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The nucleus accumbens (NAc) is a critical component of the brain reward 

system and neuroadaptations in the NAc are thought to underlie the development 

and persistence of addiction. The NAc is composed of two subregions, the core 

and shell, in which medium spiny neurons (MSNs) are the primary cell type.  

There are two distinct subtypes of MSNs in the NAc depending on the dopamine 

receptor expression: D1 dopamine receptor expressing (D1+) MSNs and D2 

dopamine receptor expressing MSNs (D1-). We conducted whole-cell patch 

clamp recordings using transgenic mice to selectively record from D1+ and D1- 

MSNs in the NAc and found that chronic intermittent ethanol (CIE) vapor 

exposure resulted in cell type specific alterations in the intrinsic properties and 

expression of plasticity. To detect changes in plasticity of AMPA receptor 

(AMPAR) mediated currents we used a well described form of NMDAR-

dependent long-term depression (LTD) that is induced by pairing low frequency 

stimulation with postsynaptic depolarization. Similar to previous findings from our 
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lab we found that LTD was expressed exclusively in D1+ MSNs of ethanol naïve 

mice. In slices prepared from CIE treated mice, the induction protocol instead 

resulted in long-term potentiation (LTP) in D1+ MSNs. The expression of LTP in 

D1+ MSNs was accompanied by an increase in excitability as well as an increase 

in the frequency of spontaneous EPSCs. Interestingly, CIE exposure uncovered 

the expression of LTD in D1- MSNs. To further our understanding as to how 

these neuroadaptations contribute to maladaptive ethanol drinking behaviors we 

used CIE vapor exposure to induce an increase in voluntary ethanol 

consumption. Electrophysiological experiments were conducted in the core and 

shell to determine if excitatory signaling and plasticity is differentially modulated 

between the two subregions. CIE induced an increase in ethanol drinking and 

resulted in the long-lasting disruption of LTD in D1+ MSNs of the NAc shell with 

no changes in the core. In addition we found that AMPAR conductance was 

significantly reduced at positive holding potentials suggesting the presence of 

GluA2-lacking AMPARs. These findings may constitute important 

neuroadaptations that underlie alcohol dependence and excessive alcohol 

consumption.  
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Chapter 1: 

Background 

 

ALCOHOL USE DISORDER 

Definition 

Alcohol use is prevalent in the United States as it is easily accessible and 

an ingrained part of the American culture.  More than 50% of Americans over the 

age of 18 consume alcohol regularly (CDC, 2012).  Within the 18-24 age group, 

approximately one third meet the criteria for alcohol use disorder (AUD) (National 

Institute on Alcohol Abuse and Alcoholism, 2005).   

According to the 5th edition of the Diagnostic and Statistical Manual of 

Mental Disorders (DSM–V), AUD is diagnosed based on the following criteria. 1) 

Prolonged or excessive use, 2) persistent desire or unsuccessful efforts to 

control use, 3) excessive time allotted to alcohol seeking and use, 4) craving or a 

strong desire to use alcohol, 5) neglecting work, school, or home obligations to 

use alcohol, 6) continued alcohol use despite having social or interpersonal 

problems caused or exacerbated by alcohol, 7) social, occupational, or 

recreational activities given up or reduced because of alcohol use, 8) alcohol use 

in situations in which it is physically hazardous, 9) alcohol use despite having 

persistent physical or psychological problems likely caused or exacerbated by 

alcohol, 10) tolerance 11) withdrawal.  Depending on the presence of the number 



 

2 
 

of symptoms, AUD can be classified as mild (2-3 symptoms), moderate (4-5 

symptoms), or severe (6 or more symptoms).   

 

Societal Impact 

The Centers for Disease Control and Prevention (CDC) reported that 

excessive alcohol consumption is the third leading cause of preventable death in 

the United States (CDC, 2004; Mokdad et. al., 2004).  In 2006, the total 

economic cost of excessive drinking was conservatively estimated to be over 220 

billion (Bouchery et al., 2011).  Alcohol use disorder is associated with a number 

of serious health problems including liver cirrhosis, cardiovascular disease, 

pancreatitis, weakened immune system, and an increased risk of cancer.  Given 

the serious health and economic impact of AUD in the United States, more 

resources should be allocated for treating and preventing excessive alcohol use.  

 

Current treatment strategies 

In the United States there are approximately 17 million adults diagnosed 

with alcohol use disorder.  Unfortunately only about 20 percent of those who 

suffer from AUD seek treatment (Dawson et al., 2005; Cohen et al., 2007; 

Huebner and Kantor, 2011).  Abrupt cessation of alcohol can result in withdrawal 

induced seizures in alcohol dependent individuals.  Ethanol is known to be a 

potent modulator of inhibitory signaling (Kumar et al., 2009).  During withdrawal 

there is an imbalance of excitatory (upregulated) and inhibitory (downregulated) 
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signaling that contributes to withdrawal induced seizures.  Benzodiazepines are a 

class of GABAA receptor positive allosteric modulators.  Benzodiazepines are an 

effective treatment to help minimize symptoms of withdrawal but are generally 

not used to maintain alcohol abstinence as they have a potentially dangerous 

synergistic depressant effect when combined with alcohol.  There are currently 

only three FDA approved pharmacotherapies to treat AUD with the goal of 

maintaining abstinence.  These include disulfiram, naltrexone, and acamprosate, 

each with its own unique mechanism of action.   

Disulfuram (Antabuse) is an alcohol dehydrogenase inhibitor. When 

alcohol is consumed, disulfuram causes a physical reaction of severe nausea 

and vomiting due to the accumulation of acetaldehyde.  The effectiveness of 

disulfiram is limited due to poor compliance when given to patients to take at their 

own discretion (Fuller and Gordis, 2001).  

Naltrexone is a mu opioid antagonist that was FDA approved in 1994 for 

the treatment of alcohol dependence (Brunton et al, 1996).  Naltrexone has been 

shown to reduce the number of drinks consumed as well as the percentage of 

heavy drinking days (Anton et al, 2004; O’Malley et al, 2002; Pettinati et al, 

2006). Although naltrexone has shown some promising results it is less effective 

for the maintenance of alcohol abstinence (Bouzaet al 2005; Srisurapanont et al, 

2007).   

Acamprosate (Campral) has been used to treat alcohol dependence in 

Europe since 1989 and was FDA approved in 2004.  Acamprosate is a GABA 
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analogue that has been shown to have some effectiveness for the maintenance 

of alcohol abstinence (Carmen et al., 2004; Mann et al., 2004).  The combination 

of acamprosate with naltrexone (Kiefer et al., 2003; Anton et al., 2006) or 

acamprosate and disulfuram (Besson et al., 1998) may also be a more effective 

treatment option.  

 

Models of alcohol use disorder 

In the United States the most common pattern of alcohol consumption is 

binge drinking.  According to the National Institute on Alcohol Abuse and 

Alcoholism (NIAAA) binge drinking typically involves drinking 5 or more drinks for 

men and 4 or more drinks for women in a 2 hour period and produces BECs 

greater than 0.08% (80 mg/dL) (National Institute on Alcohol Abuse and 

Alcoholism, 2004).  Excessive alcohol intake is a hallmark for the human 

condition of AUD therefore in an animal model for alcohol consumption it is 

important that rodents show an excessive alcohol intake phenotype.  In the past 

several decades there have been numerous approaches to develop animal 

models for excessive alcohol intake.  The initial development of an appropriate 

animal model was difficult because rodents will not voluntarily drink alcohol to 

reach significant blood ethanol concentrations.  To get around this problem, a 

number of genetic and experimental manipulations have been developed to 

promote excessive alcohol consumption. 
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 Selective breeding for a high drinking phenotype has been used to 

successfully segregate mouse lines that display an aspect of alcohol 

dependence such as excessive intake or high blood ethanol concentrations. 

Inbred strains such as C57Bl/6 have a natural inclination to drink large amounts 

of alcohol while other strains such as DBA/2J will avoid alcohol (Shelton and 

Grant, 2002; Blizard, 2007; Yoneyama et al., 2008; Rosenwasser and Fixaris, 

2013).    

 Experimental manipulations such as limited access to alcohol has also 

proven to be successful in allowing more precise measurements of patterns of 

alcohol consumption and the resultant blood ethanol concentration. These 

restricted access paradigms typically occur during some portion of the dark cycle 

because rodents are nocturnal and ingestive behaviors are greatest during their 

dark cycle (Rhodes et. al., 2005).  Drinking in the dark (DID) is a limited access 

model of binge drinking.  Three hours into their dark cycle, water is replaced by a 

solution of 20% ethanol and ethanol consumption is measured over a 2 hour 

period.  On the final day ethanol access is increased to 4 hours and the resultant 

BECs are measured (Thiele and Navarro, 2014).  High drinking in the dark 

(HDID) mice have been selectively bred to reach high BECs using the DID 

paradigm.  The HDID mice readily drink to intoxicating BECs and may prove 

useful for genetic analysis of the binge drinking phenotype (Barkley-Levenson 

and Crabbe, 2014). 
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 A major challenge to treating AUD is the tendency for abstinent users to 

relapse when re-exposed to alcohol.  In animals that have had long term free 

access to alcohol and are then deprived for a period of time, reintroduction to 

alcohol results in a transient increase in alcohol consumption known as the 

alcohol deprivation effect (ADE).  The ADE is a model for relapse behavior and 

could be useful for understanding the neuroadaptations involved in relapse 

drinking (Vengeliene et al., 2014).  

Ethanol self-administration, using operant conditioning procedures is 

another very valuable model for alcohol dependence.  Animals are typically 

trained to make a response (e.g. press a lever, nose poke) to obtain a reinforcer 

such as ethanol.  Operant behavioral models allow the experimenter to 

separately analyze the appetitive and consummatory aspects of ethanol self-

administration.  The reinforcing effects of ethanol can also be analyzed by 

manipulating the schedule of reinforcement such as with progressive ratio which 

requires increasing the number of responses for successive reinforcements.  

 The drinking models discussed thus far were not designed to determine 

how a subject becomes dependent but rather allows for the analysis of how a 

dependent individual progresses to increased and sustained levels of alcohol 

consumption. Ethanol dependence can be induced by ethanol vapor inhalation 

procedures. Chronic intermittent ethanol (CIE) vapor exposure involves an 

intermittent pattern of four 16 hour bouts of vapor exposure separated by 8 hour 

withdrawal periods. Using this intermittent approach to ethanol vapor exposure 
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has proven to be a reliable model to increase volitional ethanol intake (Becker 

and Lopez, 2004; Lopez and Becker, 2005; Griffin  3rd et al., 2009a, 2009b).   

 

MESOCORTICOLIMBIC SYSTEM 

The mesocorticolimbic system is composed of the dopaminergic neurons 

in the VTA and its projection sites including the nucleus accumbens, prefrontal 

cortex, hippocampus, and amygdala (Swanson, 1982). The mesocorticolimbic 

system is often referred to as the reward system of the brain and is critical for 

reward and reinforcement processing, motivation, and goal directed behaviors 

(Wise, 2004). Ethanol and other drugs of abuse all lead to an increase in 

dopamine levels in the nucleus accumbens (Di Chiara and Imperato, 1988; 

Weiss et al., 1993). This increase in mesocorticolimbic dopamine mediates the 

acute reinforcing effects of drugs of abuse but does not explain the long lasting 

behavioral alterations characteristic of addiction.  Drug induced neuroadaptations 

in the mesocorticolimbic system lead to the development and persistent 

expression of addictive behaviors (Luscher and Malenka, 2011). 

 

Nucleus accumbens 

Anatomy and connectivity 

 The nucleus accumbens (NAc) is part of the ventral striatum and is 

composed primarily of GABAergic medium spiny neurons (MSNs), which form 

about 90% of the neuron population (Meredith, 1999).  The remaining 10% are 
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comprised of aspiny interneurons which include large cholinergic neurons, fast-

spiking GABAergic interneurons that express parvalbumin, and low threshold 

spiking interneurons that express somatostatin and neuropeptide Y(Kawaguchi et 

al., 1995; Tepper and Bolam, 2004).  

