direct glutamatergic inputs in 

to it.  

 

1.6.2 Prefrontal cortex  

The PFC consists of glutamatergic pyramidal neurons representing around 80% of the neuronal 

population while 20% are GABAergic interneurons (Zhang, 2004; Chang and Luebke, 2007). 

The cortical pyramidal neuron population is diverse based on their size, dendritic morphology, 

and firing properties. These neurons are grouped into two classes: 1) regular spiking neurons 

that show little or slower adaptation during repetitive firing and 2) intrinsically bursting neurons 

that display more complex patterns of firing. In the prefrontal cortex of both rodents and 

primates, the regular spiking neurons are further divided in three types: regular spiking 1 and 2 

and fast accommodating neurons based on their responses to current injections. Regular 

spiking 1 respond to current injection by smooth increases in action potential frequency with 

little change in action potential threshold or amplitude. Regular spiking 2 neurons show 

decreasing action-potential height and an increase in action potential firing threshold whereas 

Fast accommodating neurons show similar changes in action potential characteristics along 

with a robust accommodation in spiking. Intrinsically bursting neurons make up only a small 

percentage of neocortical pyramidal neurons and generate three to six spikes during threshold 

amounts of stimulation. 

GABA interneurons are divided in four different classes based on spiking patterns during 

current injection (Kawaguchi, 1993b and 1995): a) fast-spiking neurons are in majority and 

display rapid action potentials (~0.5 ms half-width) each followed by a deep after-

hyperpolarization, b) late spiking interneurons display a slowly developing depolarization during 

current injection that eventually triggers spikes, c) low threshold spike neurons generate action 

potentials upon current injection only when cells are held at fairly hyperpolarized potentials (<–

70mV) and d) regular spiking non-pyramidal neurons show a slow adaptation to firing and have 

prominent hyperpolarization-induced inward currents. 

The Rat PFC can be subdivided in to medial, later and orbital structures. The medial PFC 

(mPFC) is further divided into four parts: the medial agranular, anterior cingulate, prelimbic and 

infralimbic cortex (Berendse and Groenwegen, 1991; Hoover and Vertes, 2007). PFC organizes 

behavior in a sequential manner and it is involved in executive function involving attention, 

planning, and decision making. The rodent PFC has been a subject of dispute and the main 

issue of controversy is whether rats have a prefrontal area that is comparable with the PFC of 

primates. In their review, Uylings and colleagues (2003) established that rodents do in fact have 

a region of the frontal cortex which could be defined both anatomically and functionally as PFC 

and is comparable to the dorsolateral PFC of primates and humans (also see Ongur and Price, 

2000 and references therein). Furthermore, another review by Seamans and colleagues (2008), 
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describing electrophysiological findings, have taken this a step further by suggesting that the rat 

medial PFC combines rudiments of the both primate dorsolateral PFC and anterior cingulate 

cortex at an elementary level which in primates may perhaps have formed the building blocks 

required for evolutionary expansion of the PFC dorsally. Recent reviews have projected 

different regions of PFC modulating the fear and reward related behaviors. (see Peters et al., 

2009; Richard and Berridge, 2013 and references therein). 

 

1.7 Dopaminergic neurotransmission and drugs of abuse 

The dopaminergic neurons originating in the ventral tegmental area (VTA), project to the NAc, 

PFC, basolateral amygdala (BLA) and extended amygdala (Dahlström and Fuxe, 1964; see 

Koob, 1992 and references therein). The mesolimbic dopamine system (VTA to NAc) has been 

shown to be activated in both rodents and primates by various natural rewards like food, water, 

sexual activity and during expectation of these events as well (Wise and Leeb, 1993; Schultz et 

al., 1997). In addition, all drugs of abuse including alcohol (Imperato and Di Chiara, 1986; see 

Di Chiara and Imperato, 1988; Hemby et al., 1995) increase dopamine in the NAc through 

various mechanisms (see Table 1). However, it should be noted that lesions of the mesolimbic 

dopamine neurons do not completely abolish alcohol-reinforced behaviors in animals implying 

that dopamine might be necessary for alcohol reinforcement but not essential in mediating 

alcohol reinforced behaviors (Rassnick et al., 1993). 

Thus, although dopamine is important in mediating reinforcements dependence-producing 

drugs do not only interact with the dopaminergic system but also affect other neurotransmitter 

systems directly or indirectly including the excitatory glutamatergic system.  

 

Drugs of abuse Mechanism of dopamine release in NAc 

Stimulants (Cocaine, amphetamines) Block dopamine transporters (DAT) or increase 

dopamine release from terminals  

Opiods (heroin) Disinhibits inhibition of dopaminergic neurons in 

VTA via µ-opioid receptors. 

Nicotine Direct and indirect activation of VTA dopaminergic 

neurons through pre- and postsynaptic nicotinic 

receptors on glutamatergic terminals and on VTA 

dopaminergic neurons. 

Alcohol Multiple targets, facilitates GABA inhibitory 

neurotransmission, disinhibits VTA dopaminergic 

neurons from GABA interneurons or affects the 

glutamate terminals in the VTA, which are directly 

regulating dopamine release in the NAc. 

 

 

Table 1. How different drugs may increase dopamine release in NAc. 
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1.8 Effects of ethanol on glutamatergic transmission 

The NAc receives glutamatergic inputs from various brain regions like PFC, basolateral 

amygdala (BLA), hippocampus and hypothalamus (see Sesack and Grace, 2010 and 

references therein) mediating goal-directed behavior. Abnormal plasticity in these glutamatergic 

pathways has been suggested to underlie the course of addiction (see Kalivas and O´Brien, 

2008 and references therein). Supporting the involvement of glutamatergic transmission in 

addiction, studies done by Pierce and colleagues (1996) showed that repeated cocaine 

injections increased glutamate release in NAc and produced locomotor sensititzation. A 

microinjection of the AMPA antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) in the NAc 

reduced this motor activity only in cocaine-sensitized rats but not in control and non-sensitized 

rats (Peirce et al., 1996). The increase in motor activity with different drugs have been directly 

associated with the potency of that particular drug in establishing addiction. Following the above 

mentioned study, the role of AMPA receptors in expression of cocaine-induced behavioral 

sensitization was further consolidated as it was shown that AMPA receptor blockade, in the 

AcbC, prevents reinstatement to cocaine or cue-prime (Cornish and Kalivas, 2000; Di Ciano 

and Everitt, 2001). Along with sensitization studies, the reinstatement of drug-seeking, which is 

defined as resumption of a previously drug-reinforced behavior by a priming exposure to drug or 

non-drug stimulus after extinction, has also been associated with increased glutamate release 

in the NAc (McFarland et al., 2003). 

Ethanol is known to inhibit ionotropic glutamate receptor activity in the brain and NMDA 

receptors are the major target of ethanol’s inhibitory action (Lovinger et al., 1989, see Lovinger 

and Roberto, 2013). AMPA and KA receptors are blocked as well, although, higher 

concentrations of alcohol are needed as these receptors are less sensitive to alcohol than 

NMDA receptors (Lovinger, 1993; Nie et al., 1994; Valenzuela et al., 1998). Ethanol, which is 

also known as a non-competitive inhibitor of NMDA receptors (Morrisett et al. 1991), also 

interacts with various factors modulating NMDA receptors’ activity, for example extracellular 

Mg
2+

 and glycine (Rabe and Tabakoff, 1990; Morrisett et al., 1991), intracellular Ca
2+

(
 
Dildy-

Mayfield and Leslie, 1991; Mirshahi et al., 1998) and phosphorylation of NMDA receptors by 

protein kinases like Fyn (Miyakawa et al., 1997; Yaka et al., 2003), PKA (Ferrani-Kille et al., 

2003), PKC (Snell et al., 1994) and DARPP-32 (Maldve et al., 2002). As a result of inhibitory 

effects on ionotropic receptors, especially the NMDA receptors, ethanol also inhibits the 

induction of neural plasticity in many brain regions including the dorsal (Yin et al., 2007) and 

ventral striatum (NAc) (Nie et al., 1994). Microdialysis studies in rats showed that acute alcohol 

administration induces a biphasic effect on glutamate release in the NAc with an initial inhibition 

of glutamate release followed by a delayed increase (Moghaddam and Bolinao, 1994; Kashkin 

and De Witte, 2004). Along with the postsynaptic targets, acute alcohol has been suggested to 

inhibit glutamatergic transmission in adolescent and pre-adolescent animals via decreased 

glutamate release (Nie et al., 1994; Steffensen et al., 2000; Hendricson et al., 2003; Roberto et 

al., 2004). 
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In the present study I have looked at effects of ethanol on glutamatergic transmission in the NAc 

and the PFC. The PFC functions have been suggested to be severely disturbed in alcohol 

addicts and associated with the loss of control on alcohol intake (craving and relapse) (see 

Kalivas and Volkow, 2011) . Despite its important role, there have been surprisingly few studies 

investigating the effects of ethanol in this region of the brain. Electrophysiological studies 

performed by Tu and colleagues (2007) in slice co-cultures showed that the regular intrinsic 

firing activity in PFC was NMDA receptor-dependent and was blocked after ethanol treatment. 

Interestingly, they also showed that during the washout period after ethanol treatment the firing 

activity was potentiated in the slice co-cultures (Tu et al., 2007). In follow-up, in vivo 

experiments done in pre-adolescent animals the authors concluded that ethanol-mediated 

changes in the firing activity was regulated only post-synaptically and the authors did not 

observe any presynaptic modulation of glutamate release (Weitlauf and Woodward. 2008). As 

the PFC receives glutamatergic inputs from different brain regions like hippocampus, BLA and 

hypothalamus, and acute alcohol has been shown to inhibit the glutamatergic transmission in 

both the hippocampus (Lovinger et al., 1989) and the BLA (Roberto et al., 2004), it could be 

expected that ethanol treatment in an intact animal would affect (decrease) the glutamate 

release in the PFC. However, a microdialysis study performed by Selim and Bradberry, (1996) 

did not observe any changes in the PFC glutamate levels after acute alcohol injection in rats. 

We have studied the ethanol’s effect on glutamate neurotransmission based on age (adolescent 

versus adults) looking at the glutamatergic neurotransmission in the NAc using field recordings 

and glutamate release in the PFC using micoelectrode array amperometry. 
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2. Aims of the study 
 

 

1) To study the glutamatergic transmission in adolescent and adult NAc and their 

modulation by ethanol using extracellular electrophysiological recordings in brain slices. 

 

2) To examine the effects and targets of acute-ethanol, modulating the glutamatergic 

transmission (LTP) in the NAc brain slices using extracellular electrophysiology. 

 

3) To investigate the age related differences in PFC glutamate dynamics and its 

modulation by acute systemic ethanol injection. 
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3. Materials and Methods 
 

 

3.1. In vitro slice experiments 

3.1.1. Animals 

Male C57BL/6 (Charles River, Germany) mice aged 22–30 days (adolescents) and 5–8 months 

(adults) (Laviola et al 2003) were used in the experiments. The experiments were approved by 

Stockholms norra djurförsöksetiska nämnd, ethical permit number: N176/08 and N268/08. 

Animals were maintained in a temperature and humidity controlled facility on a 12:12-h 

light/dark cycle (lights on at 6 AM) and had free access to food and water. Adolescent animals 

were 21 days when they arrived and were used within 9 days after arrival. 

 

3.1.2. Materials 

Ethanol (95%, Solveco AB, Stockholm, Sweden) was diluted in artificial cerebrospinal fluid 

(aCSF) to a final concentration of 20, 50 or 100 mM. All chemicals for preparing the aCSF-

solution, sodium chloride (NaCl), potassium chloride (KCl), sodium dihydrogen phosphate 

(NaH2PO4), magnesium chloride (MgCl2), calcium chloride (CaCl2), glucose (C2H12O6) and 

sodium bicarbonate (NaHCO3) were purchased from Sigma (Stockholm, Sweden). Drugs used 

in the experiments: NMDA (NMDA receptor agonist), (S)-3,5-dihydroxyphenylglycine (DHPG, 

mGluR group I agonist), CGP 55845 (GABAB receptor antagonist), bicuculline (GABAA receptor 

antagonist), muscimol (GABAA receptor agonist), SKF 97541 (GABAB receptor agonist) were 

purchased from Tocris Bioscience (Bristol, UK). 

 

3.1.3. Preparation of brain slices  

Animals were anesthetized with isoflurane followed by cervical dislocation and decapitation 

under anaesthesia. The brains were rapidly removed and coronal brain slices containing the 

NAc, striatum and the overlying cortex (400 µm thick, figure 1a) were cut using a micro slicer 

(VT 1000S, Leica Microsystem, Heppenheim, Germany). Slices were incubated for at least 1 

hour, at 32°C in oxygenated (95% O2 + 5% CO2) artificial cerebrospinal fluid (aCSF containing 

126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 1.3 mM MgCl2, 2.4 mM CaCl2,10 mM glucose 

and 26 mM NaHCO3, pH 7.4). Slices were then transferred to a recording chamber (Warner 

Instruments, Hamden, CT) and continuously perfused with oxygenated aCSF at 28°C. The 

recording chamber was mounted on an upright microscope (Olympus, Solna, Sweden).  
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3.1.4. Extracellular field potential recordings 

Extracellular field recordings or field excitatory postsynaptic potentials/population spikes 

(fEPSP/PS) were recorded using a borosilicate glass micropipette (low resistance; G120F-3; 

Warner Instruments) filled with aCSF positioned on the slice surface. A concentric bipolar 

stimulating electrode (FHC, Bowdoinham, ME) placed near the recording electrode were used 

for evoking synaptic responses (fEPSP/PS) in the brain slice. 

To evoke fEPSP/PS, a single electrical stimulus, 0.1 ms in duration, was applied every 15 

seconds at an intensity of 40-60% of the maximal response as established by an input/output 

curve from each individual slice before beginning of the recording session (figure 1b). A stable 

baseline was recorded for 20-30 minutes (slices were discarded if stable baseline could not be 

achieved within an hour) before applying drugs or high frequency stimulation (HFS). 