 The NAc is composed of two major subregions: the core which is directly 

ventral and continuous with the dorsal striatum and the shell which makes up the 

most ventral and medial portions of the nucleus accumbens (Zahm and Brog, 

1992).  The core and shell subregions have distinct connectivity, cellular 

morphology, neurochemistry and functions (Meredith et al., 1992; Zahm & Brog, 

1992; Zahm & Heimer, 1993; Meredith, 1999).  The major efferents from the NAc 

core project primarily to the substantia nigra pars recticulata (SNr) and the 

dorsolateral ventral pallidum while the NAc shell projects to the ventral tegmental 

area (VTA) and the ventral pallidum (Humphries and Prescott, 2010; Sesack and 

Grace, 2010).  Efferent projections from the NAc shell are thought to influence 

VTA DA cells that in turn project to the NAc core, creating a ventral medial to 

dorsal lateral series of spiraling projections that allow limbic associated structures 

to influence neurotransmission in successively more motor-related parts of the 

basal ganglia circuitry (Haber et al., 2000; Sesack and Grace, 2010).  

The NAc receives glutamatergic input from cortical regions and limbic 

associated areas including the prefrontal cortex, hippocampus, and basolateral 

amygdala (BLA) (Humphries and Prescott, 2010; Sesack and Grace, 2010).  The 

NAc shell is innervated by the ventral parts of the prelimbic, infralimbic, medial 
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orbital, and agranular insular cortices while the NAc core is innervated by the 

dorsal portions of the prelimbic cortex and dorsal agranular insular areas 

(Berendse et al, 1992; Brog et al, 1993).  The anterior portion of the BLA projects 

to the NAc core while the posterior portion of the BLA projects to the NAc shell 

(Wright et al, 1996). The ventral subiculum of the hippocampus projects 

preferentially to the NAc shell and the dorsal subiculum projects to the NAc core 

(Groenewegen et al, 1987; Brog et al, 1993).  Medium spiny neurons have a 

bistable membrane potential which includes an “upstate” at about -50 mV and a 

“downstate” at about -80 mV.  Inputs from the hippocampus are important for 

driving the cell into the depolarized upstate which is necessary for cell firing 

(O’Donnell and Grace, 1995).  In the depolarized upstate, MSNs display a 

greater excitability, during which they fire action potentials from excitatory 

transmission from the prefrontal cortex and the amygdala (O’Donnell et al., 

1999). 

 

Medium spiny neuron subtypes 

In both the core and shell subregions of the NAc, there are two distinct 

subtypes of MSNs depending on the dopamine receptor expression.  Expression 

of the D1 dopamine receptor in MSNs is colocalized with the signaling peptide 

dynorphin and substance P while MSNs that express the D2 dopamine receptor 

also express enkephalin (Lu et al., 1998; Zhou et al., 2003).  D1 and D2 MSNs of 

the NAc have a similar projection pattern to the direct and indirect pathways of 
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the dorsal striatum although the segregation of pathways is not as clearly distinct 

(Humphries and Prescott, 2010; Sesack and Grace, 2010; Smith et al., 2013).  In 

the NAc D1 MSNs project to the substantia nigra pars reticulata and the VTA 

from the core and shell respectively but D1 MSNs also project to the ventral 

pallidum. D2 MSNs from the core and shell project primarily to the ventral 

pallidum.   

 

EXCITATORY SIGNALING AND PLASTICITY IN THE NUCLEUS ACCUMBENS 

Excitatory signaling in the nucleus accumbens  

The majority of fast excitatory synaptic transmission in the NAc is 

mediated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPARs).  AMPARs are tetramers composed of the GluA1-4 subunits.  Most 

AMPARs contain the GluA2 subunit which undergoes RNA editing that results in 

a glutamine (Q) to arginine (R) switch at the Q/R site of the pore-lining region.  

Editing of the Q/R site has a profound effect on the properties of GluA2-

containing AMPARs as the positive arginine prevents Ca2+ influx as well as 

intracellular polyamines from blocking the pore at positive potentials resulting in a 

linear current voltage relationship.  In contrast, AMPARs that lack the GluA2 

subunit are Ca2+ permeable, have a higher conductance and are blocked by 

endogenous intracellular polyamines in a voltage dependent manner resulting in 

an inward rectifying current voltage relationship.  
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N-methyl-D-aspartate receptors (NMDARs) are voltage activated cation 

channels that have slower kinetics compared to AMPARs.  NMDARs are 

heterotetramers composed of two obligatory GluN1 subunits and two GluN2 

subunits of which there are 4 types (GluN2A-D).  NMDARs require binding of 

both glutamate and the co-agonist glycine in order for the receptor to function.  At 

resting membrane potentials, external Mg2+ blocks the NMDAR pore.  

Depolarization of the cell alleviates the Mg2+ block allowing cations including Ca2+ 

to enter the cell.  NMDARs act as coincident detectors, in that activation of 

NMDARs requires sufficient postsynaptic depolarization and the synaptic release 

of glutamate.  Activation of NMDARs and the elevation of intracellular Ca2+ is 

critical for the induction of many forms of long lasting alterations of synaptic 

strength.  

     

Synaptic plasticity  

The ability of neurons to increase or decrease synaptic strength is referred 

to as synaptic plasticity.  Long-term potentiation (LTP) was first described in the 

hippocampus in which high frequency stimulation of the perforant pathway inputs 

to the dentate gyrus resulted in a long-lasting enhancement of excitatory synaptic 

transmission (Bliss and Lomo, 1973).  LTP has been extensively studied in the 

hippocampus and other brain regions and has since lead to a detailed 

understanding of the mechanisms that underlie these long lasting changes in 

synaptic transmission (Malenka and Bear, 2004).  Given the ability of neurons to 
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increase synaptic strength, it was believed that there must be a mechanism to 

decrease synaptic strength.  It wasn’t until 1992 that a reliable means of inducing 

a long-term decrease of basal synaptic activity was shown (Dudek and Bear, 

1992).  Long-term depression (LTD) is a long lasting decrease in synaptic 

strength and since 1992 the mechanisms of LTD induction and expression have 

been thoroughly investigated in the hippocampus as well as in other brain 

regions (Collingridge et al., 2010).  Both LTP and LTD have been reported in the 

NAc (Pennartz et al., 1993; Thomas et al., 2000, 2001; Robbe et al., 2002; Yao 

et al., 2004; Brebner et al., 2005; Kourrich et al., 2007; Schotanus and Chergui, 

2008; Mao et al., 2009; Grueter et al., 2010; Jeanes et al., 2011, 2014; Pascoli et 

al., 2011; Shen and Kalivas, 2012; Abrahao et al., 2013; Spiga et al., 2014).  

Synaptic plasticity is the basis for learning and memory and drugs of abuse and 

ethanol are believed to usurp the neural processes that normally serve reward 

related learning (Hyman et al., 2006).   

 

Postsynaptic plasticity in the nucleus accumbens 

NMDAR-dependent LTP 

NMDAR-dependent LTP is induced by high frequency stimulation (100 Hz) 

and requires activation of NMDARs allowing Ca2+ to enter the postsynaptic cell. 

The elevation of postsynaptic Ca2+ leads to an intracellular signaling cascade 

that includes the activation of Ca2+-calmodulin kinase type II (CAMKII) ultimately 
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resulting in the insertion of postsynaptic AMPARs (Malenka and Nicoll, 1999) 

(Illustration 1).   

 

NMDAR-dependent LTD 

The most well described and reliably induced form of postsynaptic 

plasticity in the nucleus accumbens is NMDAR-dependent LTD.  This 

postsynaptic form of LTD is induced by prolonged low frequency stimulation (1-3 

Hz) that results in weak activation of NMDARs.  This leads to a moderate amount 

of calcium influx through NMDARs that triggers a distinct intracellular signaling 

cascade than that of LTP. The elevation in postsynaptic calcium results in the 

activation of calcineurin and protein phosphatase 1 (PP1) (Mulkey et al., 1993).  

The decrease in synaptic strength is due to the removal of postsynaptic AMPARs 

(Illustration 1).  Clathrin adaptor proteins bind to the C-terminus of the GluA2 

subunit which leads to the clathrin mediated endocytosis of GluA2-containing 

AMPARs (Beattie et al., 2000; Malenka, 2003).  The interaction of adaptor 

proteins with the GluA2 subunit is critical for the expression of NMDAR-

dependent LTD (Brebner et al., 2005; Scholz et al., 2010; Jeanes et al., 2014). 

 

 
 
 
 
 
 
 



 

14 
 

Illustration 1. Induction and expression of NMDAR-dependent synaptic 
plasticity.  
 

  
NMDAR-dependent LTP requires the activation of NMDARs and CAMKII 
resulting in the insertion of postsynaptic AMPARs. NMDAR-dependent LTD is 
triggered by Ca2+ influx through NMDARs and activation of calcineurin and PP1 
leading to the removal of postsynaptic AMPARs. Adapted with permission from 
Kauer and Malenka/Nature Reviews Neuroscience 8 (2007) 844-858.  
 

TRPV1 dependent LTD 

Transient receptor potential vanilloid 1 (TRPV1) is a nonselective cation 

channel that is permeable to Ca2+.  In the peripheral nervous system, TRPV1 is 

a major target of pain research as it is activated by capsaicin, the active 

component of chili peppers.  In the central nervous system, expression of TRPV1 

and its functional significance have been observed in various brain regions 

(Marinelli et al., 2005; Gibson et al., 2008; Musella et al., 2009; Zschenderlein et 
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al., 2011; Brown et al., 2013).  Similar to NMDAR-dependent LTD, TRPV1 LTD 

results in the removal of postsynaptic AMPARs and has been observed in the 

hippocampus (Chavez et al., 2010), the NAc core (Grueter et al., 2010), and the 

NAc shell (Renteria et al., 2014).  

 

Presynaptic plasticity 

Endocannabinoid mediated LTD 

Presynaptic mechanisms of plasticity involve a long term decrease in the 

probability of neurotransmitter release.  In the NAc, the most commonly 

expressed mechanism of presynaptic plasticity involves activation of presynaptic 

CB1 receptors. CB1 receptors are Gαi/o linked G-protein coupled receptors 

(GPCR) and are the most abundant GPCR expressed in the central nervous 

system.  A rise in postsynaptic Ca2+ leads to the production of 

endocannabinoids which then act as a retrograde signal and activate presynaptic 

CB1 receptors.  Activation of CB1 receptors results in a Gαi/o-dependent 

reduction in adenylyl cyclase and protein kinase A (PKA) activity that suppresses 

neurotransmitter release.   Induction protocols for eCB LTD vary widely between 

brain regions (Heifets and Castillo, 2009).  In the NAc a prolonged moderate 

stimulation (13 Hz) results in eCB LTD (Robbe et al., 2002; Hoffman et al., 2003).   
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Drug induced modulation of plasticity in the NAc 

Cocaine and other psychostimulants 

The drug induced disruption of the expression of NMDAR-dependent LTD 

in the NAc was first described by Thomas et al. in 2001. Daily IP injections of 

cocaine resulted in the sensitization of the locomotor response to cocaine.  In 

slices taken from mice that showed sensitization, there was a decrease in the 

AMPA/NMDA ratio and a decrease in AMPAR mediated miniature EPSC 

amplitude suggesting a decrease in the number of postsynaptic AMPA receptors 

present at the synapse.  Cocaine induced internalization of AMPA receptors 

resulted in an occlusion of the expression of NMDAR-dependent LTD.  Similarly 

in mice that self-administered cocaine through operant conditioning there was a 

long lasting disruption in the expression of NMDAR-LTD in the NAc core (Martin 

et. al., 2006). The importance of the expression of a drug induced LTD like state 

is further supported by a study of cocaine self-administration in rats (Kasanetz et 

al., 2010).  In rats that self-administer cocaine only a portion show the 

characteristics similar to a human addict (Deroche-Gamonet et al., 2004).  Rats 

were grouped as addicts or non-addicts depending on their score of three 

addiction-like behaviors as defined by the DMS-IV.  Two weeks after the last self-

administration session, LTD was impaired in all animals but gradually recovered 

in non-addicts.  In addicts, LTD was persistently impaired which suggest that the 

long lasting impairment of LTD may be important for the transition to addiction. 
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The initial characterization of drug induced alterations of excitatory 

signaling in the NAc suggest a drug induced decrease of postsynaptic AMPARs.  

It was later found that the cocaine induced modulation of AMPARs was 

dependent on the subsequent challenge dose to test for the presence of 

sensitization (Kourrich et al., 2007).  In mice that had received the challenge 

dose of cocaine, they observed a similar effect as to what was previously 

described, a decrease in AMPA/NMDA ratio.  In mice that did not receive the 

challenge dose they found the opposite effect: an increase in mEPSC amplitude 

and an increase in AMPA/NMDA ratio, suggesting an increase in AMPA receptor 

signaling.  These results were consistent with a reported increase in AMPAR 

subunits in rats 21 days after chronic cocaine injections (Boudreau and Wolf, 

2005).  This increase in AMPAR signaling was found to be important for the 

reinstatement of cocaine seeking.  