 

 

 

Figure 1. Coronal brain section showing the NAc region where recordings were performed and input-output curve was 

plotted for each slice before starting the baseline recordings. a) The grey region showing the nucleus accumbens core 

(AcbC) where all the recordings were performed, AC is the anterior commissure. b) The amplitude response of 

fEPSP/PS increased with increasing stimulation current (µA). 40-60% of the maximal response stimulation intensity was 

used during the experiments. Also showing are the typical fEPSP/PS traces, with a negative N1 and fEPSP/PS 

response. CNQX (AMPA/kainite antagonist) has been shown to block the fEPSP/PS component which showed that this 

was an AMPA/kainate receptor mediated response (Schotanus et al., 2006). Also, the N1 was unaffected by CNQX 

demonstrating that it is a non-synaptic and glutamate release independent component. Also, the time-interval between 

the stimulation artifact and fEPSP/PS response, suggests the fEPSP/PS to be a monosynaptic event. 

 

Signals were acquired at 10 kHz, filtered at 2 kHz and amplified 500 times via an Axopatch 

200B amplifier (Axon Instruments, Foster City, CA), and recorded on a Dell computer 

(Stockholm, Sweden) using acquisition and data analysis software from Axon Instruments 

(pClamp9). Drugs were applied in known concentrations in the perfusion solution by switching a 

three-way tap. The perfusion flow rate was 1-2 ml/min 
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3.2. In vivo experiments measuring glutamate release in freely moving 

animals 

3.2.1. Animals 

Male Sprague Dawley rats (Charles River, Germany) postnatal day: 30 to 55 and adults: 3-4 

months old were used in our experiments. The experiments were approved by Stockholms 

norra djurförsöksetiska nämnd, ethical permit number: N319/12, N457/12 and N602/12. Animals 

were maintained in a temperature and humidity controlled facility on a 12:12-h light/dark cycle 

(lights on at 6 AM) and had free access to food and water. Animals were acclimatized to the 

environment for 3-5 days before being used in any experiments. All the experiments were 

performed during day time between 6 AM and 6 PM. 

 

3.2.2. Materials 

L-ascorbic acid (AA), dopamine, L-glutamate (monosodium salt), glutaraldehyde [25% (w/v) in 

water], bovine serum albumin (BSA), m-phenylenediaminedihydrochloride (m- PD) and 

hydrogen peroxide (H2O2) were ordered from Sigma Aldrich Corp. (St. Louis, MO, USA). 

Sodium chloride (NaCl) was purchased from VWR Leuven, Belgium. L-Glutamate oxidase 

(GluOx; EC 1.4.3.11) was purchased from Heamochrom Diagnostics AB, Gothenburg, ethanol 

(95%) was purchased from Solveco AB, pentobarbitalnatrium was bought from Apoteket AB 

and isoflurane was purchased from Baxter Medical AB, all companies based in Sweden. 

Ethanol was dissolved in physiological saline for intraperitoneal injections (i.p.). Other solutions 

were prepared using distilled and deionized water. 

 

3.2.3. Microelectrode structure and enzyme coating for glutamate specificity 

The microelectrodes consists of a ceramic paddle with four platinum recording sites and 

polyimide insulation that are suitable for measurement of H2O2 (for details about structure and 

assembly of the microelectrodes see Konradsson-Geuken et al., 2009) The sites are arranged 

in two pairs beginning approximately 100 µm from the electrode tip. To design a glutamate 

sensitive microelectrode, one pair of recording channel sites was coated with a mixture of 

GluOx (2%, 0.5 unit/1 µL), BSA (1%) and glutaraldehyde (0.125%) mixture and the remaining 

pair was coated only with BSA (1%) and glutaraldehyde (0.125%) and they served as control 

sentinel channels sensitive to the oxidation of endogenous molecules other than glutamate 

(figure 2). Enzyme coated microelectrodes were allowed to dry for 48 hours at room 

temperature.  

 

3.2.4. m-PD plating of microelectrodes  

Prior to calibration m-PD (5.0 mM) was electropolymerized onto all sites of the microelectrode in 

order to reduce access of potential electroactive interferents, like AA and catecholamines, to the 
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platinum recording sites (Mitchell, 2004). The electroplating was done in nitrogen bubbled 

phosphate-buffered saline 0.05 M, using the fast analytical sensing technology (FAST-16) 

electroplating tool (peak-to-peak amplitude of 0.25 V every 0.05 s for 22 minutes).  

 

  

 

Figure 2. A schematic picture showing the enzyme coating of a glutamate sensitive microelectrode. 

 

The m-PD plating and the selective enzyme coating of the microelectrode allows for a self-

referenced recording in which the current derived exclusively from glutamate oxidation can be 

isolated (see Day et al., 2006; Rutherford et al., 2007; Konradsson-Geuken et al., 2009; 2010). 

The released glutamate gets oxidized by GluOx at the glutamate-sensitive sites, generating α-

ketoglutarate and H2O2. Since the microelectrode is maintained at a constant potential (+0.7 V 

versus an Ag/AgCl reference), the H2O2 reporting molecule is further oxidized, yielding two 

electrons. The resulting current is then amplified and recorded by a FAST-16 recording system 

(Quanteon, LLC, Nicholasville, KY, USA). Extracellular glutamate reaches the platinum surface 

of control sentinels (without GluOx) but no oxidation current is generated. Therefore, any 

current detected at these sites is due to electrochemically active interferents other than 

glutamate. 
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3.2.5. In vitro calibration of microelectrodes 

Microelectrodes were calibrated in vitro immediately prior to implantation and representative 

trace is provided below (figure 3). Calibrations were performed in a stirred solution of phosphate 

buffered saline (0.05 M, 40 mL, pH 7.4, 37 °C). A stable baseline was established, AA (250 µM), 

three aliquots of glutamate (20mM; resulting in a final concentration of 20, 40 and 60 µM), DA (2 

µM), and H2O2 (8.8 µM) were sequentially added to the calibration beaker. Amperometric 

signals were acquired at a rate of 2.0 Hz. The sensitivity (pA/µM glutamate), limit of detection 

(LOD) for µM glutamate concentration (i.e. the smallest signal in glutamate concentration 

detected), selectivity (ratio of glutamate over AA), and linearity (R
2
) were calculated. The 

microelectrodes to be used for implantation and further in vivo recordings had to fulfil the 

following calibration criteria: (i) similar background current (i.e. less than 20 pA difference 

between the glutamate-sensitive and control sentinel channels), (ii) linear response to 

increasing concentrations of glutamate (R
2
 close to 1), (iii) a minimum glutamate sensitivity of -

0.003 nA/µM glutamate, (iv) a limit of detection of ≤0.5 µM, and (v) a high selectivity for 

glutamate over AA and dopamine (i.e. ˃50:1). 

 

 

 

Figure 3. A representative in vitro calibration of the microelectrode performed immediately prior to implantation into the 

PFC. The top two traces are the glutamate-sensitive channels (GluOx coated) and the bottom two traces are generated 

from the control channels. Arrows represent the addition of various substances into the calibration beaker. Current 

(nAmperes) is shown along the vertical bar and time (seconds) by the horizontal bar. Three successive additions of 

glutamate (20 µM/aliquot) produced a linear increase of current on glutamate sensitive channels. Expectedly, there 

were no changes detected on the two control channels. The calibration also shows comparable sensitivities on all four 

channels to the reporting molecule H2O2. m-PD was efficient in blocking the changes in currents due to potential 

electroactive interferents, i.e. AA and dopamine. 

 

3.2.6. Surgery and implantation of microelectrode 

Animals were handled for 5 days and habituated to saline injections (6 ml/kg/day) for 3 days. 

Surgery was performed under continuous anaesthesia (isoflurane with air (30% O2 and 70% N2) 

1-3 L/min, 2-4% v/v). A microelectrode was unilaterally implanted in the PFC in adolescent 

animals postnatal day: 30-35 at anterior-posterior (AP)+3.0 from bregma, medial-lateral 
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(ML)±0.8 mm from midline, and dorsal-ventral (DV)-5.3 mm from dura; PND 45-55 at AP+3.1 

mm from bregma, ML±0.9 mm from midline, and DV-5.8 mm from dura (Boyce and Finlay, 

2009) respectively and in adult animals AP+2.7 mm from bregma, ML: ±0.6 mm from midline, 

DV -3.9 mm from dura (Konradsson-Geuken et al., 2009; Konradsson-Geuken et al., 2010). The 

stereotaxic coordinates for adults were from Paxinos and Watson brain atlas, fourth edition, 

1998. An Ag/AgCl reference electrode was implanted in a contralateral site from the recording 

area (figure 4). The microelectrodes were fixed using dental cement and stainless steel screws. 

Animals were allowed to recover for 48 hours after surgery (figure 4). 

 

 

Figure 4. A schematic picture of an adult rat skull showing coordinates and reference points (bregma) for surgical 

implantation of microelectrode, reference electrode and placement of anchor screws. The dimensions are provided for 

the location of PFC from bregma where the microelectrodes were implanted. ML : medial-lateral; AP : anterior-posterior. 

Modified from Paxinos and Watson, fourth edition, 1998. 

 

3.2.7. In vivo recordings with acute intra-peritoneal injection 

Recordings were conducted during daytime in freely moving rats in a wooden box (55 cm H 51 

cm W 55 cm L). Animals were placed in the recording box and connected to the head stage. On 

the first day (experimental day 1) of recording, stable baseline signals were recorded for 3–4 

hours followed by an i.p. injection of physiological saline (6 ml/kg) and recording was continued 

for an additional three hours. The same procedure and time schedule was repeated on the 

second day (experimental day 2) with an i.p. injection of ethanol (1 g/kg). 

 

3.2.8 Histological verification of microelectrode placement 

Brains were removed and stored in 25% sucrose 4% formaldehyde solution at 4
°
C for at least 

24 hours. Coronal brain sections of 50 µm were cut using a cryostat and mounted on gelatin-

coated slides, stained using neutral red and examined under a light microscope for verification 

of microelectrode placement. 
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3.2.9. Data analysis using FAST analysis 

The glutamate signal, initially measured in pA, was converted to a concentration equivalent 

(µM) with FAST analysis software version 4.4, on the basis of the individual calibration curves 

generated immediately before surgery. The basal levels were calculated based on the 

difference between glutamate sensitive and control sentinel as previously described (Burmeister 

and Gerhardt, 2001; Day et al., 2006; Rutherford et al., 2007). Glutamate levels were reported 

as an average of 15 minutes of recordings during baseline before injection and after injection 

from each first, second and third hour. Glutamate transients, i.e. spontaneous glutamate peaks 

with a total time interval of 1-3 seconds, were sorted using control R
2
 value which is a metric 

correlation between the glutamate and control channel. A high R
2
 value (close to 1) meant that 

glutamate and control sites are closely correlated and the signal is not electrochemical i.e. the 

signal observed is not due to glutamate release, rather electrical noise from the surroundings. 

Only the peaks with R
2
 values ranging from 0.1 – 0.55 were selected for further analysis. 

Additionally, the peak threshold value was set to 3 times the baseline noise values for selecting 

glutamate transients. All experiments were recorded at 2 Hz.  

 

3.3. Statistical analysis 

3.3.1 In vitro experiments 

The p-clamp 9 system averaged four responses (following stimulations) as one data point for 

every minute. Numerical values were expressed as means ± standard error of the mean (SEM) 

for in vitro slice experiments and effects of alcohol and various drugs was expressed as mean 

percentage change from the average of 20 minute baseline amplitude (100%). Data were 

evaluated for significance using the two-tailed Student’s t-test for paired and unpaired 

observations and two-way analysis of variance (ANOVA) followed by the Bonferroni post-test 

was perfrmed when required. All the statistical tests were performed using GraphPad Prism 6.0 

software. 

 

3.3.2 In vivo experiments 

Data was evaluated for significance using the two-tailed Student’s t-test for paired and unpaired 

observations using GraphPad Prism version 6.01. 
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4. Results and Discussion  
 

 

4.1. Acute ethanol mediated depression of glutamatergic transmission is 

stronger in adolescents compared to adult brain slices (Paper I). 

The neurons in NAc (medium spiny neurons) are not uniformly oriented as in the hippocampus; 

therefore, we used and compared fEPSP/PS amplitudes rather than slope (Misgeld et al., 1979) 

for evaluating the effect of various drug treatments in the NAc. It was previously demonstrated 

that the fEPSP/PS responses are blocked by application of CNQX in the bath (Schotanus et al. 

2006) and therefore respresents monosynaptic glutamatergic neurotransmission. The 

fEPSP/PS responses were evoked using electrical stimulations in brain slices containing AcbC 

region being continuously perfused with aCSF. The amplitude of the fEPSP/PS was dependent 

on stimulation intensity but there was no difference in amplitudes between slices taken from 

adolescent and adult mice.  

Ethanol (50 mM) dissolved in aCSF was perfused for 20 minutes and was consistently found to 

induce a maximum depression of fEPSP/PS amplitudes (figure 5). In adolescent brain slices, 

ethanol concentrations of 20 mM had no effect while 100 mM ethanol induced a lower 

depression in fEPSP/PS compared to the depression induced by 50 mM. Moreover, the 

depressant effect of 50 mM ethanol was more prominent in brain slices from adolescents 

compared to that observed in brain slices from adult mice (figure 5a and 5c). In adolescent 

mice, ethanol (50 mM) decreased the amplitude of the fEPSP/PS to 78.6 ± 1.7% (n=23 slices), 

whereas, in adults this the amplitude decreased to 92.8 ± 3.2% from the baseline (n=10). In 

both age groups the depressant effect of ethanol was statistically significant and the depression 

in adolescent fEPSP/PS mediated by 50 mM ethanol was significantly stronger than that 

observed in adults (figure 5d). 