In rats that self-administer cocaine, cue induced craving intensifies during 

withdrawal.  The incubation of cocaine craving involves the accumulation of 

calcium permeable, GluA2-lacking AMPA receptors (Loweth et al., 2014).  The 

inward rectifying current voltage relationship of GluA2-lacking AMPA receptors 

makes them detectable using a rectification index, which is the ratio of AMPA 

mediated current at a negative holding potential to the current at a positive 

holding potential.   

The drug induced internalization of GluA2-containing AMPA receptors 

may be necessary for the expression of amphetamine locomotor sensitization 
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(Brebner et. al., 2005).  Sensitization to amphetamine treatment was blocked by 

the use of a viral mediated peptide that mimicked the C-terminus of the GluA2 

subunit.  When injected into the NAc sensitization was significantly attenuated 

but had no effect when injected into the VTA.  This finding was significant in that 

it was one of the first examples of altering a drug induced phenotype by 

disrupting the drug induced alterations in excitatory signaling in the NAc.  

 

Ethanol 

Ethanol is a potent modulator of plasticity.  Both in vitro and in vivo 

exposure to ethanol can disrupt the expression of plasticity (McCool, 2011).  

Work from our lab has shown that ethanol can inhibit NMDARs in the NAc 

(Maldve et al., 2002; Zhang et al., 2005) and disrupt the expression of NMDAR-

dependent LTD while chronic in vivo exposure results in a reversal in the 

expression of plasticity (Jeanes et al., 2011).  Twenty-four hours after CIE, the 

same induction protocol that results in LTD in ethanol naïve mice will induce the 

expression of LTP in ethanol exposed mice.  The disruption in the expression of 

NMDAR-dependent LTD persist for up to 72 hours into withdrawal from ethanol 

vapor and results in the absence of both LTD and LTP.  The ethanol induced 

disruption of plasticity in the NAc shell is cell type specific (see next section) 

(Jeanes et al., 2014). 

NMDAR-dependent LTD has also been shown to be attenuated in mice 

that undergo behavioral sensitization to ethanol (Abrahao et al., 2013).  Using 
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swiss webster mice, only a portion showed locomotor sensitization to daily 

ethanol injections.  NMDAR-dependent LTD in the nucleus accumbens was 

attenuated only mice that were sensitized to ethanol.  This effect was shown to 

be the result of dampened NMDAR function as there was a measured decrease 

of the GluN1 subunit using Western blot analysis.  

The expression of NMDAR-dependent LTD was also found to be 

hampered in the NAc of ethanol dependent rats (Spiga et al., 2014).  Rats were 

fed an ethanol containing diet for 20 days and alterations in plasticity and MSN 

morphology were observed 12 hours into ethanol withdrawal.  The ethanol 

containing diet led to the loss of long thin dendritic spines as well as a decrease 

in NMDAR function.  

 

Differential role of D1 and D2 MSNs in plasticity and addiction 

The development of BAC transgenic mice that express a fluorophore 

linked to either the D1 or D2 dopamine receptor promoter (Matamales et al., 

2009; Valjent et al., 2009) has allowed for greater insight as to how the two 

populations of MSNs differ.  In the dorsal striatum, reports have shown that the 

electrophysiological properties of D1 MSNs differ from that of D2 MSNs (Cepeda 

et al., 2008; Day et al., 2008; Gertler et al., 2008).  Similarly in the NAc core it 

was found that D1 and D2 MSNs have different electrophysiological and synaptic 

properties (Grueter et al., 2010).  The basal frequency of miniature EPSCs, the 
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NMDA/AMPA current ratio and excitability was higher in D2 MSNs than in D1 

MSNs.   

With a difference in basal electrophysiological properties, it would be 

expected that D1 and D2 MSNs would have differences in the expression of 

plasticity. In the NAc core, a low frequency stimulation protocol induced an 

endocannabinoid mediated LTD that was found to be expressed only in D2 

MSNs (Grueter et al., 2010).  This induction protocol resulted in the activation of 

both CB1Rs and TRPV1.  A single cocaine injection disrupted the expression of 

CB1- and TRPV1-dependent LTD in D2 MSNs possibly through the impairment 

of mGluR signaling as the synaptic depression elicited by a TRPV1 agonist, 

capsaicin, was unaffected by cocaine treatment.    

A single cocaine injection was also found to differentially modulate 

NMDAR-dependent LTP in D1 and D2 MSNs of the NAc shell (Pascoli et al., 

2011).   In cocaine naïve mice, using a high frequency stimulation protocol 

results in NMDAR-dependent LTP in both D1 and D2 MSNs.  After a single 

cocaine injection LTP is disrupted only in D1 MSNs. Using an optogenetic 

approach they were able to induce LTD through low frequency stimulation of 

excitatory efferents to the NAc and reverse the cocaine induced LTP.  Doing so 

blocked the expression of cocaine induced behavioral sensitization.   

We have previously reported that ethanol vapor exposure disrupts 

NMDAR-dependent LTD in the NAc shell of C57Bl/6 mice. Twenty-four hours 

after ethanol vapor exposure, the pairing protocol to induce LTD instead resulted 
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in LTP (Jeanes et al., 2011).  For this initial characterization of ethanol induced 

alterations in plasticity we did not have the ability to selectively record from the 

D1 or D2 MSN subtypes.  To determine if in vivo ethanol exposure differentially 

modulates the D1 or D2 MSN subtypes we used DRD1a-eGFP transgenic mice 

on a Swiss Webster background (Jeanes et al., 2014).  This allowed us to 

selectively record from D1 dopamine receptor expressing MSNs (D1+) and 

MSNs that did not express D1 dopamine receptor (D1-).  First, we found that 

NMDAR-dependent LTD was expressed only D1+ MSNs in the NAc shell as the 

pairing protocol had no long term effect on D1- EPSC amplitudes. Second, 24 

hours after ethanol vapor exposure there was a reversal in the expression of 

plasticity; the pairing protocol resulted in LTD in D1- and had no effect on D1+ 

MSNs. Over a two week period, the expression of plasticity was gradually 

restored in D1+ and abolished in D1- MSNs.  Given the discrepancy in the 

polarity of plasticity after ethanol exposure between C57Bl/6 and DRD1a-eGFP 

on the Swiss Webster background, the ethanol induced alterations of plasticity 

seem to be specific to the strain of mouse (Illustration 2). 

 

 

 

 

 



 

22 
 

Illustration 2. Proposed differences in the expression of plasticity in D1+ and 
D1- MSNs before and after ethanol vapor exposure. 

 

This model suggests differences between D1+ and D1- MSNs in C57Bl/6 and 
Swiss Webster (SW) mice in which sufficient postsynaptic depolarization is 
required for the induction of either LTD or LTP.  After ethanol experience there is 
a shift in the threshold for plasticity induction that is differentially expressed 
between cell types and mouse strains.  Adapted with permission from Jeanes et 
al./Neuroscience 277 (2014) 184-195.  

 

Select activation or inhibition of D1 and D2 MSNs has been shown to 

differently modulate drug induced behaviors.  D1 MSNs and D2 MSNs in the 

nucleus accumbens have distinct roles in reward and aversive behaviors 

respectively (Hikida et al., 2010, 2013; Lobo et al., 2010).  Conditioned place 

preference for cocaine or a natural appetitive reward were significantly reduced 

by selective blockade of D1 MSNs.  This suggests a critical role of activity of D1 

MSNs in reward learning.  Selective blockade of D2 MSNs prevents the 
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expression of aversive behaviors.  Activity of D1 MSNs and D2 MSNs have also 

been shown to have opposing roles in drug induced locomotor sensitization. 

Optogenetic inhibition of D1 MSNs or activation of D2 MSNs blocks cocaine 

induced locomotor sensitization (Chandra et al., 2013).  
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Representative brain slices for electrophysiological recordings  

A total of 4 sagittal slices (2 from each hemisphere) were prepared from each 

experimental animal.  Recordings from the shell were made from medial slices 

that did not contain dorsal striatal tissue (top) and the core from slices that were 

more lateral (bottom).  

 

Illustration 3. Representative sagittal brain slices of the nucleus accumbens 
shell and core. 
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Hypothesis and Aims 

Overall project rationale 

Drugs of abuse alter glutamatergic function within the brain reward 

system.  Relapse to compulsive drug taking is a major problem as cravings for 

the drug remain even after prolonged abstinence.  This suggests that the risk for 

relapse may be encoded in the drug induced alterations of synaptic function 

within the reward system.  The NAc is a critical component of the reward circuit 

and is important for the integration of inputs from multiple brain regions.  

Neuroadaptations within the nucleus accumbens contribute to the formation of 

drug dependence (Luscher and Malenka, 2011) and drug induced alterations in 

the NAc can have severe consequences on subsequent behavior in reward 

seeking and the motivational aspects of rewards.  Particularly important are 

changes in the expression of NMDAR-dependent plasticity as several reports 

have shown that in vivo drug or alcohol exposure alters the expression of 

NMDAR-dependent LTD  (Thomas et al., 2001; Brebner et al., 2005; Martin et 

al., 2006; Mao et al., 2009; Kasanetz et al., 2010; Jeanes et al., 2011, 2014; 

Shen and Kalivas, 2012; Abrahao et al., 2013; Spiga et al., 2014). 

We have previously shown that the expression of NMDAR-dependent LTD 

is disrupted after in vivo ethanol exposure (see background).  The initial 

characterization of in vivo ethanol induced alterations in plasticity was done in 

DRD1a-eGFP transgenic mice on a Swiss Webster background.  In our hands, 

Swiss Webster mice do not voluntary drink ethanol while there is an abundance 
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of literature supporting the natural inclination of C57Bl/6 to voluntary consume 

large amounts of ethanol.  Therefore, we switched to DRD1a-tdTomato on a 

C57Bl/6 background in order to understand how alterations in NMDAR-

dependent contribute to an escalation of ethanol intake.   

We hypothesized that in vivo ethanol exposure would result in differential 

modulation of plasticity between D1+ and D1- MSNs but unlike the results from 

the Swiss Webster mice, ethanol exposure would result in a switch in polarity of 

plasticity such as what we previously observed with C57Bl/6 mice.  The effects of 

chronic ethanol exposure on plasticity may be due to an alteration in the 

threshold for the induction of LTD or LTP (Illustration 2.) allowing for the 

expression of LTP in D1+ and LTD in D1- MSNs.  Drug induced alterations in the 

intrinsic properties of MSNs in the NAc are believed lower the threshold for 

synaptic potentiation (Kourrich et al., 2015).  Ethanol induced alterations in the 

intrinsic properties of MSNs may contribute to the change in the threshold for 

plasticity induction.  Experiments in Specific Aim 1 were designed to determine if 

ethanol alters the expression of plasticity in a cell type specific manner in 

DRD1a-tdTomato mice possible through modulation of intrinsic properties. 

The acute reinforcing effects of ethanol and drugs of abuse are believed to 

result in neuroadaptations in the nucleus accumbens.  The two subregions of the 

NAc may be differentially modulated by ethanol experience as drug and alcohol 

induced dopamine release is stronger in the shell than in the core (Di Chiara, 

2002).  The functional connectivity also supports the idea that the NAc shell is 
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the initial site of drug encoding.  The NAc shell sends projections to the VTA to 

directly influence dopamine neurons that project to the NAc core. The NAc core 

then projects to the substantia nigra to directly influence cells that project to more 

dorsal and lateral regions of the striatum (Haber et al., 2000; Ikemoto, 2007).  

This ventral-medial to dorsal lateral spiral of projections is believed to be how 

drug induced neuroadaptations progress from early drug experience to more 

compulsive drug taking (Belin and Everitt, 2008; Feltenstein and See, 2013; 

Keramati and Gutkin, 2013).   

Chronic intermittent ethanol exposure is a well-established model for 

inducing ethanol dependence and increasing volitional ethanol intake (Becker 

and Lopez, 2004; Lopez and Becker, 2005; Griffin  3rd et al., 2009a, 2009b).  For 

experiments in Specific Aim 2, CIE was used to induce an increase in ethanol 

drinking and alterations in plasticity were measured after drinking. We 

hypothesized that the passive ethanol vapor exposure during CIE would induce 

alterations specific to the NAc shell with no changes observed in the core.  
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Specific Aims  

Specific aim 1: Characterization of in vivo ethanol induced alterations in intrinsic 

properties and plasticity of D1+ and D1- MSNs in the NAc shell 

Previous work from our lab showed a switch from synaptic depression to 

potentiation 24 hours after ethanol vapor exposure in C57Bl/6 mice (Jeanes et 

al., 2011).  We went on to show that in vivo ethanol differentially modulates the 

two MSN subtypes in Swiss Webster mice (Jeanes et al., 2014).  However it is 

not known if the cell type specific alterations are present in C57Bl/6.  It is further 

unknown how ethanol vapor modulates D1+ and D1- excitability as that may 

contribute to the disruption of NMDAR-dependent plasticity.     