Additionally, using a paired-pulse protocol (two single stimulation pulses applied with a 20-ms 

interval) in adolescent brain slices we observed that the ratio between the second fEPSP/PS 

and the first fEPSP/PS was significantly increased to 117.4 ± 3.4% of baseline (P < 0.001, 

figure 5b) indicating presynaptic modulation of glutamate release. 
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Figure 5. Ethanol produces a stronger inhibition of glutamatergic synaptic transmission in the nucleus accumbens (NAc) 

of adolescent mice as compared with adult mice. (a) Ethanol (50 mM), applied in the perfusion solution at the time 

indicated by the horizontal bars, decresed amplitude of the fEPSP/PS (mean ± SEM) in adolescent (a) and adult (c) 

mice. (b) The paired-pulse ratio in adolescent mice was increased during ethanol (50 mM). Representative traces of 

fEPSP/PS are showed above respectively for figure (a), (b) and (c). (d) Bar graph illustrates the maximal depressant 

effect of ethanol (50 mM and 100 mM) measured in individual slices in adolescent and in adult mice. *P < 0.05, ***P < 

0.001 (paired t-test), #P < 0.05, ###P < 0.001 (analysis of variance). 

 

These results showed that ethanol at a 50 mM concentration affects glutamatergic transmission 

in adolescent animals more prominently than in adults. Using the paired-pulse ratio we also 

confirmed previous findings that ethanol depresses glutamatergic synaptic transmission in the 

NAc through a presynaptic mode of action (Nie et al., 1993; Siggins et al., 2005). The nucleus 

accumbens receives glutamatergic inputs from several brain regions including the PFC, BLA 

amygdala, ventral hippocampus and thalamus. While neither projection is targeting either the 

core or shell subregion exclusively, anatomical and functional data indicate that glutamatergic 

inputs from the prelimbic part of the prefrontal cortex are particularly important in the nucleus 

accumbens core. Interestingly, these projections have been suggested to mediate drug-seeking 

behavior (Peters et al. 2009). Provided the important role of altered synaptic plasticity in the 

nucleus accumbens in addiction (see Gipson et al. 2013a), the higher sensitivity to 
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modifications in glutamatergic neurotransmission induced by ethanol in adolescent mice may 

have an impact on synaptic plasticity in this region. 

 

The inhibitory effect of ethanol on glutamatergic transmission in adolescent mice was blocked in 

the presence of either a GABAA or a GABAB receptor antagonist (figure 6). This finding indicates 

that the effect of alcohol is mediated via release of GABA or a direct activation or potentiation of 

both GABAA and GABAB receptors. Indeed, previous studies have consistently demonstrated 

that ethanol may potentiate GABAergic transmission, partly via increased release of GABA and 

partly via direct interaction with GABA receptors (see Weiner and Valenzuela 2006). 

 

 

 

Figure 6. GABA receptor antagonists block ethanol mediated inhibition. a) GABAA receptor antagonist bicuculline (5 

µM) and b) GABAB receptor antagonist CGP 55845 (1 µM) applied throughout the fEPSP/PS recording blocked the 

ethanol (50 mM, applied for 20 mins) mediated inhibition of fEPSP/PS. 

 

4.2. Acute ethanol blocks induction of LTP in NAc core of young animals 

(Paper II) 

As discussed above, we were able to show that ethanol inhibits glutamatergic transmission via 

presynaptic mechanisms by inhibiting glutamate release. This inhibition was particularly 

prominent in adolescent mice. HFS has been shown to induce glutamate release (Calabresi et 

al., 1995) and lead to a long-lasting potentiation of glutamatergic transmission, i,e LTP, which is 

thought to be an artificial correlate of learning and memory (reviewed by Malenka and Bear, 

2004). To test whether ethanol’s inhibitory effect on glutamate release in the NAc would also 

affect synaptic plasticity, we investigated the effect of ethanol on HFS-induced LTP. The HFS 

consisted of three one-second trains at 100 Hz separated by a 10-second inter-train interval. 

HFS increased the amplitude of the fEPSP/PS to 126.4 ± 2.3% from baseline and this 

potentiation was stable for at least 1 hour (n=17). In slices continuously perfused with aCSF 

containing ethanol (50 mM), HFS did not induce the same degree of LTP. The amplitude of the 

fEPSP/PS was significantly lower (110.1 ± 3.8%, n=11) when compared to control slices 1 hour 

after the HFS (p < 0.001) (figure 7).  
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Figure 7. Ethanol inhibits long-term potentiation (LTP) induction in the nucleus accumbens (NAc). High-frequency 

stimulation (HFS; 3 trains at 100 Hz, 1-second duration, 10-second intervals, applied at the time point indicated by the 

arrow) induced a long-lasting increase in the amplitude of the fEPSP/PS in control slices, (n=17). HFS did not induce 

the same degree of LTP in the presence of ethanol (50 mM applied throughout the recording session, n=11). 

Representative traces of fEPSP/PS recorded in 2 slices (control and perfused with ethanol 50 mM) are shown above the 

graph at the time points indicated on the graph, before (1) and after (2) HFS. 

 

Additionally, when ethanol was applied after HFS-induced LTP, it depressed the fEPSP/PS 

amplitude from a potentiated level of 124.7±2.5% to 102.9±2.5% of baseline. The fEPSP/PS 

amplitude returned to potentiated values (122.9±2.8% of baseline, not significantly different from 

LTP induced in control slices, p > 0.05) following washout of ethanol (figure 8a). The GABAB 

receptor antagonist CGP 55845 did not affect the ability of ethanol to inhibit LTP induction. The 

fEPSP/PS amplitude with CGP 55845 + ethanol (50 mM) (109.8 ± 2.7% of baseline, n=6,) was 

significantly lower when compared to control experiments with CGP 55845 alone (129.3±7.6% 

of baseline, n=7 p < 0.05, figure 8b). 
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Figure 8. Ethanol-induced inhibition of long-term potentiation (LTP) is not a result of the depressant action of ethanol on 

glutamatergic neurotransmission. a) Ethanol applied after LTP has been induced depresses the amplitude of the 

fEPSP/PS but does not affect LTP (n=10). b) LTP is induced in the presence of the GABAB receptor antagonist CGP 

55845 (1 µM, n=7). The inhibitory effect of ethanol (50 mM) on LTP induction is not prevented by CGP 55845. 

 

The above results demonstrated that ethanol inhibits induction of LTP. Moreover, the small 

depressant effect on the fEPSP/PS by ethanol observed in paper I (figure 5a) was persistent 

even in potentiated synapses however, ethanol did not block pre-induced and stable LTP since 

the amplitude returned to potentiated magnitudes following washout of ethanol (as shown in 

figure 7a). Nevertheless, the fact that the GABAB receptor antagonist did not prevent the ability 

of ethanol to inhibit induction of LTP suggests that the mechanism by which ethanol blocks LTP 

is not presynaptic.  
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4.3. Role of mGluR group I agonist on NMDA-mediated inhibition of 

glutamatergic neurotransmission (Paper II). 

The inhibition of LTP by alcohol did not seem to be due to presynaptic inhibition of glutamate 

release. Therefore, we sought to investigate whether the mechanism by which ethanol inhibited 

LTP may be related to the known inhibitory effect of ethanol on NMDA receptors (Lovinger et 

al., 1989). It has previously been reported that NMDA applied in the perfusion solution during in 

vitro extracellular recordings inhibited glutamatergic synaptic transmission in the dorsal striatum 

(Schotanus and Chergui, 2008a; Schotanus et al., 2006). Here, we used the same protocol to 

determine whether activation of NMDA receptors would also depress glutamatergic 

neurotransmission in the NAc. We found that also in the NAc, NMDA (20 µM, 3 min) depressed 

the amplitude of the fEPSP/PS to 66.5% ± 7.5% compared to baseline (n=9, figure 9). 

Surprisingly, in the presence of ethanol (50 mM) NMDA-mediated depression was unaffected. 

The fEPSP/PS amplitude decreased to 61.5% ± 6.6% (n=10, p>0.05).  

 

 

 

Figure 9.  NMDA-induced synaptic depression was unaffected by ethanol. a) NMDA alone (20 µM) bath-applied for 3 

minutes significantly depressed fEPSP/PS amplitude ( 66.5% ± 7.5%, n=9, p<0.05) and in the presence of ethanol (50 

mM) throughout the recordings, the NMDA induced depression was also significant (61.5% ± 6.6%, n=13, p<0.05). 

However, we did not any significant difference between the two effects. b) Bar graph showing the % of depression from 

the baseline. 
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As the mGluR group I antagonist DPCPX has been shown to block the induction of LTP in the 

dorsal striatum (Schotanus and Chergui 2008a and 2008b), and since we did not observe any 

changes in NMDA-mediated fEPSP/PS depression with ethanol (50 mM), we investigated the 

role of mGluR group 1 receptors in modulating the NMDA mediated activity. Application of the 

mGluR group I agonist DHPG (50 µM) throughout the recording sessions, we observed an 

increased depression to 56.0 ± 7.7% from baseline (n=13) as compared to control slices with 

NMDA only (74.6 ± 3.1% from baseline, n=11, p < 0.05). Our results suggest that mGluR group 

I receptors potentiate NMDA receptor function and are in line with results of Pisani and 

colleagues (1997) who showed that NMDA-induced membrane depolarization was facilitated 

with an mGluR group 1 agonist. Next, we tested the effect of ethanol on this facilitation of 

NMDA-mediated depression of the fEPSP/PS in the NAc. In the presence of ethanol (50 mM), 

the potentiating effect of DHPG on NMDA-mediated depression was prevented (80.2 ± 2.6% 

n=10, p < 0.05, figure 10).  

 

 

 

Figure 10. Ethanol blocks the group I mGluR agonist DHPG mediated facilitation of N-methyl-D-aspartate (NMDA)-

induced synaptic depression. a) Group I mGluR agonist DHPG (50 µM) facilitates the synaptic depression induced by 

bath applied NMDA (20 µM, for 3 minutes) to (56.0 ± 7.7% from baseline, n=13) as compared to control slices (74.6 ± 

3.1% from baseline, n=11, p < 0.05). In the presence of ethanol (50 mM) and DHPG, throughout the recording sessions, 

the facilitation by DHPG was inhibited (depression of the fEPSP/PS amplitude to 80.2 ± 2.6% of baseline, n=10, p < 

0.05) compared to the effect of NMDA in the presence of DHPG. b) Bar graph shows the averaged maximal effect of 

NMDA on fEPSP/PS amplitude measured in individual slices. NMDA induced synaptic depression is potentiated by 

DHPG. This effect of DHPG was reversed by ethanol. *p < 0.05. 
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It should be noted that the concentration of DHPG (50 µM) used in this study did not induce any 

significant depression in the fEPSP/PS amplitude by itself. Thus, these observations show that 

ethanol specifically inhibits the facilitation of NMDA-induced depression mediated by mGluR 

group I agonist. Our results are in line with the previous electrophysiological observations 

showing that ethanol may inhibit mGluR group I functions (Minami et al., 1998; Belmeguenai et 

al., 2008). Therefore, our data suggest a novel mechanism of action of acute ethanol in the NAc 

which involves mGluRs group I and their interaction with NMDA receptors. Importantly, it has 

been reported that when mGluR5 (group I) receptors in the NAc are blocked rats are unable to 

discriminate between alcohol and water i.e. mGluR5 receptors are required for the expression 

of the interoceptive effects of alcohol (Besheer et al., 2009) and for the maintenance of alcohol 

self-adminstration in alcohol-preferring rats (Besheer et al., 2010). 

Although the above results suggest that ethanol disrupts an interaction between mGluR group I 

and NMDA receptors, this mechanism still does not fully explain how ethanol inhibits LTP. The 

experiments investigating the NMDA-induced synaptic depression were based on the 

assumption that activation of postsynaptic NMDA receptors would increase extracellular levels 

of adenosine which in turn would decrease glutamate release via stimulation of presynaptic 

adenosine A1 receptors (Schotanus et al 2006). To confirm this idea a paired-pulse stimulation 

protocol (20 ms interpulse interval) was used to identify a possible presynaptic locus of NMDA-

mediated depressant action in a separate set of experiments. We found that 20 µM NMDA (bath 

applied for 3 minutes) decreased the amplitude of the first fEPSP/PS to 67.9 ± 4.0% of baseline 

(figure 11a) and increased the ratio between the second and the first fEPSP/PS from 1.0 ± 0.1 

to 1.2 ± 0.1 (figure 11b). 

 

 

 

Figure 11. N-methyl-D-aspartate (NMDA) depresses glutamatergic synaptic transmission in the nucleus accumbens 

(NAc). a) NMDA (20 µM), applied for 3 minutes in the perfusion solution at the time indicated by the black bar, 

decreased the amplitude of the first field excitatory postsynaptic potential/population spike (fEPSP/PS) evoked by a 

paired-pulse stimulation protocol. Representative superimposed paired (20 ms apart) fEPSP/PSs, measured in the 

same slice before (baseline) and after NMDA are provided. b) Paired pulse ratio increased in (n = 8). 

 

These results confirm that NMDA application decreases the probability of glutamate release 

from the presynaptic terminal, possibly via activation of presynaptic adenosine A1 receptors. 



                                                                                                                                                        Results and Discussion 

31 

 

Given the result that ethanol application alone also decreased release-probability it may be 

inferred that the expected increase in release probability due to blockade of postsynaptic NMDA 

receptors by ethanol is masked by ethanol’s presynaptic effect. In fact, ethanol has been shown 

to interact with the nucleoside transporter ENT1 in cultured cells and increase extracellular 

levels of adenosine (Nagy et al., 1990) and ENT1 null mice self-administer more ethanol than 

wild-type and have a higher alcohol preference (Choi et al. 2004). 

 

4.4. Cortical glutamate levels in adolescent and adult animals (Paper III) 

Using in vitro slice electrophysiology we found that acute ethanol inhibits the glutamatergic 

transmission in the NAc of adolescents more prominently than in adult animals. As PFC projects 

its glutamatergic glutamatergic input directly to NAc, the activity in PFC could potentially affect 

the glutamatergic transmission in the NAc (see Sesack and Grace, 2010). Therefore, to further 

understand the effect of acute ethanol on the glutamatergic system, we recorded glutamate 

release in the PFC of freely moving animals by using the newly designed glutamate-sensitive 

microelectrode array (MEA).  