 

Aim 1.1:  Characterization of synaptic plasticity in DRD1a-tdTomato mice after 

CIE exposure.  

 

Aim 1.2:  Determine the CIE induced alterations in the intrinsic properties of D1+ 

and D1- MSNs  
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Specific aim 2: Determine the differential modulation of the NAc shell and core 

plasticity and glutamatergic signaling associated with a CIE induced escalation of 

volitional ethanol intake. 

The NAc shell and core may be differentially modulated by passive ethanol vapor 

exposure.  To selectively record form D1 expressing MSNs in the shell and the 

core, we used DRD1a-tdTomato mice on a C57Bl/6 background.  Using the CIE 

model to induce an increase in ethanol intake, changes in glutamatergic signaling 

and plasticity will be characterized in the core and shell after an escalation of 

drinking has been established.  

 

Aim 2.1 Determine alterations in NMDAR-dependent LTD in D1+ MSNs of the 

NAc shell and core after an increase in ethanol drinking.  

 

Aim 2.2: Determine the changes in glutamatergic signaling in D1+ MSNs of the 

NAc shell and core after an increase in ethanol drinking.  
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Chapter 2: 

Chronic intermittent ethanol induced alterations of intrinsic properties and 

plasticity of D1 and D2 MSNs in the nucleus accumbens shell 

 

Abstract 

The purpose of this study was to determine the effects of in vivo ethanol 

exposure on the expression of plasticity and intrinsic properties of D1 and D2 

dopamine receptor expressing medium spiny neurons (MSNs) in the nucleus 

accumbens (NAc) shell. To distinguish between the two subtypes of MSNs in the 

nucleus accumbens we used DRD1a-TdTomato mice that have been back 

crossed onto C57BL/6.  Mice were treated with chronic intermittent ethanol 

vapor, a model to induce ethanol dependence and increase ethanol drinking 

(Becker and Lopez, 2004; Lopez and Becker, 2005; Griffin  3rd et al., 2009a, 

2009b).   In current clamp experiments we found that CIE induced an increase in 

excitability in D1+ MSNs with no change in D1- MSNs.  Action potential analysis 

revealed an increase in fast after hyperpolarization and a decrease in the action 

potential half width, both of which were selectively expressed in D1+ MSNs.  Our 

previous work in C57BL/6 has shown that the low frequency stimulation induction 

protocol used for the expression of LTD results in LTP after CIE exposure 

(Jeanes et al., 2011).  In this study we used whole cell voltage clamp to measure 

excitatory post synaptic currents (EPSCs).  Plasticity was induced by pairing low 

frequency stimulation with post synaptic depolarization.  In ethanol naïve mice, 
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NMDAR-dependent LTD was found to be expressed exclusively in D1+ MSNs 

and not in D1- MSNs.  In slices prepared from CIE treated mice, the pairing 

protocol to induce plasticity resulted in LTP in D1+ MSNs. The expression of LTP 

in D1+ MSNs was accompanied by an increase in the frequency of spontaneous 

EPSCs.  Interestingly, CIE exposure uncovered the expression of LTD in D1- 

MSNs.  The cell type specific alterations in the expression of plasticity and the 

intrinsic properties of MSNs in the NAc shell may constitute an important 

neuroadaptation necessary for the expression of ethanol induced behaviors. 

 

Introduction 

The nucleus accumbens (NAc), a critical component of the brain reward 

system and is composed primarily of medium spiny neurons (MSNs) of which 

there are two distinct subtypes, D1 and D2 MSNs.  Neuroadaptations in the NAc 

may be important for the expression of drug induced behaviors (Luscher and 

Malenka, 2011).  Alterations in the intrinsic properties of neurons may be a 

means in which drug experience modifies neural circuits (Zhang and Linden, 

2003).  Repeated in vivo cocaine exposure has been shown to alter the 

excitability of MSNs in the NAc (cite pierce wolf review) (Dong et al., 2006; 

Benavides et al., 2007; Ishikawa et al., 2009; Kourrich and Thomas, 2009).  

Chronic alcohol exposure has also been shown to modulate the intrinsic 

properties of MSNs in the NAc (Hopf et al., 2010; Marty and Spigelman, 2012a)  

however it is unknown if ethanol differentially modulates the intrinsic properties of 
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D1 and D2 MSNs.  Alterations in the excitability of MSNs in the NAc may be a 

means in which further drug induced neuroadaptations may develop (Kourrich et 

al., 2015).  

Several reports have shown that drugs of abuse and ethanol can disrupt 

the expression of NMDAR-dependent plasticity in the NAc (Thomas et al., 2001; 

Brebner et al., 2005; Martin et al., 2006; Mao et al., 2009; Kasanetz et al., 2010; 

Jeanes et al., 2011, 2014; Pascoli et al., 2011; Shen and Kalivas, 2012; Abrahao 

et al., 2013).  In previous work from our lab using C57Bl/6 mice, we found that 

the induction protocol which results in LTD in ethanol naïve mice produces LTP 

after ethanol vapor exposure (Jeanes et al., 2011).  At that time we were unable 

to determine if ethanol differentially modulated plasticity between the two MSN 

subtypes.  To selectively record from D1 or D2 MSNs we used bacterial artificial 

chromosome (BAC) transgenic mice in which the expression of enhanced green 

fluorescent protein (eGFP) is controlled by the D1R promoter in mice on a Swiss 

Webster background (Matamales et al., 2009; Valjent et al., 2009). Using this 

approach we found that NMDAR-dependent LTD is expressed only in D1 MSNs.  

After vapor exposure we found a reversal in the expression of plasticity in which 

LTD could be induced in D2 MSNs but not in D1 MSNs (Jeanes et al., 2014).   

Our primary goal is to characterize neuroadaptations in the NAc that may 

contribute to excessive ethanol consumption.  In our hands, Swiss Webster mice 

will not voluntarily drink ethanol (unpublished) therefore our previous work using 

DRD1a-eGFP mice on the Swiss Webster background may not reflect the 
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alterations in plasticity that contribute to the escalation of ethanol intake.  In this 

study, we use DRD1-TdTomato mice on a C57Bl/6 background, a strain that has 

a well-documented drinking phenotype.  We aimed to characterize ethanol 

induced neuroadaptations of neuronal excitability and plasticity that may 

contribute to the formation of ethanol dependence.  

    

Methods 

Chronic intermittent ethanol exposure  

Mice were exposed to ethanol vapor using the chronic intermittent ethanol (CIE) 

exposure model (Becker and Lopez, 2004; Jeanes et al., 2011, 2014). Ethanol 

was volatilized by bubbling air through a flask containing 95% ethanol at a rate of 

0.2 to 0.3 liter/min.  The resulting ethanol vapor then combined with a separate 

air stream to give a total flow rate of approximately 4 liters/min, which was 

delivered to mice in special mouse chamber units that contain an airtight top, a 

vapor inlet and an exhaust outlet (Allentown Inc., Allentown, NJ).  Each round 

consisted of 16 hours of ethanol vapor exposure followed by an 8 hour 

withdrawal, repeated for 4 days.  Mice received intraperitoneal injections of a 

loading dose of ethanol (20% v/v, 1.5 g/kg) and pyrazole (68.1 mg/kg) prior to 

vapor exposure to achieve a blood ethanol concentration (BEC) of 150-200 

mg/dl.  Air control mice were handled the same but were injected with a solution 

of only pyrazole.  
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Blood ethanol concentrations 

Tail blood samples of were collected upon removal from the chambers each day 

and BECs were measured using gas chromatography with a Bruker 430-GC 

(Bruker Corporation, Fremont, CA) equipped with a flame ionization detector and 

Combi PAL autosampler.  Two, 10 µL samples of whole blood were collected and 

added to 10 mL vials containing 90 μLs of saturated sodium chloride solution. 

Samples were warmed to 65°C and the solid-phase micro extraction fiber 

(SPME; 75 μm CAR/PDMS, fused silica; Supelco, Bellefonte, PA) was used to 

absorb ethanol vapor from the samples. The stationary phase was a capillary 

column (30 m x 0.53 mm x 1 μm film thickness; Agilent Technologies, Santa 

Clara, CA) and helium, at a flow rate of 8.5 mL/min was used in the mobile 

phase. Resultant ethanol peaks were analyzed using CompassCDS Workstation 

software (Bruker Corporation, Fremont, CA) and calibration was achieved using 

ethanol standards.  

 

Brain slice preparation  

Mice were at least 8 weeks of age at the time of slice preparation. Parasagittal 

slices (240 μm thick) containing the NAc were prepared using a Leica vibrating 

microtome.  Mice were anesthetized by inhalation of isoflurane and the brains 

were rapidly removed and placed in 4°C oxygenated ACSF containing the 

following (in mM): 210 sucrose, 26.2 NaHCO3, 1 NaH2PO4, 2.5 KCl, 11 dextrose, 

bubbled with 95% O2/ 5% CO2.  Slices were transferred to an ACSF solution for 
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incubation containing the following (in mM): 120 NaCl, 25 NaHCO3, 1.23 

NaH2PO4, 3.3 KCl, 2.4 MgCl2, 1.8 CaCl2, 10 dextrose, were continuously bubbled 

with 95% O2/ 5% CO2; pH 7.4, 32°C, and were maintained in this solution for 60 

minutes prior to recording. 

 

Patch clamp electrophysiology 

Whole cell voltage clamp recordings were made in the nucleus accumbens shell.  

Cells were identified using the MRK200 Modular Imaging system (Siskiyou 

Corporation) mounted on a vibration isolation table.  Recordings were made in 

ACSF containing (in mM): 120 NaCl, 25 NaHCO3, 1.23 NaH2PO4, 3.3 KCl, 0.9 

MgCl2, 2.0 CaCl2, and 10 dextrose, bubbled with 95% O2/ 5% CO2.  ACSF was 

continuously perfused at a rate of 2.0 mL/min and maintained at a temperature of 

32°C.  Picrotoxin (50µM) was included in the recording ACSF to block GABAA 

receptor-mediated synaptic currents.  Recording electrodes (thin-wall glass, WPI 

Instruments) were made using a Brown-Flaming model P-88 electrode puller 

(Sutter Instruments, San Rafael, CA) to yield resistances between 3-6 MΩ. For 

current clamp experiments, electrodes were filled with (in mM): 135 KMeSO4, 12 

NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Tris-GTP, 260-270 mOsm (pH 7.3).  

For voltage clamp experiments, electrodes were filled with (in nM): 120 

CsMeSO4, 15 CsCl, 8 NaCl, 10 HEPES, 0.2 EGTA, 10 TEA-Cl, 4 Mg-ATP, 0.3 

Na-GTP, 0.1 spermine, and 5 QX-314-Cl.  Input resistance and access 
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resistance were monitored throughout the experiments.  Cells in which input and 

access resistance varied more than 20% were not included for analysis. 

 

Data acquisition and analysis 

Glutamatergic afferents were stimulated with a stainless steel bipolar stimulating 

electrode (FHC, Inc.) placed dorsal and anterior to the recording electrode, about 

150-300μm from the cell body.  Excitatory postsynaptic currents (EPSCs) were 

acquired using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA), 

filtered at 1 kHz, and digitized at 10-20 kHz with a Digidata 1440A interface 

board using pClamp 10.2 (Axon Instruments).  In experiments for long term 

plasticity, EPSCs were evoked by local stimulation for at least 10 minutes at 0.1 

Hz, to ensure stable recordings.  To induce LTD, a conditioning stimuli of 500 

pulses at 1 Hz was paired with continuous postsynaptic depolarization to -50 mV.  

EPSCs were then monitored for 30 minutes after pairing at a rate of 0.1 Hz.  The 

magnitude of LTD was calculated by averaging normalized EPSC values from 20 

to 30 minutes after the pairing protocol and comparing that value to the average 

normalized EPSCs during the 10 minute baseline.  Plasticity was determined if 

the average EPSCs between 20 to 30 minutes post-pairing was greater than 2 

standard deviations away from the 10 minute baseline.  Data from each neuron 

within a treatment group was combined and represented as percent baseline 

values.  Summary data are presented as mean ± SEM.  Statistical significance 
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from baseline for within each treatment group is defined as p < 0.05 using a two-

tailed Student’s t test (assuming equal variance).   

 

Results 

CIE induced increase in excitability in D1+ MSNs 

Chronic intermittent ethanol exposure can have a profound effect on the 

intrinsic properties of MSNs in the NAc (Marty and Spigelman, 2012b).  To 

assess how CIE alters the intrinsic properties of D1+ and D1- MSNs of the NAc 

shell we conducted whole cell patch clamp recordings in current clamp mode. 

Similar to what has been previously reported in the dorsal striatum (Cepeda et 

al., 2008) as well as in the NAc core (Grueter et al., 2010), in ethanol naïve mice, 

D1- MSNs fired more action potentials in response to fixed current injections than 

D1+ MSNs (Figure 1A, Figure 2A) suggesting that D1- MSNs are intrinsically 

more excitable.  Twenty four hours after CIE exposure we found that D1+ MSNs 

fire more action potentials in response to fixed current injections compared to 

D1+ MSNs from air control mice (Figure 1A).  There was no change in excitability 

after ethanol vapor exposure in D1- MSNs (Figure 2A). The current voltage 

relationship as well as the resting membrane potential remained unchanged after 

ethanol vapor exposure in both D1+ (Figure 1B,C) and D1- MSNs (Figure 2B,C).  

Further analysis of the action potential parameters revealed a significant increase 

in the fast after hyperpolarization (Figure 1D) as well as a significant decrease in 

the action potential half width (Figre 1E) in D1+ MSNs with no significant change 
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in D1- MSNs (Figure 2D,E). Action potential threshold and amplitude remained 

unchanged after CIE in both D1+ (Figure 1F, G) and D1- MSNs (Figure 2F, G).  
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Figure 1. Electrophysiological properties of D1+ MSNs from the NAc shell of Air 
and CIE treated mice 
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Figure 1. (A.) D1+ MSNs exhibit increased firing in response depolarizing current 
injections after CIE exposure. (B.) No change in the current voltage (IV) 
relationship was found between the air treated and CIE mice. (C.) No difference 
in the resting membrane potential between the air (-74.54 ± 0.78, n=11) and CIE 
mice (-74.89 ± 0.47, n=11). (D.) CIE treated mice have a significant increase in 
the fast afterhyperpolarization (fAHP) (-20.55 ± 0.99, n=11) compared to air 
controls (-17.6 ± 0.96, n=11). (E.) CIE treated mice have a decrease in action 
potential half width (1.07 ± 0.03, n=11) compared to air controls (1.18 ± 0.04, 
n=11). (F.) There was no change in action potential amplitude after CIE (Air: 
58.24 ± 1.5, n=11; CIE: 61.16 ± 1.48, n=11). (G.) CIE had no effect on action 
potential threshold (Air: -22.98 ± 1.13, n=11; CIE: -20.71 ± 4.62, n=11). * p < 0.05 
versus air controls.  
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Figure 2. Electrophysiological properties of D1- MSNs from the NAc shell of Air 
and CIE treated mice 
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Figure 2. (A.) Excitability of D1- MSNs was unaffected by CIE treatment. (B.) No 
change in the current voltage (IV) relationship was found between the air treated 
and CIE mice. (C.) No difference in the resting membrane potential between the 
air (-72.58 ± 1.02, n=8) and CIE mice (-73.55 ± n=11). (D.) CIE treated mice 
have no change in the fast afterhyperpolarization (-19.34 ± 1.35, n=11) compared 
to air controls (-16.71 ± 1.47, n=8). (E.) CIE treated mice have a no change in the 
action potential half width (1.10 ± 0.05, n=11) compared to air controls (1.17 
±0.06, n=8). (F.) There was no change in action potential amplitude after CIE 
(Air: 55.46 ± 1.00, n=8; CIE: 58.73 ± 2.05, n=11). (G.) CIE had no effect on 
action potential threshold (Air: -28.30 ± 0.78, n=8; CIE: -26.59 ± 1.07, n=11).  
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CIE induced increase in sEPSC frequency in D1+ MSNs 

CIE exposure induced an increase in spontaneous EPSC frequency in 

D1+ MSNs with no change in amplitude (Figure 3B, C).  No change in sEPSCs 

was detected in D1- MSNs in either frequency or amplitude (Figure 3E, F).  A 

change in frequency is often due to a change in the probability of presynaptic 

neurotransmitter release.  Paired pulse ratio (PPR) is the ratio of two stimulated 

EPSCs separated by an interstimulus interval (ISI).  A change in PPR is inversely 

related to the probability of neurotransmitter release.  Using the PPR with an ISI 

of 50 ms, we found that in CIE treated mice there was trend towards a decrease 

in PPR in D1+ that was not significant (Figure 4A).  No significant changes in 

PPR were detected in D1- MSNs either (Figure 4C).   
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Figure 3. Increase in sEPSC frequency in D1+ MSNs after CIE 

 

 

 

(A.) Sample sEPSC traces of air control and CIE treated groups of D1+ MSNs. 
(B.) No change in amplitude in D1+ MSNs after CIE treatment. (C.) A significant 
increase in frequency was observed in CIE treated mice (5.20 ± 0.59, n=29) 
compared to air controls (3.66 ±0.75, n=12). (D) Sample sEPSC traces of air 
control and CIE treated groups in D1- MSNs. (E.) No change in amplitude in D1- 
MSNs after CIE treatment compared to air controls. (F.) No change in frequency 
in D1- MSNs after CIE treatment compared to air controls. * p < 0.05 versus air 
controls. 
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Figure 4. Paired pulse ratio (PPR) of D1+ and D1- MSNs from air and CIE 
treated mice 
 

 

 

 

(A.) There was no change in the PPR in D1+ after CIE treatment. (B.) Sample 
traces of PPR of D1+ MSNs from air and EtOH treated mice. (C.) There was no 
change in the PPR in D1- after CIE treatment. (D.) Sample traces of PPR of D1- 
MSNs from air and EtOH treated mice. 
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CIE induced alterations in the polarity of plasticity 

In our previous work on DRD1a-eGFP on the Swiss Webster background we 

found that the expression of NMDAR-dependent LTD in was restricted to D1+ 

MSNs in the NAc shell (Jeanes et al., 2014).  In the air treated mice we see a 

similar expression pattern, where NMDAR-dependent LTD is expressed in D1+ 

MSNs but not in D1- MSN (Figure 5A, B).  In D1+ MSNs, 24 hours after the last 

vapor exposure, the induction protocol that resulted in LTD in the air treated mice 

now results in LTP (Figure 5C, D).  Interestingly, CIE exposure allowed for the 

expression of LTD in D1- MSNs in response to the induction protocol. (Figure 5C, 

D).   

 

 

 

 

 

 

 

 

 

 

 

 



 

47 
 

Figure 5. CIE induced alterations of plasticity in D1+ and D1- MSNs  

 

 

 

(A.) The pairing protocol which consists of 1 Hz stimulation paired with 
depolarization to -50 mV results in LTD in D1+ MSNs but not in D1- MSNs. (B.) 
Bar graphs representing the percentage change ± S.E.M. for average EPSC 
amplitude between baseline (min 0–10) and post-pairing (min 40–50) in D1+ 
MSNs (47.54 ± 11.14, n=6) and D1- MSNs (99.76 ± 7.38, n=5). (C.) Twenty four 
hours after ethanol vapor exposure, the pairing protocol results in LTP in D1+ 
MSNs and LTD in D1- MSNs. (D.) Bar graphs representing the percentage 
change ± S.E.M. for average EPSC amplitude between baseline (min 0–10) and 
post-pairing (min 40–50) 24 hours after CIE in D1+ MSNs (130 ± 8.75, n=6) and 
D1- MSNs (55.35 ± 13.95, n=4). * p < 0.05 versus baseline, ** p < 0.01 versus 
MSN subtype. 
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Discussion 

In the present study we show that CIE treatment can alter the intrinsic 

properties of MSNs in the NAc shell in a cell type specific manner.  Exposure to 

CIE resulted in an increase in excitability in D1+ MSNs with no change in D1- 

MSNs.  Contradictory to that finding is the increase in the fast 

afterhyperpolarization (fAHP) observed in D1+ MSNs of CIE treated mice.  Large 

conductance voltage and Ca2+-activated potassium (BK) channels are involved 

in action potential repolarization and fAHP.  It has been previously shown that 

blocking BK channels in the NAc shell results in an increase in neuronal 

excitability (Ishikawa et al., 2009).   Other voltage dependent channels are also 

involved in regulating neuronal excitability.  A similar increase in fAHP and 

decrease in action potential half width was observed in rats that received chronic 

oral intubation of ethanol due to an increase in the A-type K+ channel (Marty and 

Spigelman, 2012a).  The small conductance voltage and Ca2+ activated K+ (SK) 

channel may also be involved in the observed CIE induced increase in D1+ MSN 

excitability.  Withdrawal from ethanol self-administration has been shown to 

result in a decrease in SK channel function and an increase excitability of MSNs 

in the NAc core (Hopf et al., 2010).    

The increase in D1+ excitability after ethanol vapor exposure may be the 

result of homeostatic plasticity. It has been shown in the NAc shell that MSNs 

incubated in kynurenic acid, an inhibitor of excitatory transmission,  showed 

increased excitability (Ishikawa et al., 2009).  MSNs may be adjusting membrane 
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excitability to compensate for the reduction in excitatory synaptic transmission 

during ethanol vapor exposure.  The increase that we observed in the sEPSC 

frequency in D1+ MSNs of CIE treated mice may also be the result of dampened 

excitatory signaling during ethanol vapor exposure. Similar increases in 

glutamate release have been observed after chronic ethanol exposure (Rossetti 

and Carboni, 1995; Dahchour and De Witte, 1999; Dahchour et al., 2003; 

Roberto et al., 2004; Griffin Iii et al., 2014).     

The ethanol induced modulation of plasticity differs between C57Bl/6 and 

Swiss Webster mice.  In our previous work using DRD1a-eGFP on the Swiss 

Webster background we found that D1+ MSNs express NMDAR-dependent LTD 

and D1- do not in ethanol naïve mice (Jeanes et al., 2014). That result is 

consistent of with the present study in which we found a similar pattern of 

expression in DRD1a-tdTomato mice on a C57Bl/6 background.  The difference 

between the two strains is revealed after ethanol vapor exposure. In the Swiss 

Webster mice, CIE induced a reversal in the expression of plasticity; the 

induction protocol results in LTD in D1- MSNs but not in D1+ MSNs.  In C57Bl/6 

mice we have a similar result in the D1- MSNs in which they express LTD after 

CIE but the D1+ MSNs express LTP.  This finding is consistent with our previous 

work using C57Bl/6 mice in which we were unable to selectively record from 

MSN subtypes (Jeanes et al., 2011).  Given the lack of change in the excitability 

of D1- MSNs, alterations in the intrinsic properties MSNs may not entirely drive 

the CIE induced change in plasticity.  Ethanol is a potent modulator of NMDAR 
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function.  Our lab has shown that acute ethanol exposure can inhibit NMDARs in 

the NAc (Maldve et al., 2002; Zhang et al., 2005, 2006) and withdrawal from 

chronic ethanol exposure results in the upregulation of NMDAR function (Buck 

and Harris, 1991; Dodd et al., 2000; Siggins et al., 2003; Hendricson et al., 2007; 

Stuber et al., 2010).  We believe that this increase in NMDAR function may allow 

for the expression of LTP in D1+ MSNs and LTD in D1- MSNs.  Although, it is 

unknown whether the expression of LTD in D1- MSNs after CIE is dependent on 

the activation of NMDARs. 