On experimental day 1 basal glutamate levels were determined, before saline was injected, in 

adolescent and adult animals based on their weights. Interestingly, we observed an age-

dependent difference in cortical glutamate levels (figure 12a). The average basal glutamate 

levels in adolescent animals (7.7 µM ± 1.014, n=10) were more than three times higher 

compared to that of adult animals (1.7 µM ± 0.3, n=7, p <0.001, figure 12b).  

 

 

 

Figure 12. Basal cortical levels of glutamate on experimental day 1 in adolescent and adult animals. a) The basal 

glutamate levels decreased with weight (age), the cut off weight for adolescent animals was 260g. b) Adolescent 

animals showed more than three times higher cortical levels of glutamate (µM) compared to that of adults. Adolescent 

animals had significantly (p <0.001, using two-tailed Student’s t-test, unpaired) higher basal levels of glutamate (7.7 µM 

± 1, n=10) compared to adults (1.6 µM ± 0.3, n=6). 
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Based on my previous data and other studies using electrophysiology in brain slices showing 

that acute ethanol may inhibit glutamate release in many brain regions (e.g. NAc, hippocampus, 

basal amygdala; Nie et al., 1994; Steffensen et al., 2000; Hendricson et al., 2003; Roberto et 

al., 2004), I expected to see a decrease in glutamate levels after an acute ethanol injection. 

However, ethanol (1 g/kg) did not significantly affect basal glutamate levels in either age group 

during our experiments. This result was similar to a microdialysis study by Selim and Bradberry 

(1996) showing no effect of acute ethanol injections, at doses ranging from mild to heavily 

intoxicating (0.5 to 2.0 g/kg), on cortical glutamate levels in the PFC. 

 

4.5. Glutamate transients and effects of ethanol injection (Paper III) 

Glutamate transients are spontaneous glutamate peaks with a total duration of 1-3 seconds 

occurring with a variable frequency and amplitude which can be observed during recordings 

with MEA. Neither experimental day nor i.p. saline injection had any significant effect on the 

baseline frequency and amplitude of glutamate transients. Interestingly, the frequency and 

amplitudes of glutamate transients varied between adolescent and adult animals. The transient 

frequency was higher in adolescent rats (4.0 ± 1.0 /h) than in adults (0.5 ± 0.5 /h). This 

difference was statistically significant (p < 0.03). Also, the amplitude of glutamate transients was 

significantly higher in adolescent rats (3.5 ± 0.9 µM, n=8) than in adults (0.3 ± 0.3 µM, n=4, 

p<0.05) (data not shown). 

Moreover, injection of ethanol (1 g/kg) in adolescent animals decreased the frequency (1.2 ± 

0.6/hour, n=6) and the amplitude (1.9 ± 1.1 µM, n=6) of glutamate transients in the first hour 

when compared to transient frequency (4.0 ± 1.0 transients/hour, n=6) and amplitude (3.4 ± 1.2 

µM, n = 6, p < 0.01) during the baseline (figure 13a and b). Additionally, in the same group of 

animals, during the third hour post-ethanol injection, we also observed an increased frequency 

(9.3 ± 2.3, n=6, p<0.05) of the transients. Transient amplitude was also slightly higher (5.3 ± 2.2 

µM, n=6), but not significantly different. Ethanol injection in adult animals did not induce any 

significant changes in the frequency and amplitude of glutamate transients (figure not shown).  

To further analyse the early inhibition and delayed potentiation of glutamate transients in the 

PFC induced by ethanol in adolescent animals, we compared the clearance rate (T80) of the 

transients before and after ethanol injection (figure 13c). We observed that the T80 values were 

not linearly proportional to the amplitudes of glutamate transients during baseline in adolescent 

rats (average T80=1.3 seconds ± 0.02, n=6) meaning that clearance of glutamate is not 

dependent on the amplitude of the glutamate transients. Following injection of ethanol, the 

clearance rate of glutamate seemed to be decreased during the first hour (2.1 seconds ± 0.5, 

n=4), when transient amplitude was decreased. This effect however, did not reach statistical 

significance. In the third hour following ethanol injection, the averaged T80 value decreased 

significantly (1.1 seconds ± 0.03, n=6, p<0.01) compared to baseline T80 values. This result 

indicates a faster clearance rate of glutamate during the third hour after ethanol injection when 

transient frequency was elevated.  
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Figure 13. Effects of acute ethanol on glutamate transients in adolescent animals. a) Ethanol significantly inibited 

transient frequency (1.2 ± 0.6/hour, n=6, n=6 p < 0.01) in the first hour post-ethanol injection, followed by a rebound 

potentiation (9.3 ± 2.3, n=6, p<0.05) during the third hour post injection when compared to baseline (pre-alcohol) 

frequency (4.0 ± 1.0 transients/hour). b) Transient amplitude within the first hour post-ethanol (1.9 ± 1.1 µM, n=6, p < 

0.05) was significantly decreased compared to baseline values (3.4 ± 1.2 µM, n = 6). Additionally, the transient 

amplitude within third hour post-ethanol was increased (5.3 ± 2.2 µM, n=6), but statistical significance (p=0.16) was not 

reached. c) The clearance rate (T80) in the first hour post-ethanol was increased (2.1 seconds ± 0.5, n=4), although, not 

significant (p=0.2) compared to clearance rate during baseline (1.3 seconds ± 0.0, n=6). During the third hour post-

ethanol, the clearance rate was significantly decreased (1.0 seconds ± 0.0, n=6, p<0.01). All statistical comparisons 

were made using two-tailed Student’s t-test for paired observations. 

Glutamate transients have previously been reported by two other research groups (Hascup et 

al., 2011; Wassum et al., 2012) and the transient features seem to vary depending on the brain 

region studied and the experimental conditions, for example, we report a much lower transient 

frequency than both previous studies which in addition to differences between brain regions 

may also be related to the fact that we introduced R
2
 correction (explained in methods, see 
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section 3.2.10.). Moreover, there has not been much research performed in order to understand 

the function or role of the glutamate transients. However, Wassum and colleagues (2012) 

studied glutamate transients in the BLA of rats that were trained to lever press to obtain a 

sucrose reward. In these experiments, glutamate transients preceded the learned lever-

pressing behavior, without affecting the basal levels of glutamate, suggesting a functional 

importance of transients in the BLA. Moreover, infusion of the potent Na
+
-channel inhibitor 

tetrodotoxin into the BLA in these rats, resulted in a decrease in transient frequency as well as a 

complete blockade of the behavior. Apparently, glutamate transients, rather than changes in 

basal levels of glutamate, may better reflect the importance of rapid glutamatergic synaptic 

processes.  
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5. General Discussion 

The main findings of the present thesis are that acute ethanol inhibits glutamate release in the 

NAc, that this inhibition is stronger in adolescent animals than in adult animals and that ethanol 

inhibits LTP in this brain area. Moreover, glutamate levels in the PFC of adolescent animals are 

higher than in adults and ethanol inhibits glutamate release (transients) in adolescent animals.  

It has been established that ethanol inhibits glutamate transmission by inhibiting NMDA 

receptors (see Lovinger and Roberto, 2013) but, as mentioned in the introduction, acute ethanol 

has also been suggested to inhibit glutamatergic transmission in adolescent and pre-adolescent 

animals via decreased glutamate release (Nie et al., 1994; Steffenson et al., 2000; Hendricson 

et al., 2003; Roberto et al., 2004). The data in the present thesis confirm that ethanol inhibits 

glutamate release in NAc of adolescent animals as well. Thus, ethanol was found to inhibit 

fEPSP/PS amplitudes more potently in adolescent animals than in adults. It should be 

mentioned that in most studies using in vitro electrophysiology, slices are prepared from young 

animals, typically at the age when the animals are in transition from adolescence to adulthood. 

Thereby, age-dependent differences may be overlooked. I found that the presynaptic inhibition 

of glutamate release induced by ethanol is dependent on both GABAA and GABAB receptor 

activation since it was blocked in the presence of antagonists at either receptor. This finding 

confirms previously published results (Steffensen et al. 2000) although that study did not 

compare with adult animals. Control experiments with GABA receptor agonists and antagonists 

applied alone indicate that the difference between adolescent and adult mice may in turn be 

related to differences in GABAergic neurotransmission since inhibitory tone appears to be 

higher in adult animals whereas GABA receptor function may be higher in adolescent animals. 

This age-dependent difference in GABAergic neurotransmission may be highly relevant for age-

dependent behavioral differences in response to ethanol and should be investigated further, 

although that was not the focus of the present thesis.  

In line with ethanol-induced inhibition of glutamate transmission it was found that ethanol 

inhibited the induction of LTP in the NAc. Surprisingly, ethanol’s effect on glutamate release 

seemed unrelated to the mechanism by which ethanol inhibits LTP. LTP is dependent on 

postsynaptic NMDA receptor function and blockade of NMDA receptors prevents LTP, however, 

we were unable to see any interaction between ethanol (50 mM) and NMDA (bath applied) in 

the NAc. NMDA receptor stimulation has been suggested to increase adenosine release from 

the postsynaptic terminals, which in turn, decrease the release probability via stimulation of 

inhibitory adenosine A1 receptors present on the presynaptic terminals (Schotanus et al., 2006). 

As ethanol also inhibits NMDA receptors (see Lovinger and Roberto, 2013 and references 

therein), which in principle should increase release probability, this effect may be masked due to 

ethanol’s interaction with other targets and the subsequent decrease in release probability. 

Clearly, multiple other factors related to the experimental conditions may also explain the 
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absence of an interaction between ethanol and NMDA receptors including animal species and 

age, the temperature during recordings, the presence or absence of Mg
2+

 ions in the perfusion 

solution and the concentrations of ethanol used (see Woodward et al., 2006). In addition, the 

effect of ethanol might also vary depending on the subunit composition of NMDA receptors 

(Izumi et al., 2005; Otton et al., 2009) which in turn varies with age of the animal and the brain 

region studied.  

Instead, a novel interaction between mGluRs, NMDA receptors and ethanol was discovered. 

Activation of mGluRs by DHPG facilitated the NMDA-mediated response (synaptic depression) 

and this facilitation was prevented in the presence of ethanol. The fact that ethanol inhibited the 

facilitating effect of mGluR group I activation is rather unexpected considering the therapeutic 

potential of mGluR5 receptor antagonists and negative allosteric modulators at the mGluR5 

receptor (see Olive, 2009 and Kalivas and Volkow, 2011). Thus, mGluR5 antagonism has been 

shown to prevent relapse to different drugs of abuse like cocaine and alcohol in animal models 

of addiction (Paterson et al., 2003; Kenny et al., 2003; McGeehan et al., 2004; Lee et al., 2005; 

Bäckström and Hyytiä, 2006; Besheer et al, 2006; Blednov et al., 2008). mGluR5 null mutant 

mice showed no cocaine-induced locomotor sensitization, they did not self-administer cocaine 

but still responded normally to natural rewards, (Chiamulera et al. 2001). Moreover, Besheer 

and colleagues (2009) injected mGluR5 antagonists in alcohol self-administering rats and found 

that it modulated the discriminative stimulus effect of alcohol and therefore, reduced the 

preference for alcohol in a two-bottle choice paradigm. Although, it is difficult to speculate on 

how my result, showing that ethanol is inhibiting mGluR5 function acutely, fits with the above 

mentioned studies, recent data actually suggest that positive allosteric modulation of mGluR5 

may improve extinction learning (Gass and Olive, 2009; Cleva et al., 2011; Ben-Shahar et al., 

2013) and there are also reports suggesting that the two members of the mGluR group I, 

mGluR1 and mGluR5 may exert opposing effects (Lominac, 2006; Liu et al. 2011). Needless to 

say, further research is required to understand the relevance of the herein reported novel 

interaction between ethanol and mGluR5 receptors for alcohol addiction. 

Importantly, long term exposure to drugs of abuse followed by withdrawal has been associated 

with a loss of synaptic plasticity especially in the AcbC region (Martin et al., 2006; Kasanetz et 

al., 2010; Knackstedt et al., 2010: Gipson et al., 2013b) and this loss was specifically observed 

in animals that developed uncontrolled drug-intake and resistance to drug-associated negative 

consequences (Kasanetz et al., 2010; see review Kalivas and Volkow, 2011). Synaptic plasticity 

in the NAc, especially in the core region, is modulated by the prelimbic part of the PFC which 

sends glutamatergic inputs predominantly to the AcbC (Wright and Groenewegen, 1995; 

Groenewegen et al., 1999). In fact, Knackstedt and colleagues (2010) demonstrated that LTP in 

the NAc can be readily induced in vivo by stimulating the prelimbic afferents, but, after 

withdrawal from self- administration of cocaine LTP could no longer be induced following 

prelimbic stimulation. These data together with data from a vast number of studies point to the 

importance of the glutamatergic connection between the prelimbic part of the PFC and the 
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AcbC in addiction (see Gipson 2013a and references therein). Therefore, I continued to explore 

the effects of acute alcohol injection on glutamate release in the prelimbic/infralimbic region of 

adolescent and adult animals in vivo.  

The basal level of cortical glutamate in adolescent PFC was more than three times that of 

adults. This result was intriguing, because during brain maturation the adolescent PFC has 

been proposed to be undergoing LTD majorly (see Selemon, 2013). Moreover, it is also known 

that the NMDA receptor density in an adolescent brain is higher compared to that of adult 

animals (Insel et al., 1990). Thus, the conditions in the adolescent PFC with high numbers of 

NMDA receptors and high levels of glutamate appear to favour potentiation or LTP, however, it 

is still not clear how this might be related to the process which is suggested to predominate 

during this age i.e. LTD and synaptic pruning (see Selemon 2013).  

As mentioned above, the major form of plasticity occurring in the adolescent PFC has been 

suggested to be LTD which results from a weak afferent stimulation of a particular synapse, 

possibly leading to internalization of postsynaptic AMPA receptors (Malinow et al., 2002), and 

ultimately, elimination of the synapse i.e. synaptic pruning (Bear, 2003; Heynen et al., 2003). On 

the other hand, LTP is known to strengthen synaptic transmission via increased AMPA receptor 

expression on postsynaptic cells (Zhu et al., 2000; Sun et al., 2005; Makino et al., 2009) and 

therefore, a synapse undergoing LTP may escape synaptic pruning. Due to prevailing high 

extracellular basal levels of glutamate in adolescents, certain synapses may require stronger 

stimulation for strengthening and developing further. Based on the finding in the present thesis, 

that the frequency of glutamate transients was higher in adolescent than adult rats, it is tempting 

to speculate that glutamate transients play this significant role in adolescent brain during 

development. 