In the NAc core, a form of CB1R and TRPV1 dependent LTD was 

described that was expressed only in D2 MSNs  (Grueter et al., 2010).  TRPV1 

dependent LTD can also be expressed in the NAc shell but requires increased 

anandamide signaling (Renteria et al., 2014).  Ethanol is a modulator of 

endocannabinoid (eCB) signaling (Pava and Woodward, 2012) and acute 

withdrawal from CIE treatment may result in an upregulation of eCB signaling, 

allowing for the low frequency stimulation protocol to result in CB1R or TRPV1 

dependent LTD in D1- MSNs.  Further studies need to be conducted to 

determine the CIE induced alterations in excitatory signaling and the possible 

contribution of other neurotransmitter systems responsible for the modulation of 

plasticity in D1+ and D1- MSNs.  
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Chapter 3: 

Long-term selective encoding of in vivo ethanol exposure in D1DR medium 

spiny neurons of the nucleus accumbens shell 

 

Abstract 

The nucleus accumbens (NAc) is a critical component of the 

mesocorticolimbic system which is involved in mediating the motivational and 

reinforcing aspects of ethanol consumption (cite). Chronic intermittent ethanol 

(CIE) exposure is a reliable model to induce ethanol dependence and an 

increase in voluntary ethanol consumption in mice (Becker and Lopez, 2004; 

Lopez and Becker, 2005; Griffin  3rd et al., 2009a, 2009b). Following an 

escalation of ethanol consumption we show alterations in the expression of 

NMDAR-dependent long-term depression (LTD) exclusively in D1 dopamine 

receptor expressing (D1+) medium spiny neurons (MSNs) of the NAc shell with 

no change in D1+ MSNs in the NAc core. The disruption in NMDAR-dependent 

LTD persist for up to two weeks after ethanol drinking.  To determine if changes 

in AMPA receptor signaling may contribute to the disruption of plasticity we used 

the rectification index.  We found a decrease in the rectification index suggesting 

the presence of GluA2-lacking AMPA receptors (AMPARs). There was no 

change in the amplitude of spontaneous excitatory postsynaptic currents 

(sEPSCs) but there was a transient increase in sEPSC frequency.  Using the 

paired pulse ratio we detected a similar transient increase in the probability of 
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neurotransmitter release.  With no change in sEPSC amplitude, the change in 

the rectification index suggest that GluA2-containing AMPARs are being 

removed and replaced with GluA2-lacking AMPARs.  This CIE induced alteration 

in AMPAR subunit composition may contribute to the loss of NMDAR-dependent 

LTD in the NAc shell and the expression of excessive ethanol consumption.   

 

Introduction 

Chronic drug and alcohol exposure is known to induce alterations in 

glutamatergic signaling and plasticity in the nucleus accumbens (Luscher and 

Malenka, 2011; McCool, 2011).  Of particular importance are alterations in the 

expression of NMDAR-dependent long-term depression (LTD).  Several reports 

have shown that chronic exposure to either psychostimulants or alcohol can 

result in impaired expression of NMDAR-dependent LTD in the nucleus 

accumbens (Thomas et al., 2001; Martin et al., 2006; Mao et al., 2009; Kasanetz 

et al., 2010; Jeanes et al., 2011, 2014; Shen and Kalivas, 2012; Abrahao et al., 

2013; Spiga et al., 2014).  The mechanisms involved in drug induced 

neuroadaptations of glutamatergic signaling may overlap with the mechanisms 

necessary for the expression of NMDAR-dependent plasticity.  By using a reliably 

induced and well described form of plasticity in the NAc, NMDAR-dependent 

LTD, we aim to identify alterations in glutamatergic signaling that may disrupt the 

expression of plasticity.  In ethanol naïve mice, NMDAR-dependent LTD is 
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expressed only in D1+ MSNs therefore we selectively recorded from D1+ MSNs 

using DRD1a-tdTomato mice on a C57Bl/6 background. 

The chronic intermittent ethanol (CIE) procedure currently used in our lab 

is a proven model to induce alcohol dependence that results in an increase in 

voluntary ethanol consumption (Becker and Lopez, 2004; Lopez and Becker, 

2005; Jeanes et al., 2011).  Previous work in our lab using in vivo ethanol vapor 

exposure has investigated changes in plasticity in the NAc shell only after 

ethanol vapor exposure but did not measure ethanol drinking before or after 

vapor exposure (Jeanes et al., 2011, 2014).  It is unknown how glutamatergic 

signaling and plasticity are altered after multiple rounds of ethanol vapor 

exposure in which ethanol drinking and changes in ethanol drinking are 

measured.   

In the NAc, most AMPAR currents are mediated by GluA2-containing 

AMPARs (Cull-Candy et al., 2006; Conrad et al., 2008).  We have previously 

shown that NMDAR-dependent LTD requires the internalization of GluA2-

containing AMPA receptors.  Preventing the internalization of GluA2-containing 

AMPA receptors with a peptide that mimics the carboxyl tail of the GluA2 subunit 

blocks the expression of NMDAR-dependent LTD (Brebner et al., 2005; Jeanes 

et al., 2014).  Given the importance of GluA2-containing AMPA receptors for the 

expression of NMDAR-dependent LTD, the ethanol induced disruption of 

plasticity may be due to alterations in the number of GluA2-containing AMPARs 

or changes in AMPAR subunit composition. Furthermore, GluA2-lacking 
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AMPARs are calcium permeable thus the presence of GluA2-lacking AMPARs 

may disrupt the expression of plasticity by modulating intracellular signaling 

cascades that are sensitive to calcium.  In the present study we aim understand 

how alterations in AMPAR mediated signaling and the disruption of NMDAR-

dependent LTD contribute to excessive drinking.   

   

Materials and Methods 

Mice 

DRD1a-tdTomato male mice generated on a C57Bl/6 background were used for 

behavioral and electrophysiological experiments. Mice were housed at 22°C with 

a 12:12 light:dark cycle (lights on at 12 AM). Water and chow were available ad 

libitum.  

 

Two bottle choice drinking 

Two bottle choice (TBC) drinking is the limited access paradigm used to measure 

changes in voluntary ethanol consumption. Thirty minutes prior to the onset of 

the dark cycle mice are given access to two bottles containing either an ethanol 

solution (15%) or tap water.  Access is limited to 2 hours.  Bottles are weighed 

before and after each drinking session and mice are weighed after each drinking 

session.  Twenty-one consecutive days of TBC drinking was conducted prior to 

the first round of ethanol vapor exposure.  The last 5 days were measured as the 

baseline.  Seventy-two hours after each round of vapor exposure TBC drinking 
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was conducted for 5 days to measure CIE induced changes in ethanol 

consumption (Figure 6A).   

 

Chronic intermittent ethanol  

Mice were exposed to ethanol vapor using the chronic intermittent ethanol (CIE) 

exposure model, a proven method to increase voluntary ethanol consumption in 

mice (Becker et. al., 2004).  Ethanol was volatilized by bubbling air through a 

flask containing 95% ethanol at a rate of 0.2 to 0.3 liter/min. The resulting ethanol 

vapor then combined with a separate air stream to give a total flow rate of 

approximately 4 liters/min, which was delivered to mice in special mouse 

chamber units that contain an airtight top, a vapor inlet and an exhaust outlet 

(Allentown Inc., Allentown, NJ).  Each round consisted of 16 hours of ethanol 

vapor exposure followed by an 8 hour withdrawal, repeated for 4 days. Mice were 

exposed to 3 rounds of ethanol vapor (Figure 6A.).  Mice were injected (i.p.) with 

a loading dose of ethanol (20% v/v, 1.5 g/kg) and pyrazole (68.1 mg/kg) prior to 

vapor exposure to achieve a blood ethanol concentration (BEC) of 150-200 

mg/dl.  Tail blood samples of 5-10 µL were collected upon removal from the 

chambers each day and BECs were measured using gas chromatography.  Air 

control mice were handled the same but were injected with a solution of only 

pyrazole (68.1 mg/kg).  
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Blood ethanol concentrations 

Tail blood samples of were collected upon removal from the chambers each day 

and BECs were measured using gas chromatography with a Bruker 430-GC 

(Bruker Corporation, Fremont, CA) equipped with a flame ionization detector and 

Combi PAL autosampler.  Two, 10 µL samples of whole blood were collected and 

added to 10 mL vials containing 90 μLs of saturated sodium chloride solution.  

Samples were warmed to 65°C and the solid-phase micro extraction fiber 

(SPME; 75 μm CAR/PDMS, fused silica; Supelco, Bellefonte, PA) was used to 

absorb ethanol vapor from the samples.  The stationary phase was a capillary 

column (30 m x 0.53 mm x 1 μm film thickness; Agilent Technologies, Santa 

Clara, CA) and helium, at a flow rate of 8.5 mL/min was used in the mobile 

phase.  Resultant ethanol peaks were analyzed using CompassCDS Workstation 

software (Bruker Corporation, Fremont, CA) and calibration was achieved using 

ethanol standards.  

 

Brain slice preparation  

Mice were at least 16 weeks of age at the time of slice preparation. Parasagittal 

slices (240 μm thick) containing the NAc were prepared using a Leica vibrating 

microtome.  Mice were anesthetized by inhalation of isoflurane and the brains 

were rapidly removed and placed in 4°C oxygenated ACSF containing the 

following (in mM): 210 sucrose, 26.2 NaHCO3, 1 NaH2PO4, 2.5 KCl, 11 dextrose, 

bubbled with 95% O2/ 5% CO2.  Slices were transferred to an ACSF solution for 
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incubation containing the following (in mM): 120 NaCl, 25 NaHCO3, 1.23 

NaH2PO4, 3.3 KCl, 2.4 MgCl2, 1.8 CaCl2, 10 dextrose, were continuously 

bubbled with 95% O2/ 5% CO2; pH 7.4, 32°C, and were maintained in this 

solution for 60 minutes prior to recording. 

 

Patch clamp electrophysiology 

Whole cell voltage clamp recordings were obtained from D1DR expressing (D1+) 

MSNs of the nucleus accumbens shell.  Cells were identified using the MRK200 

Modular Imaging system (Siskiyou Corporation) mounted on a vibration isolation 

table.  Recordings were made in ACSF containing (in mM): 120 NaCl, 25 

NaHCO3, 1.23 NaH2PO4, 3.3 KCl, 0.9 MgCl2, 2.0 CaCl2, and 10 dextrose, 

bubbled with 95% O2/ 5% CO2.  ACSF was continuously perfused at a rate of 2.0 

mL/min and maintained at a temperature of 32°C.  Picrotoxin (50µM) was 

included in the recording ACSF to block GABAA receptor-mediated synaptic 

currents.  Recording electrodes (thin-wall glass, WPI Instruments) were made 

using a Brown-Flaming model P-88 electrode puller (Sutter Instruments, San 

Rafael, CA) to yield resistances between 3-6 MΩ. For current clamp experiments, 

electrodes were filled with (in mM): 135 KMeSO4, 12 NaCl, 0.5 EGTA, 10 

HEPES, 2 Mg-ATP, 0.3 Tris-GTP, 260-270 mOsm (pH 7.3).  For voltage clamp 

experiments, electrodes were filled with (in nM): 120 CsMeSO4, 15 CsCl, 8 NaCl, 

10 HEPES, 0.2 EGTA, 10 TEA-Cl, 4 Mg-ATP, 0.3 Na-GTP, 0.1 spermine, and 5 

QX-314-Cl.  Input resistance and access resistance were monitored throughout 
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the experiments.  Cells in which input and access resistance varied more than 

20% were not included for analysis. 

 

Data acquisition and analysis 

Glutamatergic afferents were stimulated with a stainless steel bipolar stimulating 

electrode (FHC, Inc.) placed dorsal and anterior to the recording electrode, about 

150-300μm from the cell body.  Excitatory postsynaptic currents (EPSCs) were 

acquired using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA), 

filtered at 1 kHz, and digitized at 10-20 kHz with a Digidata 1440A interface 

board using pClamp 10.2 (Axon Instruments).  In experiments for long term 

plasticity, EPSCs were evoked by local stimulation for at least 10 minutes at 0.1 

Hz, to ensure stable recordings.  To induce LTD, a conditioning stimuli of 500 

pulses at 1 Hz was paired with continuous postsynaptic depolarization to -50 mV.  

EPSCs were then monitored for 30 minutes after pairing at a rate of 0.1 Hz.  The 

magnitude of LTD was calculated by averaging normalized EPSC values from 20 

to 30 minutes after the pairing protocol and comparing that value to the average 

normalized EPSCs during the 10 minute baseline.  Plasticity was determined if 

the average EPSCs between 20 to 30 minutes post-pairing was greater than 2 

standard deviations away from the 10 minute baseline.  Data from each neuron 

within a treatment group was combined and represented as percent baseline 

values.  Summary data are presented as mean ± SEM.  Statistical significance 
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from baseline for within each treatment group is defined as p < 0.05 using a two-

tailed Student’s t test (assuming equal variance).   