Ethanol decreased both the frequency and amplitude of glutamate transients in adolescent 

animals. Our result thereby further supports the notion that ethanol inhibits glutamate release, 

particularly in adolescent animals. In the NAc the inhibition of glutamate release was blocked by 

a GABAB antagonist. It has previously been shown that ethanol´s inhibitory effect on glutamate 

release involves activation of presynaptic GABAB receptors (Steffensen et al. 2000). Ethanol 

has also been found to inhibit on L-type Ca
2+

-channels on presynaptic terminals (Hendricson et 

al. 2003). As L-type Ca
2+

-channels are targets of presynaptic GABAB receptors it is possible that 

this is a sequential mechanism by which ethanol inhibits glutamate release in the NAc and 

tempting to suggest that it is generalizable to other brain regions.  

During the third hour after ethanol injection we observed a rebound potentiation of glutamate 

transients’ frequency and amplitude associated with a faster glutamate clearance rate. LTP has 

been shown to be dependent on the reuptake rate of glutamate, i.e. faster glutamate reuptake 

supports both induction and maintenance of LTP (Pita-Almenar et al., 2006). Thus, ethanol-

induced rebound potentiation of glutamate transients associated with a faster glutamate 

reuptake may contribute to induction and/or maintenance of LTP. In other words, inhibition of 
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glutamate transients acutely, followed by the delayed rebound potentiation, might trigger 

erroneous plasticity in postsynaptic neurons which may thereby result in incorrect pruning of 

synapses and/or synapses falsely preserved. Based on this reasoning, ethanol may not only 

inhibit the formation of normal synapses, but also recruit and strengthen some synapses that 

may provide susceptibility for further development of abuse and addiction. 

Taken together, the present thesis demonstrates important age-dependent differences in the 

way ethanol affects glutamatergic neurotransmission and plasticity. As glutamatergic 

neurotransmission and plasticity are critically involved in brain maturation as well as in shaping 

addictive behavior the observations in the present thesis may constitute some of the underlying 

reasons for increased susceptibility of the adolescent individual to develop alcohol addiction 

later during life. 



                                                                                                                                                               Acknowledgements 

39 

 

 

Acknowledgements 

I would like to express my deepest gratitude to all the people who supported me in many 

possible ways leading to the completion of my PhD thesis work. 

 

Most of all, I would like to thank my supervisor, Dr. Björn Schilström, for all of his motivating, 

logical and thought provoking inputs in every aspect of PhD education and life outside research. 

Your conviction and enthusiasm for science and kindness towards your colleagues would 

always be a benchmark standard for me to follow in my future research career.  

 

I would also like to thank my co-supervisor, Dr. Åsa Konradsson-Geuken, for your thorough 

knowledge and punctuality in science and research and follow the basics attitude. Your 

generosity towards your colleagues made everyday life in research smooth and fun. Thanks for 

bringing me to the world of MEA sensors, and initiating and arranging all the get together 

activities. 

 

I cannot forget to thank my mentor, Dr. Christian Broberger, for all his supportive, unbiased and 

motivating opinions. For your help and support during the PhD process and for showing me all 

the opportunities and options that exist in research, for being a great friend and having a down 

to earth attitude.  

 

Dr. Camilla Svensson for all your positive and motivating opinions about science and research. 

  

I would also like to thank Dr. Karima Chergui for teaching me electrophysiology and helping me 

initially during my PhD. I would always remember your generosity and magnanimity towards 

me. 

 

My past and present co-authors and colleagues, Xiaoqun Zhang, for you kindness and 

hardworking nature, Carolina Gonzales, for you helpful, readiness to learn and cheerful nature, 

Nicholas Harrison for your help with sensors and experiments, Felix Geuken for all your help 

with the figre in the thesis. Other lab members Amelie Ramström and Lotta van Doeselaar 

thanks for keeping a good and fun environment in the office. The amazing Jason Burmeister for 

your superfast replies from the other corner of world, no matter what time we asked for it. Thank 

you so much for all your help with data analysis and statistics with glutamate transients. 

I also want to thank all the administrative staff of the department and MF-student union 

especially John Steen and Johan Hilm who made my life as a PhD student easier. 

 

Life in KI is not easy without friends. It’s a long list and forgive me if I miss some. Michael 

Feyder for being normal and for all the moments we have spent laughing, The Italian club: Dr. 



Devesh Mishra 

40 

 

Simone Codeluppi, Dr. Cosimo Ducani, Dr. Annalisa Vicario (my ATM), Simone (Jesus) and 

most recent, Caitlin Dupont, Yvonne Johannson-my diehard partying friends, thanks for all the 

laughters, club nights and cheerful evenings. The Indian Club Dr. Sameer Kulkarni, Dr. Vijay 

Urmaliya, Nilesh Agalave, Sonal Pendharkar, Dr. Robby Tom, Sachin Thakre for being 

supportive unconditionally and for all the festivals we celebrated as a family. Friends from the 

Huddinge campus, Dr. Erwin Brendörfer, Xiaoli Linda Hu, Gokcé Gunaydin, Dr. Beatriz Alvarez 

Gonzales for all the get-togethers and kiruna trip. I want to thank all the people from volley ball 

gang for all the stress relieving and fun games. Friends who have left KI Dr. Maurice 

Perrinjaquet, Dr. Martin Egeland, Dr. Jamie Ross for all the fun talks and beer evenings. I want 

to thank all the recently defending/defended students for all their help with thesis writing, Dr. 

Torun Malmlöf, Dr. Fredrik Mashili Carl Björkholm, Sandra Travica, Michaela Kilander thank you 

all. Other Phd students Julian Peterson, Jacomijn Dijksterhuis, Isabel Riedl, Adam Sierakowiak, 

Esra Karacka, Cecilia Jädert, Jonathan Mudry, Pedro Reu for all the fun talks, suggestions and 

discussions.Thank you Dr. Lech Igntwcz, Dr. Alessandra Bonito-Oliva, Dr Giada Spigolon for all 

the parties and more parties. Friends from the KI hospital side especially Dr. Karl Björk for all 

your unbiased support, suggestions and comments about my work and Södermalm evenings. 

Tiberiu Stan, Ebba G Lundius, Alexandra Alvarsson, Therese Eriksson, for all the good 

moments, talks and journal clubs. I want to especially thank Anna Persson for your help with 

fixing the thesis layout and always being kind. I would also like to thank Dr. Louise Adermark 

(Gothenburg University) for all your support and suggestions during my PhD. 

I would take this opportunity to thank Dr. Shalini Rajkumar and Dr. Munjal Acharya for all their 

support and belief in me. You sowed the researcher seeds in lots of souls. Hope India could 

have more of your types. 

I am most thankful to my parents Mr. Rajkumar Mishra and Mrs. Sheela Mishra for all their 

affection, care and support all my life. I am truly respectful for and impressed by your kindness 

and innocence. My younger siblings Samir Mishra and Shalini Mishra for being so polite and 

loving, your smiles make my life easy. Markus and Melina, your company is always fun and time 

goes by unnoticed. All my extended joint family back home in India with all the old amazing 

living (and departed) souls-my grandparents, tons of cousins, uncles and aunts, who are always 

unconditionally eager and happy to meet me and be around me, my family here in Sweden, the 

list is too long, I am truly fortunate and grateful to you all for being so kind and caring. Mr 

Rakesh Pandey and Mr Karunanidhi Pandey, my maternal uncles, this acknowledgement would 

not be complete without your names, thanks for being a huge influence during my growing-up 

days; you two are fabulous human beings. 

 

Marika Brislöv, you are the last but matter the most! thanks for being the right person in my life. 

I do not have words to express the feelings, let me just say Jag älskar dig för evigt. 

 

 



                                                                                                                                                                           References 

41 

 

 

 

6. References 

Allebeck P, Leimar P, Ramstedt M (2012) alkoholforskning och politiken, Stockholm, Sweden 
 
Ambroggi F, Ghazizadeh A, Nicola SM, Fields HL (2011) Roles of nucleus accumbens core and 
shell in incentive-cue responding and behavioral inhibition. The Journal of neuroscience 6820-
6830. 
 
Anton RF, Oroszi G, O'Malley S, Couper D, Swift R, Pettinati H, Goldman D (2008) An 
evaluation of mu-opioid receptor (OPRM1) as a predictor of naltrexone response in the 
treatment of alcohol dependence: results from the Combined Pharmacotherapies and 
Behavioral Interventions for Alcohol Dependence (COMBINE) study. Archives of general 
psychiatry 65:135-144. 
 
Anton RF, O'Malley SS, Ciraulo DA, Cisler RA, Couper D, Donovan DM, Gastfriend DR, 
Hosking JD, Johnson BA, LoCastro JS, Longabaugh R, Mason BJ, Mattson ME, Miller WR, 
Pettinati HM, Randall CL, Swift R, Weiss RD, Williams LD, Zweben A (2006) Combined 
pharmacotherapies and behavioral interventions for alcohol dependence: the COMBINE study: 
a randomized controlled trial. JAMA : the journal of the American Medical Association 295:2003-
2017. 
 
Baker DA, Xi ZX, Shen H, Swanson CJ, Kalivas PW (2002) The origin and neuronal function of 
in vivo nonsynaptic glutamate. The Journal of neuroscience 22:9134-9141. 
 
Bear MF (2003) Bidirectional synaptic plasticity: from theory to reality. Philosophical 
transactions of the Royal Society of London Series B, Biological sciences 358:649-655. 
 
Belin D, Everitt BJ (2008) Cocaine seeking habits depend upon dopamine-dependent serial 
connectivity linking the ventral with the dorsal striatum. Neuron 57:432-441. 
 
Belmeguenai A, Botta P, Weber JT, Carta M, De Ruiter M, De Zeeuw CI, Valenzuela CF, 
Hansel C (2008) Alcohol impairs long-term depression at the cerebellar parallel fiber-Purkinje 
cell synapse. Journal of neurophysiology 100:3167-3174. 
 
Ben-Shahar O, Sacramento AD, Miller BW, Webb SM, Wroten MG, Silva HE, Caruana AL, 
Gordon EJ, Ploense KL, Ditzhazy J, Kippin TE, Szumlinski KK (2013) Deficits in ventromedial 
prefrontal cortex group 1 metabotropic glutamate receptor function mediate resistance to 
extinction during protracted withdrawal from an extensive history of cocaine self-administration. 
The Journal of neuroscience 33:495-506a. 
 
Berendse HW, Groenewegen HJ (1991) Restricted cortical termination fields of the midline and 
intralaminar thalamic nuclei in the rat. Neuroscience 42:73-102. 
 
Besheer J, Stevenson RA, Hodge CW (2006) mGlu5 receptors are involved in the discriminative 
stimulus effects of self-administered ethanol in rats. European journal of pharmacology 551:71-
75. 
 
Besheer J, Grondin JJ, Salling MC, Spanos M, Stevenson RA, Hodge CW (2009) Interoceptive 
effects of alcohol require mGlu5 receptor activity in the nucleus accumbens. The Journal of 
neuroscience 29:9582-9591. 
 
Besheer J, Grondin JJ, Cannady R, Sharko AC, Faccidomo S, Hodge CW (2010) Metabotropic 
glutamate receptor 5 activity in the nucleus accumbens is required for the maintenance of 
ethanol self-administration in a rat genetic model of high alcohol intake. Biological psychiatry 
67:812-822. 



Devesh Mishra 

42 

 

Blednov YA, Harris RA (2008) Metabotropic glutamate receptor 5 (mGluR5) regulation of 
ethanol sedation, dependence and consumption: relationship to acamprosate actions. The 
international journal of neuropsychopharmacology / official scientific journal of the Collegium 
Internationale Neuropsychopharmacologicum (CINP) 11:775-793. 
 
Booth BM, Feng W (2002) The impact of drinking and drinking consequences on short-term 
employment outcomes in at-risk drinkers in six southern states. The journal of behavioral health 
services & research 29:157-166. 
 
Bowie D, Mayer ML (1995) Inward rectification of both AMPA and kainate subtype glutamate 
receptors generated by polyamine-mediated ion channel block. Neuron 15:453-462. 
 
Bowie D, Lange GD, Mayer ML (1998) Activity-dependent modulation of glutamate receptors by 
polyamines. The Journal of neuroscience 18:8175-8185. 
 
Boyce PJ, Finlay JM (2009) Extracellular dopamine and norepinephrine in the developing rat 
prefrontal cortex: transient effects of early partial loss of dopamine. Brain research bulletin 
79:104-110. 
 
Burmeister JJ, Gerhardt GA (2001) Self-referencing ceramic-based multisite microelectrodes for 
the detection and elimination of interferences from the measurement of L-glutamate and other 
analytes. Analytical chemistry 73:1037-1042. 
 
Bäckström P, Hyytiä P (2006) Ionotropic and metabotropic glutamate receptor antagonism 
attenuates cue-induced cocaine seeking. Neuropsychopharmacology 31:778-786. 
 
Calabresi P, Mercuri NB, Bernardi G (1990a) Synaptic and intrinsic control of membrane 
excitability of neostriatal neurons. II. An in vitro analysis. Journal of neurophysiology 63:663-
675. 
 
Calabresi P, Mercuri NB, Stefani A, Bernardi G (1990b) Synaptic and intrinsic control of 
membrane excitability of neostriatal neurons. I. An in vivo analysis. Journal of neurophysiology 
63:651-662. 
 
Calabresi P, Fedele E, Pisani A, Fontana G, Mercuri NB, Bernardi G, Raiteri M (1995) 
Transmitter release associated with long-term synaptic depression in rat corticostriatal slices. 
The European journal of neuroscience 7:1889-1894. 
 
Cami J, Farre M (2003) Drug addiction. The New England journal of medicine 349:975-986. 
 
Casado M, Dieudonne S, Ascher P (2000) Presynaptic N-methyl-D-aspartate receptors at the 
parallel fiber-Purkinje cell synapse. Proceedings of the National Academy of Sciences of the 
United States of America 97:11593-11597. 
 
Chang YM, Luebke JI (2007) Electrophysiological diversity of layer 5 pyramidal cells in the 
prefrontal cortex of the rhesus monkey: in vitro slice studies. Journal of neurophysiology 
98:2622-2632. 
 
Chatterton JE, Awobuluyi M, Premkumar LS, Takahashi H, Talantova M, Shin Y, Cui J, Tu S, 
Sevarino KA, Nakanishi N, Tong G, Lipton SA, Zhang D (2002) Excitatory glycine receptors 
containing the NR3 family of NMDA receptor subunits. Nature 415:793-798. 
 
Chiamulera C, Epping-Jordan MP, Zocchi A, Marcon C, Cottiny C, Tacconi S, Corsi M, Orzi F, 
Conquet F (2001) Reinforcing and locomotor stimulant effects of cocaine are absent in mGluR5 
null mutant mice. Nature neuroscience 4:873-874. 
 
Choi DS, Cascini MG, Mailliard W, Young H, Paredes P, McMahon T, Diamond I, Bonci A, 
Messing RO (2004) The type 1 equilibrative nucleoside transporter regulates ethanol 
intoxication and preference. Nature neuroscience 7:855-861. 
 



                                                                                                                                                                           References 

43 

 

Cleva RM, Hicks MP, Gass JT, Wischerath KC, Plasters ET, Widholm JJ, Olive MF (2011) 
mGluR5 positive allosteric modulation enhances extinction learning following cocaine self-
administration. Behavioral neuroscience 125:10-19. 
 
Conn PJ, Pin JP (1997) Pharmacology and functions of metabotropic glutamate receptors. 
Annual review of pharmacology and toxicology 37:205-237. 
 
Cooper JR, Bloom FE, Roth RH (2003) The biochemical basis of neuropharmacology. Oxford 
University Press, Inc. 
 
Cornish JL, Kalivas PW (2000) Glutamate transmission in the nucleus accumbens mediates 
relapse in cocaine addiction. The Journal of neuroscience 20:RC89. 
 
Coutinho V, Knopfel T (2002) Metabotropic glutamate receptors: electrical and chemical 
signaling properties. The Neuroscientist : a review journal bringing neurobiology, neurology and 
psychiatry 8:551-561. 
 
Crews FT, Braun CJ, Hoplight B, Switzer RC, 3rd, Knapp DJ (2000) Binge ethanol consumption 
causes differential brain damage in young adolescent rats compared with adult rats. Alcoholism, 
clinical and experimental research 24:1712-1723. 
 
Crews FT, Collins MA, Dlugos C, Littleton J, Wilkins L, Neafsey EJ, Pentney R, Snell LD, 
Tabakoff B, Zou J, Noronha A (2004) Alcohol-induced neurodegeneration: when, where and 
why? Alcoholism, clinical and experimental research 28:350-364. 
 
Cull-Candy SG, Leszkiewicz DN (2004) Role of distinct NMDA receptor subtypes at central 
synapses. Science's STKE : signal transduction knowledge environment 2004:re16 
. 
Dahlstrom A, Fuxe K (1964) Localization of monoamines in the lower brain stem. Experientia 
20:398-399. 
 
Danbolt NC (2001) Glutamate uptake. Progress in neurobiology 65:1-105. 
Dawson DA, Goldstein RB, Chou SP, Ruan WJ, Grant BF (2008) Age at first drink and the first 
incidence of adult-onset DSM-IV alcohol use disorders. Alcoholism, clinical and experimental 
research 32:2149-2160. 
 
Dawson DA, Goldstein RB, Chou SP, Ruan WJ, Grant BF (2008) Age at first drink and the first 
incidence of adult-onset DSM-IV alcohol use disorders. Alcoholism, clinical and experimental 
research 32:2149-2160. 
 
Day BK, Pomerleau F, Burmeister JJ, Huettl P, Gerhardt GA (2006) Microelectrode array 
studies of basal and potassium-evoked release of L-glutamate in the anesthetized rat brain. 
Journal of neurochemistry 96:1626-1635. 
 
DeWit DJ, Adlaf EM, Offord DR, Ogborne AC (2000) Age at first alcohol use: a risk factor for the 
development of alcohol disorders. The American journal of psychiatry 157:745-750. 
 
Di Chiara G (1999) Drug addiction as dopamine-dependent associative learning disorder. 
European journal of pharmacology 375:13-30. 
 
Di Chiara G, Imperato A (1988) 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 85:5274-5278. 
 
 
Di Ciano P, Everitt BJ (2001) Dissociable effects of antagonism of NMDA and AMPA/KA 
receptors in the nucleus accumbens core and shell on cocaine-seeking behavior. 
Neuropsychopharmacology 25:341-360. 
 



Devesh Mishra 

44 

 

Dildy-Mayfield JE, Leslie SW (1991) Mechanism of inhibition of N-methyl-D-aspartate-
stimulated increases in free intracellular Ca2+ concentration by ethanol. Journal of 
neurochemistry 56:1536-1543. 
 
Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The glutamate receptor ion channels. 
Pharmacological reviews 51:7-61. 
 
Doremus TL, Brunell SC, Rajendran P, Spear LP (2005) Factors influencing elevated ethanol 
consumption in adolescent relative to adult rats. Alcoholism, clinical and experimental research 
29:1796-1808. 
 
Everitt BJ, Wolf ME (2002) Psychomotor stimulant addiction: a neural systems perspective. The 
Journal of neuroscience 22:3312-3320. 
 
Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug addiction: from actions 
to habits to compulsion. Nature neuroscience 8:1481-1489. 
 
Fein G, Di Sclafani V, Cardenas VA, Goldmann H, Tolou-Shams M, Meyerhoff DJ (2002) 
Cortical gray matter loss in treatment-naive alcohol dependent individuals. Alcoholism, clinical 
and experimental research 26:558-564. 
 
Feltenstein MW, See RE (2008) The neurocircuitry of addiction: an overview. British journal of 
pharmacology 154:261-274. 
 
Ferrani-Kile K, Randall PK, Leslie SW (2003) Acute ethanol affects phosphorylation state of the 
NMDA receptor complex: implication of tyrosine phosphatases and protein kinase A. Brain 
research Molecular brain research 115:78-86. 
 
Gallistel CR, Shizgal P, Yeomans JS (1981) A portrait of the substrate for self-stimulation. 
Psychological review 88:228-273. 
 
Gardner EL (2011) Addiction and brain reward and antireward pathways. Advances in 
psychosomatic medicine 30:22-60. 
 
Gass JT, Olive MF (2009) Positive allosteric modulation of mGluR5 receptors facilitates 
extinction of a cocaine contextual memory. Biological psychiatry 65:717-720. 
 
Gelernter J, Gueorguieva R, Kranzler HR, Zhang H, Cramer J, Rosenheck R, Krystal JH (2007) 
Opioid receptor gene (OPRM1, OPRK1, and OPRD1) variants and response to naltrexone 
treatment for alcohol dependence: results from the VA Cooperative Study. Alcoholism, clinical 
and experimental research 31:555-563. 
 
Gipson CD, Kupchik YM, Shen H, Reissner KJ, Thomas CA, Kalivas PW (2013a) Relapse 
induced by cues predicting cocaine depends on rapid, transient synaptic potentiation. Neuron 
77:867-872. 
 
Gipson CD, Kupchik YM, Kalivas PW (2013b) Rapid, transient synaptic plasticity in addiction. 
Neuropharmacology. 
 
Goldstein RZ, Volkow ND (2002) Drug addiction and its underlying neurobiological basis: 
neuroimaging evidence for the involvement of the frontal cortex. The American journal of 
psychiatry 159:1642-1652. 
 
Goldstein RZ, Volkow ND (2011) Dysfunction of the prefrontal cortex in addiction: neuroimaging 
findings and clinical implications. Nature reviews Neuroscience 12:652-669. 
 
Goto Y, Grace AA (2008) Limbic and cortical information processing in the nucleus accumbens. 
Trends in neurosciences 31:552-558. 
 



                                                                                                                                                                           References 

45 

 

Grant BF, Dawson DA (1998) Age of onset of drug use and its association with DSM-IV drug 
abuse and dependence: results from the National Longitudinal Alcohol Epidemiologic Survey. 
Journal of substance abuse 10:163-173. 
 
Grant BF, Stinson FS, Harford TC (2001) Age at onset of alcohol use and DSM-IV alcohol 
abuse and dependence: a 12-year follow-up. Journal of substance abuse 13:493-504. 
 
Groenewegen HJ, Galis-de Graaf Y, Smeets WJ (1999) Integration and segregation of limbic 
cortico-striatal loops at the thalamic level: an experimental tracing study in rats. Journal of 
chemical neuroanatomy 16:167-185. 
 
Gruart A, Munoz MD, Delgado-Garcia JM (2006) Involvement of the CA3-CA1 synapse in the 
acquisition of associative learning in behaving mice. The Journal of neuroscience 26:1077-
1087. 
 
Harris EW, Ganong AH, Cotman CW (1984) Long-term potentiation in the hippocampus 
involves activation of N-methyl-D-aspartate receptors. Brain research 323:132-137. 
 
Harris GJ, Jaffin SK, Hodge SM, Kennedy D, Caviness VS, Marinkovic K, Papadimitriou GM, 
Makris N, Oscar-Berman M (2008) Frontal white matter and cingulum diffusion tensor imaging 
deficits in alcoholism. Alcoholism, clinical and experimental research 32:1001-1013. 
 
Hascup KN, Hascup ER, Stephens ML, Glaser PE, Yoshitake T, Mathe AA, Gerhardt GA, Kehr 
J (2011) Resting glutamate levels and rapid glutamate transients in the prefrontal cortex of the 
Flinders Sensitive Line rat: a genetic rodent model of depression. Neuropsychopharmacology 
36:1769-1777. 
 
Hemby SE, Martin TJ, Co C, Dworkin SI, Smith JE (1995) The effects of intravenous heroin 
administration on extracellular nucleus accumbens dopamine concentrations as determined by 
in vivo microdialysis. The Journal of pharmacology and experimental therapeutics 273:591-598. 
 
Hendricson AW, Thomas MP, Lippmann MJ, Morrisett RA (2003) Suppression of L-type 
voltage-gated calcium channel-dependent synaptic plasticity by ethanol: analysis of miniature 
synaptic currents and dendritic calcium transients. The Journal of pharmacology and 
experimental therapeutics 307:550-558. 
 
Hermans E, Challiss RA (2001) Structural, signalling and regulatory properties of the group I 
metabotropic glutamate receptors: prototypic family C G-protein-coupled receptors. The 
Biochemical journal 359:465-484. 
 
Hernandez L, Hoebel BG (1988) Food reward and cocaine increase extracellular dopamine in 
the nucleus accumbens as measured by microdialysis. Life sciences 42:1705-1712. 
 
Heynen AJ, Yoon BJ, Liu CH, Chung HJ, Huganir RL, Bear MF (2003) Molecular mechanism for 
loss of visual cortical responsiveness following brief monocular deprivation. Nature 
neuroscience 6:854-862. 
 
Hicks BM, Iacono WG, McGue M (2010) Consequences of an adolescent onset and persistent 
course of alcohol dependence in men: adolescent risk factors and adult outcomes. Alcoholism, 
clinical and experimental research 34:819-833. 
 
Hingson RW, Heeren T, Winter MR (2006a) Age of alcohol-dependence onset: associations 
with severity of dependence and seeking treatment. Pediatrics 118:e755-763. 
 
Hingson RW, Heeren T, Winter MR (2006b) Age at drinking onset and alcohol dependence: age 
at onset, duration, and severity. Archives of pediatrics & adolescent medicine 160:739-746. 
 
Hoover WB, Vertes RP (2007) Anatomical analysis of afferent projections to the medial 
prefrontal cortex in the rat. Brain structure & function 212:149-179. 
 



Devesh Mishra 

46 

 

Hubner CB, Koob GF (1990) Bromocriptine produces decreases in cocaine self-administration 
in the rat. Neuropsychopharmacology 3:101-108. 
 
Huettner JE (2003) Kainate receptors and synaptic transmission. Progress in neurobiology 
70:387-407. 
 
Imperato A, Di Chiara G (1986) Preferential stimulation of dopamine release in the nucleus 
accumbens of freely moving rats by ethanol. The Journal of pharmacology and experimental 
therapeutics 239:219-228. 
 
Insel TR, Miller LP, Gelhard RE (1990) The ontogeny of excitatory amino acid receptors in rat 
forebrain--I. N-methyl-D-aspartate and quisqualate receptors. Neuroscience 35:31-43. 
 
Izumi Y, Kitabayashi R, Funatsu M, Izumi M, Yuede C, Hartman RE, Wozniak DF, Zorumski CF 
(2005) A single day of ethanol exposure during development has persistent effects on bi-
directional plasticity, N-methyl-D-aspartate receptor function and ethanol sensitivity. 
Neuroscience 136:269-279. 
 
Kalivas PW, O'Brien C (2008) Drug addiction as a pathology of staged neuroplasticity. 
Neuropsychopharmacology 33:166-180. 
 
Kalivas PW, Volkow ND (2011) New medications for drug addiction hiding in glutamatergic 
neuroplasticity. Molecular psychiatry 16:974-986. 
 
Kandel ER Schwartz JH, Jessel TM (2000) Principles of neural science, 4/e. The McGraw-Hill 
Companies, Inc. 
 
Kasanetz F, Deroche-Gamonet V, Berson N, Balado E, Lafourcade M, Manzoni O, Piazza PV 
(2010) Transition to addiction is associated with a persistent impairment in synaptic plasticity. 
Science (New York, NY) 328:1709-1712. 
 
Kashkin VA, De Witte P (2004) Ethanol but not acetaldehyde induced changes in brain taurine: 
a microdialysis study. Amino acids 26:117-124. 
 
Kawaguchi Y (1993a) Physiological, morphological, and histochemical characterization of three 
classes of interneurons in rat neostriatum. The Journal of neuroscience 13:4908-4923. 
 