 

Results 

CIE induced escalation of volitional ethanol intake 

The experimental outline is shown in Figure 6A.  Mice received daily limited 

access to two-bottle choice drinking for 21 days prior to vapor exposure.  The last 

5 days of drinking were measured and resulted in a stable baseline in both air 

control and ethanol exposed groups.  In the ethanol vapor exposed mice there 

was a significant increase of ethanol intake over baseline after each round of 

ethanol vapor exposure while drinking in the air control group remained 

unchanged (Figure 6B, C). 
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Figure 6. CIE induced escalation of ethanol intake 

 

 

 

 

(A.) The CIE procedure consisted of 3 rounds of ethanol vapor exposure 
separated by a 3 day withdrawal and 5 day periods of TBC drinking (15% 
ethanol). All electrophysiological recordings were conducted after the last ethanol 
drinking period. (B.) Average (±SEM) of 5 days of TBC drinking (in g/kg) during 
each drinking period. Drinking in the air treated mice remained relatively stable 
(Baseline: 2.03 ± 0.11, Drinking 1: 1.80 ± 0.12, Drinking 2: 1.83 ± 0.13, Drinking 
3: 1.79 ± 0.17, n=13).  Mice exposed to ethanol vapor increased TBC drinking 
after each round of vapor exposure (Baseline: 1.81 ± 0.10, Drinking 1: 2.19 ± 
0.13, Drinking 2: 2.54 ± 0.12, Drinking 3: 2.55 ± 0.12, n=27). (C.)  The increase in 
ethanol intake vs. controls is further shown by the daily intake during each 
drinking period. * p < 0.05 versus baseline, ** p < 0.01 versus baseline.  
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Long term disruption of NMDAR-dependent LTD in the NAc shell 

Several reports have observed a disruption in NMDAR-dependent plasticity after 

drug or ethanol exposure that is directly related to a drug induced behavior 

(Brebner et al., 2005; Kasanetz et al., 2010; Pascoli et al., 2011; Abrahao et al., 

2013).  To determine whether a CIE induced increase in ethanol drinking disrupts 

NMDAR-dependent plasticity we used a pairing protocol that involves low 

frequency stimulation (1 Hz) paired with depolarization to -50 mV.  This induction 

protocol has been shown to reliably induce NMDAR-dependent LTD (Thomas et 

al., 2000; Brebner et al., 2005; Jeanes et al., 2011, 2014).  We have previously 

shown that NMDAR-dependent LTD is expressed only in D1DR expressing 

MSNs (Jeanes et al., 2014) therefore we used DRD1a-tdTomato mice to 

selectively recording only from D1+ MSNs in the both the core and shell of the 

nucleus accumbens.  NMDAR-dependent LTD was expressed in D1+ MSNs of 

both the core and shell of air treated control mice (Figure 7A).  In the CIE treated 

mice, 24 hours after the last vapor exposure, the expression of NMDAR-

dependent LTD is blocked in the shell but not the core (Figure 7B).  The CIE 

induced disruption of plasticity in the shell persist for up to two weeks after vapor 

exposure (Figure 7C).  Three weeks after vapor exposure the expression of 

NMDAR-dependent is recovered in the shell and remains in the core (Figure 7D).  

This disruption of NMDAR-dependent LTD in the shell is first observed 8 days 

after the last ethanol vapor exposure (24 hours after drinking) and persist for up 

to 22 days after the last vapor exposure (Figure 6A).    
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Figure 7. Long-term disruption of NMDAR-dependent LTD in D1+ MSNs of the 
NAc shell. 
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Figure 7. (A.) The induction protocol which consists of 1 Hz stimulation paired 
with postsynaptic depolarization to -50 mV for 500 s, resulted in LTD in both the 
shell (55.10 ± 14.11 % of baseline, n=5) and the core (47.80 ± 13.59 % baseline, 
n=4). (B.) Twenty four hours after the last drinking session LTD is blocked in the 
shell (96.62 ± 7.76 % baseline, n=6) with no change in the core (59.65 ± 14.68 % 
baseline, n=4) versus air controls. (C.) The block of LTD in the shell (94.87 ± 
4.95 % baseline, n= 7) remains for up to two weeks after drinking with normal 
LTD in the core (48.31 ± 7.96 % baseline, n=7). (D.) Three weeks after drinking 
LTD is expressed in both the shell (53.88 ± 8.64 % baseline, n=4) and the core 
(64.5 ± 7.55 % baseline, n=3). (E., F.) Summary bar graphs of alterations in 
plasticity over time representing the percentage change ± S.E.M. for average 
EPSC amplitude between baseline (min 0–10) and post-pairing (min 40–50) in 
the shell and the core.  * p < 0.05 versus air controls,  p < 0.01 versus 3 week 
time point. 
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Increase in sEPSC frequency due to an increase in presynaptic 

neurotransmitter release  

In an ethanol naïve mouse, the expression of NMDAR-dependent LTD in the 

NAc requires the removal of GluA2-containing AMPA receptors (Brebner et al., 

2005; Jeanes et al., 2014).  This long term disruption of NMDAR-dependent LTD 

observed after excessive ethanol drinking may be due to a CIE induced 

internalization of AMPARs. A similar occlusion of NMDAR-dependent LTD in the 

NAc has been observed with cocaine experience (Thomas et al., 2001; Kourrich 

et al., 2007). We observed that CIE had no effect on the amplitude of sEPSCs in 

the NAc shell or core over the three week period following excessive drinking 

(Figure 8A, C).  A significant increase in sEPSC frequency was observed in the 

NAc shell 24 hours after drinking (Figure 8B) with no change in frequency in the 

core (Figure 8D). To test for changes in the probability of presynaptic 

neurotransmitter release we used the paired pulse ration (PPR) with a 50 ms 

interstimulus interval (ISI).  Twenty-four hours after drinking we observed a 

decrease in the PPR in the shell indicating an increase in the probability of 

neurotransmitter release (Figure 8E).  There were no observed changes in PPR 

in the core (Figure F).  
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Figure 8. CIE induced increase in sEPSC frequency and decreased PPR in D1+ 
MSNs of the NAc shell  
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Figure 8. (A.) The amplitude of sEPSCs measured in the shell remained 
unchanged.  (B.) Twenty four hours after the last drinking session there was a 
significant increase in sEPSC frequency in the shell (7.49 ± 0.89, n=17) relative 
to air controls (3.70 ± 0.91, n=12). (C., D.) There was no change in sEPSC 
amplitude frequency in the core. (E.) Bar graphs representing the average paired 
pulse ratio (PPR) ± SEM. There was a significant decrease in the PPR in the 
shell 24 hours after drinking (1.16 ± 0.10, n=10) compared to air controls (1.60 ± 
0.05, n=7). (F.) No change in the PPR in the core. * p < 0.05 versus air controls. 
** p < 0.01 versus air controls.  
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Long-lasting decrease in the rectification index in the NAc shell  

In the NAc, the majority of AMPAR signaling is mediated by GluA2-containing 

AMPA receptors (Boudreau et al., 2007; Kourrich et al., 2007; Conrad et al., 

2008; Reimers et al., 2011).  GluA2-containing AMPARs have Ohmic properties 

and are impermeable to Ca2+ while GluA2-lacking AMPARs have an inward 

rectifying current voltage (IV) relationship and are Ca2+ permeable (Cull-Candy 

et al., 2006).  The distinct IV curves of GluA2-containing and GluA2-lacking 

AMPARs make them detectable using electrophysiological methods. The 

rectification index is the ratio of AMPAR mediated current at +40 mV and -80 mV. 

To isolate AMPAR mediated currents we used DL-APV (50µM).  In the air control 

mice 24 hours after TBC drinking, MSNs of the NAc shell and core have a linear 

IV curve (Figure 9A, C).  Twenty-four hours after drinking, MSNs in the shell of 

CIE treated mice have a significant decrease in the rectification index (ratio of 

current at +40 mV/-80 mV) suggesting the presence of GluA2-lacking AMPARs 

(Figure 9A, B).  This CIE induced alteration in AMPAR signaling persist for up to 

2 weeks after drinking (Figure 9B).  The time course for the change in AMPAR 

subunit composition matches the time course for the disruption in NMDAR-

dependent LTD, therefore the replacement of GluA2-containing AMPARs with 

GluA2-lacking AMPARs may account for the disruption of NMDAR-dependent 

LTD in the NAc shell.  
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Figure 9. Decrease in the rectification index in D1+ MSNs of the NAc shell 

 

 

 

 

(A.) Current voltage (IV) relationship of AMPAR mediated EPSCs in the NAc 
shell. Twenty four hours after drinking there was a significant inward rectification 
in the EtOH treated group. (B.) The rectification index in the shell decreased in 
the EtOH treated group 24 hours after drinking (0.19 ± 0.04, n=7) compared to air 
controls (0.49 ± 0.02, n=9) and remained decreased for up to two weeks (0.27 ± 
0.08, n=5). (C., D.) There was no change in the rectification index in the core of 
EtOH treated mice compared to air controls. * p < 0.05 versus air controls. *** p < 
0.001 versus air controls. 
 

 

 



 

69 
 

Discussion 

In the present study we observed a long-term disruption of NMDAR-

dependent LTD in the NAc shell of mice that showed a CIE induced escalation of 

ethanol intake.  In addition to the disruption of plasticity we found that GluA2-

containing AMPARs are being replaced with GluA2-lacking AMPARs and this 

change in AMPARs has a similar time course as the disruption in NMDAR-

dependent LTD. The alterations in the expression of plasticity may correspond 

with an increase in voluntary ethanol consumption.   

Previous work using the CIE model has shown that the increase in ethanol 

intake can last up to 4 weeks after the ethanol vapor exposure (Lopez and 

Becker, 2005).  If mice are exposed to two cycles of ethanol vapor, the increase 

in drinking will last for 1 week after vapor exposure but with 4 cycles of ethanol 

vapor exposure the increase in drinking will persist for up to 4 weeks.  The long 

lasting disruption of NMDAR-dependent LTD that we have observed in the D1+ 

MSNs in the NAc shell corresponds well with the time course of increased 

ethanol drinking.  In the present study, 3 cycles of ethanol vapor exposure 

induced a disruption in NMDAR-dependent LTD that is first detected 24 hours 

after drinking (8 days after last ethanol vapor exposure) and persist for up to 2 

weeks after drinking (22 days after last ethanol vapor exposure).   

Calcium permeable AMPARs have a prominent role in mediating the 

incubation of cocaine craving (Loweth et al., 2014).  GluA2-lacking AMPARs 

accumulate in the NAc during extended withdrawal from cocaine self-
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administration and the use of NASPM, a GluA2-lacking AMPAR antagonist, 

significantly decreased the expression of cue induced cocaine seeking (Conrad 

et al., 2008).  The incubation of drug craving is not specific to cocaine self-

administration as  it is seen with other drugs of abuse (Pickens et al., 2011) as 

well as ethanol (Li et al., 2014).  The replacement of GluA2-containing AMPARs 

with GluA2-lacking AMPARs could serve as mediators of excessive ethanol 

intake.  Further studies that include the use of NASPM could uncover a role for 

GluA2-lacking AMPARs in maladaptive ethanol behaviors.  

We observed a transient increase in sEPSC frequency as well as a 

decrease in PPR, suggesting an increase in the probability of neurotransmitter 

release.  The increase in presynaptic glutamate release that we measured in the 

present study was observed only at the 24 hour time point and returned to control 

levels 1 week after drinking.  Also, we observed this increase to be subregion 

specific as no change was found in the NAc core.  Recent quantitative 

microdialysis experiments have detected a two-fold increase in extracellular 

glutamate from CIE treated mice (Griffin III et al., 2014).  This is consistent with 

previous studies that have found chronic ethanol exposure to result in a decrease 

of glutamate reuptake (Melendez et al., 2005).   

 Ethanol is an inhibitor of excitatory signaling (Lovinger and Roberto, 

2013).  The increase in glutamate release could be a compensatory mechanism 

necessary to adapt to the chronic inhibitory effects of ethanol exposure.  The CIE 

induced increase in glutamate release that we detected in the NAc shell may 
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represent a form of synaptic scaling of presynaptic neurotransmission.  We also 

observed the replacement of GluA2-containing AMPARs with GluA2-lacking 

AMPARs which may be the result of synaptic scaling on the postsynaptic 

membrane. GluA2-lacking AMPARs are Ca2+ permeable and have a higher 

conductance than GluA2-containing AMPARs (Cull-Candy et al., 2006).  