Kawaguchi Y (1993b) Groupings of nonpyramidal and pyramidal cells with specific physiological 
and morphological characteristics in rat frontal cortex. Journal of neurophysiology 69:416-431. 
 
Kawaguchi Y (1995) Physiological subgroups of nonpyramidal cells with specific morphological 
characteristics in layer II/III of rat frontal cortex. The Journal of neuroscience 15:2638-2655. 
 
Kelley AE, Berridge KC (2002) The neuroscience of natural rewards: relevance to addictive 
drugs. The Journal of neuroscience 22:3306-3311. 
 
Kenny PJ, Paterson NE, Boutrel B, Semenova S, Harrison AA, Gasparini F, Koob GF, Skoubis 
PD, Markou A (2003) Metabotropic glutamate 5 receptor antagonist MPEP decreased nicotine 
and cocaine self-administration but not nicotine and cocaine-induced facilitation of brain reward 
function in rats. Annals of the New York Academy of Sciences 1003:415-418. 
 
Kiefer F, Jahn H, Tarnaske T, Helwig H, Briken P, Holzbach R, Kampf P, Stracke R, Baehr M, 
Naber D, Wiedemann K (2003) Comparing and combining naltrexone and acamprosate in 
relapse prevention of alcoholism: a double-blind, placebo-controlled study. Archives of general 
psychiatry 60:92-99. 
 
Kim J, Park BH, Lee JH, Park SK, Kim JH (2011) Cell type-specific alterations in the nucleus 
accumbens by repeated exposures to cocaine. Biological psychiatry 69:1026-1034. 
 



                                                                                                                                                                           References 

47 

 

Knackstedt LA, Moussawi K, Lalumiere R, Schwendt M, Klugmann M, Kalivas PW (2010) 
Extinction training after cocaine self-administration induces glutamatergic plasticity to inhibit 
cocaine seeking. The Journal of neuroscience 30:7984-7992. 
 
Konradsson-Geuken A, Gash CR, Alexander K, Pomerleau F, Huettl P, Gerhardt GA, Bruno JP 
(2009) Second-by-second analysis of alpha 7 nicotine receptor regulation of glutamate release 
in the prefrontal cortex of awake rats. Synapse 63:1069-1082. 
 
Konradsson-Geuken A, Wu HQ, Gash CR, Alexander KS, Campbell A, Sozeri Y, Pellicciari R, 
Schwarcz R, Bruno JP (2010) Cortical kynurenic acid bi-directionally modulates prefrontal 
glutamate levels as assessed by microdialysis and rapid electrochemistry. Neuroscience 
169:1848-1859. 
 
Koob GF (1992) Drugs of abuse: anatomy, pharmacology and function of reward pathways. 
Trends in pharmacological sciences 13:177-184. 
 
Koob GF, Le Moal M (1997) Drug abuse: hedonic homeostatic dysregulation. Science (New 
York, NY) 278:52-58. 
 
Koob GF, Volkow ND (2010) Neurocircuitry of addiction. Neuropsychopharmacology 35:217-
238. 
 
Kranzler HR, Burleson JA, Del Boca FK, Babor TF, Korner P, Brown J, Bohn MJ (1994) 
Buspirone treatment of anxious alcoholics. A placebo-controlled trial. Archives of general 
psychiatry 51:720-731. 
 
Krishnan-Sarin S, Krystal JH, Shi J, Pittman B, O'Malley SS (2007) Family history of alcoholism 
influences naltrexone-induced reduction in alcohol drinking. Biological psychiatry 62:694-697. 
 
Lee B, Platt DM, Rowlett JK, Adewale AS, Spealman RD (2005) Attenuation of behavioral 
effects of cocaine by the Metabotropic Glutamate Receptor 5 Antagonist 2-Methyl-6-
(phenylethynyl)-pyridine in squirrel monkeys: comparison with dizocilpine. The Journal of 
pharmacology and experimental therapeutics 312:1232-1240. 
 
Leonard KE, Rothbard JC (1999) Alcohol and the marriage effect. Journal of studies on alcohol 
Supplement 13:139-146. 
 
Liu MG, Lu D, Wang Y, Chen XF, Li Z, Xu Y, Jin JH, Wang RR, Chen J (2012) Counteracting 
roles of metabotropic glutamate receptor subtypes 1 and 5 in regulation of pain-related spatial 
and temporal synaptic plasticity in rat entorhinal-hippocampal pathways. Neuroscience letters 
507:38-42. 
 
Lominac KD, Kapasova Z, Hannun RA, Patterson C, Middaugh LD, Szumlinski KK (2006) 
Behavioral and neurochemical interactions between Group 1 mGluR antagonists and ethanol: 
potential insight into their anti-addictive properties. Drug and alcohol dependence 85:142-156. 
 
Lovinger DM (1993) High ethanol sensitivity of recombinant AMPA-type glutamate receptors 
expressed in mammalian cells. Neuroscience letters 159:83-87. 
 
Lovinger DM, Roberto M (2013) Synaptic effects induced by alcohol. Current topics in 
behavioral neurosciences 13:31-86. 
 
Lovinger DM, White G, Weight FF (1989) Ethanol inhibits NMDA-activated ion current in 
hippocampal neurons. Science (New York, NY) 243:1721-1724. 
Lynch MA (2004) Long-term potentiation and memory. Physiological reviews 84:87-136. 
 
Lyness WH, Friedle NM, Moore KE (1979) Destruction of dopaminergic nerve terminals in 
nucleus accumbens: effect on d-amphetamine self-administration. Pharmacology, biochemistry, 
and behavior 11:553-556. 
 



Devesh Mishra 

48 

 

Makino H, Malinow R (2009) AMPA receptor incorporation into synapses during LTP: the role of 
lateral movement and exocytosis. Neuron 64:381-390. 
 
Maldve RE, Zhang TA, Ferrani-Kile K, Schreiber SS, Lippmann MJ, Snyder GL, Fienberg AA, 
Leslie SW, Gonzales RA, Morrisett RA (2002) DARPP-32 and regulation of the ethanol 
sensitivity of NMDA receptors in the nucleus accumbens. Nature neuroscience 5:641-648. 
 
Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron 44:5-21. 
 
Malinow R, Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity. Annual review 
of neuroscience 25:103-126. 
 
Mann K, Lehert P, Morgan MY (2004) The efficacy of acamprosate in the maintenance of 
abstinence in alcohol-dependent individuals: results of a meta-analysis. Alcoholism, clinical and 
experimental research 28:51-63. 
 
Markwiese BJ, Acheson SK, Levin ED, Wilson WA, Swartzwelder HS (1998) Differential effects 
of ethanol on memory in adolescent and adult rats. Alcoholism, clinical and experimental 
research 22:416-421. 
 
Martin M, Chen BT, Hopf FW, Bowers MS, Bonci A (2006) Cocaine self-administration 
selectively abolishes LTD in the core of the nucleus accumbens. Nature neuroscience 9:868-
869. 
 
Mason BJ, Goodman AM, Chabac S, Lehert P (2006) Effect of oral acamprosate on abstinence 
in patients with alcohol dependence in a double-blind, placebo-controlled trial: the role of patient 
motivation. Journal of psychiatric research 40:383-393. 
 
McFarland K, Lapish CC, Kalivas PW (2003) Prefrontal glutamate release into the core of the 
nucleus accumbens mediates cocaine-induced reinstatement of drug-seeking behavior. The 
Journal of neuroscience 23:3531-3537. 
 
McGeehan AJ, Janak PH, Olive MF (2004) Effect of the mGluR5 antagonist 6-methyl-2-
(phenylethynyl)pyridine (MPEP) on the acute locomotor stimulant properties of cocaine, D-
amphetamine, and the dopamine reuptake inhibitor GBR12909 in mice. Psychopharmacology 
174:266-273. 
 
McQueeny T, Schweinsburg BC, Schweinsburg AD, Jacobus J, Bava S, Frank LR, Tapert SF 
(2009) Altered white matter integrity in adolescent binge drinkers. Alcoholism, clinical and 
experimental research 33:1278-1285. 
 
Melendez RI, Hicks MP, Cagle SS, Kalivas PW (2005) Ethanol exposure decreases glutamate 
uptake in the nucleus accumbens. Alcoholism, clinical and experimental research 29:326-333. 
 
Milner PM (1991) Brain-stimulation reward: a review. Canadian journal of psychology 45:1-36. 
 
Minami K, Gereau RWt, Minami M, Heinemann SF, Harris RA (1998) Effects of ethanol and 
anesthetics on type 1 and 5 metabotropic glutamate receptors expressed in Xenopus laevis 
oocytes. Molecular pharmacology 53:148-156. 
 
 
Mirenowicz J, Schultz W (1996) Preferential activation of midbrain dopamine neurons by 
appetitive rather than aversive stimuli. Nature 379:449-451. 
 
Mirshahi T, Anders DL, Ronald KM, Woodward JJ (1998) Intracellular calcium enhances the 
ethanol sensitivity of NMDA receptors through an interaction with the C0 domain of the NR1 
subunit. Journal of neurochemistry 71:1095-1107. 
 



                                                                                                                                                                           References 

49 

 

Misgeld U, Okada Y, Hassler R (1979) Locally evoked potentials in slices of rat neostriatum: a 
tool for the investigation of intrinsic excitatory processes. Experimental brain research 
Experimentelle Hirnforschung Experimentation cerebrale 34:575-590. 
 
Mitchell KM (2004) Acetylcholine and choline amperometric enzyme sensors characterized in 
vitro and in vivo. Analytical chemistry 76:1098-1106. 
 
Miyakawa T, Yagi T, Kitazawa H, Yasuda M, Kawai N, Tsuboi K, Niki H (1997) Fyn-kinase as a 
determinant of ethanol sensitivity: relation to NMDA-receptor function. Science (New York, NY) 
278:698-701. 
 
Mogenson GJ, Jones DL, Yim CY (1980) From motivation to action: functional interface 
between the limbic system and the motor system. Progress in neurobiology 14:69-97. 
 
Moghaddam B, Bolinao ML (1994) Biphasic effect of ethanol on extracellular accumulation of 
glutamate in the hippocampus and the nucleus accumbens. Neuroscience letters 178:99-102. 
 
Momiyama A, Feldmeyer D, Cull-Candy SG (1996) Identification of a native low-conductance 
NMDA channel with reduced sensitivity to Mg2+ in rat central neurones. The Journal of 
physiology 494 ( Pt 2):479-492. 
 
Morris RG (1989) Synaptic plasticity and learning: selective impairment of learning rats and 
blockade of long-term potentiation in vivo by the N-methyl-D-aspartate receptor antagonist AP5. 
The Journal of neuroscience 9:3040-3057. 
 
Morris RG (2013) NMDA receptors and memory encoding. Neuropharmacology 74:32-40. 
 
Morrisett RA, Martin D, Oetting TA, Lewis DV, Wilson WA, Swartzwelder HS (1991) Ethanol and 
magnesium ions inhibit N-methyl-D-aspartate-mediated synaptic potentials in an interactive 
manner. Neuropharmacology 30:1173-1178. 
 
Mu P, Moyer JT, Ishikawa M, Zhang Y, Panksepp J, Sorg BA, Schluter OM, Dong Y (2010) 
Exposure to cocaine dynamically regulates the intrinsic membrane excitability of nucleus 
accumbens neurons. The Journal of neuroscience 30:3689-3699. 
 
Mudo G, Trovato-Salinaro A, Caniglia G, Cheng Q, Condorelli DF (2007) Cellular localization of 
mGluR3 and mGluR5 mRNAs in normal and injured rat brain. Brain research 1149:1-13. 
 
Nagy LE, Diamond I, Casso DJ, Franklin C, Gordon AS (1990) Ethanol increases extracellular 
adenosine by inhibiting adenosine uptake via the nucleoside transporter. The Journal of 
biological chemistry 265:1946-1951. 
 
Nie Z, Madamba SG, Siggins GR (1994) Ethanol inhibits glutamatergic neurotransmission in 
nucleus accumbens neurons by multiple mechanisms. The Journal of pharmacology and 
experimental therapeutics 271:1566-1573. 
 
Nie Z, Yuan X, Madamba SG, Siggins GR (1993) Ethanol decreases glutamatergic synaptic 
transmission in rat nucleus accumbens in vitro: naloxone reversal. The Journal of pharmacology 
and experimental therapeutics 266:1705-1712. 
 
Nisenbaum ES, Wilson CJ (1995) Potassium currents responsible for inward and outward 
rectification in rat neostriatal spiny projection neurons. The Journal of neuroscience 15:4449-
4463. 
 
Olds J (1956) Neurophysiology of drive. Psychiatric research reports 6:15-20. 
 
Olds J (1958): Self stimulation of the brain. Science 127:315-324 
 
Olds J, Milner P (1954) Positive reinforcement produced by electrical stimulation of septal area 
and other regions of rat brain. Journal of comparative and physiological psychology 47:419-427. 



Devesh Mishra 

50 

 

Olive MF (2009) Metabotropic glutamate receptor ligands as potential therapeutics for addiction. 
Current drug abuse reviews 2:83-98. 
 
O'Malley SS, Jaffe AJ, Chang G, Schottenfeld RS, Meyer RE, Rounsaville B (1992) Naltrexone 
and coping skills therapy for alcohol dependence. A controlled study. Archives of general 
psychiatry 49:881-887. 
 
Ongur D, Price JL (2000) The organization of networks within the orbital and medial prefrontal 
cortex of rats, monkeys and humans. Cerebral cortex (1991) 10:206-219. 
 
Otton HJ, Janssen A, O'Leary T, Chen PE, Wyllie DJ (2009) Inhibition of rat recombinant 
GluN1/GluN2A and GluN1/GluN2B NMDA receptors by ethanol at concentrations based on the 
US/UK drink-drive limit. European journal of pharmacology 614:14-21. 
 
Paoletti P, Neyton J (2007) NMDA receptor subunits: function and pharmacology. Current 
opinion in pharmacology 7:39-47. 
 