We detected changes in AMPAR subunit composition using the 

rectification index. The inward rectifying IV curve and the decrease in the 

rectification index suggest the presence of GluA2-lacking AMPARs.  The 

rectification index is only an indirect measurement of changes to AMPAR subunit 

composition.  The observed decrease in the rectification index could reflect a 

change in the GluA2 subunit Q/R editing. GluA2 transcripts undergo editing at 

the Q/R site primarily by the enzyme adenosine deaminase acting on RNA 2b 

(ADAR2b).  Editing of the GluA2 subunit at the Q/R site makes them 

impermeable to Ca2+ and contributes to the linear IV curve (Cull-Candy et al., 

2006).  A recent study found that abstinence from cocaine self-administration is 

associated with decreased GluA2 Q/R site editing and reduced ADAR2 

expression specifically in the NAc shell but not core (Schmidt et al., 2014).  

In the present study we observed a long-term disruption in the expression 

of NMDAR-dependent LTD in the NAc shell of CIE treated mice.  Our previous 

work has shown that the removal of GluA2-containing AMPARs is necessary for 

the expression of NMDAR-dependent LTD in the NAc (Jeanes et al., 2014).  The 

loss of GluA2-containing AMPARs could account for the disruption of NMDAR-
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dependent LTD as both had a similar time course of up to two weeks after 

drinking and recovery by the third week.  Ethanol induced alterations of NMDAR 

function may also contribute to the loss of NMDAR-dependent LTD.  In a study of 

ethanol induced locomotor sensitization, sensitized mice had an attenuation of 

NMDAR-dependent LTD due to a decrease in NMDAR function measured as a 

loss of the GluN1 subunit (Abrahao et al., 2013).  A similar result was observed 

in rats that were fed an ethanol containing diet in which they observed a 

decrease in NMDAR function and impaired expression of NMDAR-dependent 

LTD  (Spiga et al., 2014).   

The incorporation of GluA2-lacking AMPARs could change the rules for 

the induction of plasticity as has been observed after cocaine exposure in the 

VTA (Mameli et al., 2011).  A shift to calcium permeable AMPA receptors 

corresponds with an incubation of drug craving as well as altered expression of 

mGluR-dependent plasticity. In drug naïve rodents, mGluR5 activation leads to 

an endocannabinoid dependent decrease in presynaptic neurotransmitter release 

(Robbe et al., 2002).  During the incubation of cocaine craving there is a shift in 

the expression of mGluR-dependent plasticity. Instead of the presynaptic 

mGluR5-LTD, mGluR1 activation is prominent and leads to a postsynaptic 

removal of GluA2-lacking AMPA receptors (McCutcheon et al., 2011).    

The Ca2+ permeability of GluA2-lacking AMPARs make them candidates 

as mediators of synaptic plasticity. In the basolateral amygdala, activation of 

GluA2-lacking AMPA receptors has been shown to lead to LTP that is 
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independent of NMDAR activity (Mahanty and Sah, 1998). GluA2-lacking AMPA 

receptors have also been attributed to the consolidation of NMDAR-dependent 

LTP in the hippocampus (Plant et al., 2006).  The induction of NMDAR-

dependent LTP results in the transient insertion of GluA2-lacking AMPARs and 

subsequent Ca2+ influx from these receptors is necessary for the insertion of 

GluA2-containing AMPARs and the consolidation of LTP.  A similar mechanism 

has been observed in the striatum in which activation of GluA2-lacking AMPARs 

leads to the synaptic insertion of GluA1 (Tukey and Ziff, 2013).   

 Exposure to drugs of abuse and ethanol hijacks the mechanisms of 

learning and memory in the mesocorticolimbic system (Hyman et al., 2006).  

Further studies need to be conducted in order to understand the precise 

mechanisms in which drug and ethanol experience is encoded in the brain.  Such 

an understanding will allow for the development of novel and more effective 

pharmacotherapies for the treatment of addiction.  
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Chapter 4: 

Concluding remarks and future directions 

There is a fundamental need to understand how the reward circuit in the 

brain is altered after drug and alcohol exposure.  Given the lack of effectiveness 

of current pharmacotherapies for the treatment of addiction, a greater 

understanding of drug induced neuroadaptations could potentially lead to more 

effective treatments.  The nucleus accumbens has a central role in reward 

processing and motivated behaviors and is a critical component of the reward 

circuit to identify drug and ethanol induced neuroadaptations (Luscher and 

Malenka, 2011).  The findings presented in this dissertation further our 

understanding as to how ethanol experience is encoded in the nucleus 

accumbens.   

We found that four days of ethanol vapor exposure was sufficient to 

induce alterations in the intrinsic properties of MSNs as well as the excitatory 

inputs in a cell type specific manner.  Several other groups have observed similar 

changes in the NAc after cocaine (Kourrich et al., 2015) and ethanol exposure 

(Marty and Spigelman, 2012b) but none have identified cell type specific changes 

in neuronal excitability.  The observed increase specifically in D1+ MSNs may 

reflect a form of homeostatic plasticity in which MSNs alter their functional output 

in response to changes in synaptic input (Ishikawa et al., 2009). To further 

support this idea of homeostatic neuroadaptations, 24 hours after the last vapor 

exposure we detected an increase in the frequency of sEPSCs.  Ethanol 
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exposure can significantly inhibit excitatory signaling in the NAc and withdrawal 

from chronic ethanol exposure has been shown to result in an upregulation of 

glutamate release (Rossetti and Carboni, 1995; Dahchour and De Witte, 1999; 

Dahchour et al., 2003; Roberto et al., 2004; Griffin Iii et al., 2014).  The increase 

in sEPSC frequency observed after ethanol vapor exposure and after ethanol 

drinking may be a compensatory change in response to CIE.  It is important to 

note that the increase in sEPSC frequency after ethanol drinking was only 

present 24 hours after drinking while the disruption in LTD persisted for up to two 

weeks after drinking.  Although, the observed disruption in NMDAR-dependent 

LTD may not be entirely driven by postsynaptic mechanisms.  The increase in 

sEPSC frequency may be involved in the induction of long lasting postsynaptic 

neuroadaptations and could potentially contribute to the long-lasting disruption in 

the expression of LTD.  

 Similar to what we previously reported, we found that NMDAR-dependent 

LTD is expressed only in D1+ MSNs of ethanol naïve mice. Twenty four hours 

after ethanol vapor exposure, the low frequency stimulation protocol results in 

LTP.  There was also an increase in excitability in D1+ MSNs after CIE but 

alterations in excitability may not completely explain the switch in polarity of 

plasticity.  In ethanol naïve mice D1- MSNs were more excitable than D1+ MSNs. 

After vapor exposure D1+ MSNs increased action potential firing to levels 

comparable to D1- MSNs but even with the higher maintained level of excitability, 

D1- MSNs did not express LTP.  This shift in the expression of plasticity in 
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immediate withdrawal may be due to alterations in NMDAR function.  NMDAR-

dependent LTP and LTD are mediated by two distinct signaling cascades 

(Illustration 1) dependent on the amount of intracellular Ca2+.  Alterations in 

NMDAR function could contribute to changes in the subsequently induced 

synaptic plasticity.  Withdrawal from chronic ethanol exposure can result in the 

upregulation of NMDAR function (Buck and Harris, 1991; Dodd et al., 2000; 

Siggins et al., 2003; Hendricson et al., 2007; Stuber et al., 2010).  An ethanol 

induced alteration in NMDAR function may contribute to the switch in polarity of 

plasticity from LTD to LTP such that increased NMDAR function will lead to the 

expression of LTP in D1+ MSNs and LTD in D1- MSNs (Illustration 2). 

Multiple rounds of ethanol vapor exposure followed by voluntary ethanol 

consumption resulted in the long-lasting disruption of LTD in D1+ MSNs. The 

block in the expression of LTD was present 24 hours after drinking and lasted up 

to two weeks after drinking.  The disruption in plasticity corresponds with an 

increase in ethanol consumption after vapor exposure (Lopez and Becker, 2005).  

Additionally we detected the presence of GluA2-lacking AMPARs that followed a 

similar time course and may account for the loss of LTD as this form of plasticity 

requires the internalization of GluA2-lacking AMPARs (Brebner et al., 2005; 

Jeanes et al., 2014). Work from Marina Wolf’s lab has shown that GluA2-lacking 

AMPARs are necessary for the incubation of cue induced cocaine seeking 

(Loweth et al., 2014).  Her group found that withdrawal from cocaine self-

administration altered the expression of mGluR-dependent plasticity. In drug 
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naïve mice, activation of mGluR5 leads to an eCB mediated presynaptic LTD.  

During the incubation of cocaine craving, mGluR5-dependent plasticity is no 

longer present, instead mGluR1 activation results in the internalization of 

postsynaptic GluA2-lacking AMPARs.  Furthermore, they found that activation of 

mGluR1 reduced cue induced responding (McCutcheon et al., 2011).  The 

involvement of mGluRs has been demonstrated in ethanol drinking behaviors 

(Schroeder et al., 2005; Besheer et al., 2008; Cozzoli et al., 2009, 2012; Lum et 

al., 2014) but it is unknown if a similar alteration in mGluR-dependent plasticity 

takes place after CIE.  It would be interesting to test the effects of mGluR1 

activation on the CIE induced escalation of ethanol consumption.  

Interpreting the results from the present study may difficult in terms of its 

functional implications due to the complicated circuitry of the NAc shell.  In the 

dorsal striatum, the output can be divided into two distinct pathways: the direct 

and indirect pathways. In the direct pathway, D1 MSNs project to the substantia 

nigra pars reticulata and D2 MSNs of the indirect pathway project to the globus 

pallidus (Humphries and Prescott, 2010). The NAc shell projects to the VTA and 

the ventral pallidum but the D1 and D2 MSN subtypes do not have a clearly 

segregated direct and indirect pathway as D1 MSNs project to both the VTA and 

VP while D2 MSNs project to the VP (Humphries and Prescott, 2010; Smith et 

al., 2013).  Functionally, activity in D1 and D2 MSNs is believed to have opposing 

effects on locomotor behavior in which activity of D1 MSNs promotes locomotion 

and activity of D2 MSNs inhibits locomotion (Albin et al., 1989; Gerfen, 1992).  
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Consistent with this model, several studies in the dorsal striatum have shown that 

activity in D1 MSNs is important for the expression of drug induced locomotor 

sensitization (Bateup et al., 2010; Beutler et al., 2011; Ferguson et al., 2011).  

Activation of D2 MSNs reduces the expression of locomotor sensitization and 

ablation of these neurons promotes hyperlocomotion (Durieux et al., 2009).  

Similarly in the NAc, optogenetic inhibition of D1 MSNs or activation of D2 MSNs 

blocks cocaine induced locomotor sensitization (Chandra et al., 2013).  In order 

to understand how the observed alterations in glutamatergic signaling contribute 

to the expression of drug induced behaviors it would be necessary to 

characterize projection specific alterations in the NAc.  Even more intriguing 

would be the possibility that input specificity (hippocampus, BLA, or PFC) to the 

NAc could drive changes in an output specific manner (VTA or VP).  A greater 

understanding of the circuitry could reveal novel targets to manipulate and 

ultimately correct circuit specific neuroadaptations that drive maladaptive 

behaviors.     

Future studies should investigate the involvement and modulation of 

specific inputs to the NAc in the ethanol induced modulation of plasticity. The 

nucleus accumbens integrates excitatory inputs from multiple brain regions that 

convey various aspects of motivated behavior.  Contextual and spatial 

information from the ventral hippocampus (vHipp), emotional valence from the 

BLA and executive planning from the PFC (Sesack and Grace, 2010).  Input 

specific neuroadaptations may be encoded to drive maladaptive behaviors.  
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Chronic cocaine injections has been shown to result in an increase in the 

AMPA/NMDA ratio specifically in the vHipp input to the NAc (Britt et al., 2012).  

The importance of input specificity is further supported in another study that 

found withdrawal from cocaine self-administration to result in a change in the 

rectification index and AMPA/NMDA ratio specifically in the mPFC and vHipp 

inputs respectively to D1 MSNs (Pascoli et al., 2014).  Additionally they found 

that in vivo induction of plasticity using optogenetic stimulation of the vHipp or the 

mPFC inputs to reverse these changes in AMPAR signaling resulted in 

decreased cue induced responding for cocaine.  

The work from this dissertation shows that ethanol experience is encoded 

in a cell type and subregion specific manner. Our knowledge of ethanol induced 

neuroadpations is far from complete but these studies demonstrate an important 

role of glutatmateric signaling and plasticity in the NAc in the induction and/or 

expression of alcohol dependence.  More research is needed to identify the 

precise neural circuits that mediate excessive drinking.  A better understanding of 

the circuitry will lead to increased specificity in the characterization of ethanol 

induced neuroadaptations and more clinically effective treatments.   
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