Pascual M, Blanco AM, Cauli O, Minarro J, Guerri C (2007) Intermittent ethanol exposure 
induces inflammatory brain damage and causes long-term behavioural alterations in adolescent 
rats. The European journal of neuroscience 25:541-550. 
 
Paterson NE, Semenova S, Gasparini F, Markou A (2003) The mGluR5 antagonist MPEP 
decreased nicotine self-administration in rats and mice. Psychopharmacology 167:257-264. 
 
Paxinos G and Watson C (1998) The rat brain in stereotaxic coordinates. Academic press: New 
York 
 
Peters J, Kalivas PW, Quirk GJ (2009) Extinction circuits for fear and addiction overlap in 
prefrontal cortex. Learning & memory (Cold Spring Harbor, NY) 16:279-288. 
 
Pfefferbaum A, Sullivan EV (2005) Disruption of brain white matter microstructure by excessive 
intracellular and extracellular fluid in alcoholism: evidence from diffusion tensor imaging. 
Neuropsychopharmacology 30:423-432. 
 
Pfefferbaum A, Rosenbloom M, Deshmukh A, Sullivan E (2001) Sex differences in the effects of 
alcohol on brain structure. The American journal of psychiatry 158:188-197. 
 
Pfefferbaum A, Sullivan EV, Rosenbloom MJ, Mathalon DH, Lim KO (1998) A controlled study 
of cortical gray matter and ventricular changes in alcoholic men over a 5-year interval. Archives 
of general psychiatry 55:905-912. 
 
Pierce RC, Bell K, Duffy P, Kalivas PW (1996) Repeated cocaine augments excitatory amino 
acid transmission in the nucleus accumbens only in rats having developed behavioral 
sensitization. The Journal of neuroscience 16:1550-1560. 
 
Pisani A, Calabresi P, Centonze D, Bernardi G (1997) Enhancement of NMDA responses by 
group I metabotropic glutamate receptor activation in striatal neurones. British journal of 
pharmacology 120:1007-1014. 
 
Pita-Almenar JD, Collado MS, Colbert CM, Eskin A (2006) Different mechanisms exist for the 
plasticity of glutamate reuptake during early long-term potentiation (LTP) and late LTP. The 
Journal of neuroscience 26:10461-10471. 
 
Quinlan EM, Philpot BD, Huganir RL, Bear MF (1999) Rapid, experience-dependent expression 
of synaptic NMDA receptors in visual cortex in vivo. Nature neuroscience 2:352-357. 
Rabe CS, Tabakoff B (1990) Glycine site-directed agonists reverse the actions of ethanol at the 
N-methyl-D-aspartate receptor. Molecular pharmacology 38:753-757. 
 



                                                                                                                                                                           References 

51 

 

Rassnick S, Stinus L, Koob GF (1993) The effects of 6-hydroxydopamine lesions of the nucleus 
accumbens and the mesolimbic dopamine system on oral self-administration of ethanol in the 
rat. Brain research 623:16-24. 
 
Richard JM, Berridge KC (2013) Prefrontal cortex modulates desire and dread generated by 
nucleus accumbens glutamate disruption. Biological psychiatry 73:360-370. 
 
Roberto M, Schweitzer P, Madamba SG, Stouffer DG, Parsons LH, Siggins GR (2004) Acute 
and chronic ethanol alter glutamatergic transmission in rat central amygdala: an in vitro and in 
vivo analysis. The Journal of neuroscience 24:1594-1603. 
 
Roberts DC, Koob GF (1982) Disruption of cocaine self-administration following 6-
hydroxydopamine lesions of the ventral tegmental area in rats. Pharmacology, biochemistry, 
and behavior 17:901-904. 
 
Roberts DC, Koob GF, Klonoff P, Fibiger HC (1980) Extinction and recovery of cocaine self-
administration following 6-hydroxydopamine lesions of the nucleus accumbens. Pharmacology, 
biochemistry, and behavior 12:781-787. 
 
Robinson TE, Berridge KC (1993) The neural basis of drug craving: an incentive-sensitization 
theory of addiction. Brain research Brain research reviews 18:247-291. 
 
Robinson TE, Berridge KC (2001) Incentive-sensitization and addiction. Addiction (Abingdon, 
England) 96:103-114. 
 
Rosenbloom M, Sullivan EV, Pfefferbaum A (2003) Using magnetic resonance imaging and 
diffusion tensor imaging to assess brain damage in alcoholics. Alcohol research & health : the 
journal of the National Institute on Alcohol Abuse and Alcoholism 27:146-152. 
 
Rutherford EC, Pomerleau F, Huettl P, Stromberg I, Gerhardt GA (2007) Chronic second-by-
second measures of L-glutamate in the central nervous system of freely moving rats. Journal of 
neurochemistry 102:712-722. 
 
Sass H, Soyka M, Mann K, Zieglgansberger W (1996) Relapse prevention by acamprosate. 
Results from a placebo-controlled study on alcohol dependence. Archives of general psychiatry 
53:673-680. 
 
Schotanus SM, Chergui K (2008a) NR2A-containing NMDA receptors depress glutamatergic 
synaptic transmission and evoked-dopamine release in the mouse striatum. Journal of 
neurochemistry 106:1758-1765. 
 
Schotanus SM, Chergui K (2008b) Long-term potentiation in the nucleus accumbens requires 
both NR2A- and NR2B-containing N-methyl-D-aspartate receptors. The European journal of 
neuroscience 27:1957-1964. 
 
Schotanus SM, Fredholm BB, Chergui K (2006) NMDA depresses glutamatergic synaptic 
transmission in the striatum through the activation of adenosine A1 receptors: evidence from 
knockout mice. Neuropharmacology 51:272-282. 
 
Schulte T, Sullivan EV, Muller-Oehring EM, Adalsteinsson E, Pfefferbaum A (2005) Corpus 
callosal microstructural integrity influences interhemispheric processing: a diffusion tensor 
imaging study. Cerebral cortex 15:1384-1392. 
 
Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction and reward. Science 
275:1593-1599. 
 
Seamans JK, Lapish CC, Durstewitz D (2008) Comparing the prefrontal cortex of rats and 
primates: insights from electrophysiology. Neurotoxicity research 14:249-262. 
 



Devesh Mishra 

52 

 

Selemon LD (2013) A role for synaptic plasticity in the adolescent development of executive 
function. Translational psychiatry 3:e238. 
 
Selim M, Bradberry CW (1996) Effect of ethanol on extracellular 5-HT and glutamate in the 
nucleus accumbens and prefrontal cortex: comparison between the Lewis and Fischer 344 rat 
strains. Brain research 716:157-164. 
 
Sesack SR, Grace AA (2010) Cortico-Basal Ganglia reward network: microcircuitry. 
Neuropsychopharmacology 35:27-47. 
 
Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY (1994) Changing subunit composition of 
heteromeric NMDA receptors during development of rat cortex. Nature 368:144-147. 
 
Shigeri Y, Seal RP, Shimamoto K (2004) Molecular pharmacology of glutamate transporters, 
EAATs and VGLUTs. Brain research Brain research reviews 45:250-265. 
 
Siggins GR, Roberto M, Nie Z (2005) The tipsy terminal: presynaptic effects of ethanol. 
Pharmacology & therapeutics 107:80-98. 
 
Silveri MM, Spear LP (2001) Acute, rapid, and chronic tolerance during ontogeny: observations 
when equating ethanol perturbation across age. Alcoholism, clinical and experimental research 
25:1301-1308. 
 
Snell LD, Tabakoff B, Hoffman PL (1994) Involvement of protein kinase C in ethanol-induced 
inhibition of NMDA receptor function in cerebellar granule cells. Alcoholism, clinical and 
experimental research 18:81-85. 
 
Spear LP (2013) The Teenage Brain: Adolescent and Alcohol. Current Direction in 
Psychological Science 2013 22: 152. 
 
Squeglia LM, Pulido C, Wetherill RR, Jacobus J, Brown GG, Tapert SF (2012) Brain response 
to working memory over three years of adolescence: influence of initiating heavy drinking. 
Journal of studies on alcohol and drugs 73:749-760. 
 
Squeglia LM, Spadoni AD, Infante MA, Myers MG, Tapert SF (2009) Initiating moderate to 
heavy alcohol use predicts changes in neuropsychological functioning for adolescent girls and 
boys. Psychology of addictive behaviors : journal of the Society of Psychologists in Addictive 
Behaviors 23:715-722. 
 
Steffensen SC, Nie Z, Criado JR, Siggins GR (2000) Ethanol inhibition of N-methyl-D-aspartate 
responses involves presynaptic gamma-aminobutyric acid(B) receptors. The Journal of 
pharmacology and experimental therapeutics 294:637-647. 
 
Stephenson FA (2006) Structure and trafficking of NMDA and GABAA receptors. Biochemical 
Society transactions 34:877-881. 
 
Sun X, Zhao Y, Wolf ME (2005) Dopamine receptor stimulation modulates AMPA receptor 
synaptic insertion in prefrontal cortex neurons. The Journal of neuroscience 25:7342-7351. 
 
Thomas MJ, Beurrier C, Bonci A, Malenka RC (2001) Long-term depression in the nucleus 
accumbens: a neural correlate of behavioral sensitization to cocaine. Nature neuroscience 
4:1217-1223. 
 
Tsien JZ, Huerta PT, Tonegawa S (1996) The essential role of hippocampal CA1 NMDA 
receptor-dependent synaptic plasticity in spatial memory. Cell 87:1327-1338. 
 
Tu Y, Kroener S, Abernathy K, Lapish C, Seamans J, Chandler LJ, Woodward JJ (2007) 
Ethanol inhibits persistent activity in prefrontal cortical neurons. The Journal of neuroscience 
27:4765-4775. 
 



                                                                                                                                                                           References 

53 

 

Uylings HB, Groenewegen HJ, Kolb B (2003) Do rats have a prefrontal cortex? Behavioural 
brain research 146:3-17. 
 
Valenzuela CF, Bhave S, Hoffman P, Harris RA (1998) Acute effects of ethanol on 
pharmacologically isolated kainate receptors in cerebellar granule neurons: comparison with 
NMDA and AMPA receptors. Journal of neurochemistry 71:1777-1780. 
 
Vetter-O'Hagen C, Varlinskaya E, Spear L (2009) Sex differences in ethanol intake and 
sensitivity to aversive effects during adolescence and adulthood. Alcohol and alcoholism 
(Oxford, Oxfordshire) 44:547-554. 
 
Volkow ND, Fowler JS, Wang GJ, Swanson JM (2004) Dopamine in drug abuse and addiction: 
results from imaging studies and treatment implications. Molecular psychiatry 9:557-569. 
 
Volpicelli JR, Alterman AI, Hayashida M, O'Brien CP (1992) Naltrexone in the treatment of 
alcohol dependence. Archives of general psychiatry 49:876-880. 
 
Wassum KM, Tolosa VM, Tseng TC, Balleine BW, Monbouquette HG, Maidment NT (2012) 
Transient extracellular glutamate events in the basolateral amygdala track reward-seeking 
actions. The Journal of neuroscience 32:2734-2746. 
 
Weiner JL, Valenzuela CF (2006) Ethanol modulation of GABAergic transmission: the view from 
the slice. Pharmacology & therapeutics 111:533-554. 
 
Weiss F, Lorang MT, Bloom FE, Koob GF (1993) Oral alcohol self-administration stimulates 
dopamine release in the rat nucleus accumbens: genetic and motivational determinants. The 
Journal of pharmacology and experimental therapeutics 267:250-258. 
 
Weitlauf C, Woodward JJ (2008) Ethanol selectively attenuates NMDAR-mediated synaptic 
transmission in the prefrontal cortex. Alcoholism, clinical and experimental research 32:690-
698. 
 
White AM, Swartzwelder HS (2005) Age-related effects of alcohol on memory and memory-
related brain function in adolescents and adults. Recent developments in alcoholism : an official 
publication of the American Medical Society on Alcoholism, the Research Society on 
Alcoholism, and the National Council on Alcoholism 17:161-176. 
 
Wilson CJ (1993) The generation of natural firing patterns in neostriatal neurons. Progress in 
brain research 99:277-297. 
 
Wilson CJ, Kawaguchi Y (1996) The origins of two-state spontaneous membrane potential 
fluctuations of neostriatal spiny neurons. The Journal of neuroscience 16:2397-2410. 
 
Wise RA, Leeb K (1993) Psychomotor-stimulant sensitization: a unitary phenomenon? 
Behavioural pharmacology 4:339-349. 
 
Woodward JJ, Ron D, Winder D, Roberto M (2006) From blue states to up states: a regional 
view of NMDA-ethanol interactions. Alcoholism, clinical and experimental research 30:359-367. 
 
Wright CI, Groenewegen HJ (1995) Patterns of convergence and segregation in the medial 
nucleus accumbens of the rat: relationships of prefrontal cortical, midline thalamic, and basal 
amygdaloid afferents. The Journal of comparative neurology 361:383-403. 
 
Yaka R, Tang KC, Camarini R, Janak PH, Ron D (2003) Fyn kinase and NR2B-containing 
NMDA receptors regulate acute ethanol sensitivity but not ethanol intake or conditioned reward. 
Alcoholism, clinical and experimental research 27:1736-1742. 
 
Yin HH, Park BS, Adermark L, Lovinger DM (2007) Ethanol reverses the direction of long-term 
synaptic plasticity in the dorsomedial striatum. The European journal of neuroscience 25:3226-
3232. 



Devesh Mishra 

54 

 

Zahm DS (2000) An integrative neuroanatomical perspective on some subcortical substrates of 
adaptive responding with emphasis on the nucleus accumbens. Neuroscience and 
biobehavioral reviews 24:85-105. 
 
Zhang ZW (2004) Maturation of layer V pyramidal neurons in the rat prefrontal cortex: intrinsic 
properties and synaptic function. Journal of neurophysiology 91:1171-1182. 
 
Zhu JJ, Esteban JA, Hayashi Y, Malinow R (2000) Postnatal synaptic potentiation: delivery of 
GluR4-containing AMPA receptors by spontaneous activity. Nature neuroscience 3:1098-1106. 
 
 
 
 


