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ABSTRACT 

Alcohol use disorder (AUD) changes glutamatergic and -aminobutyric acidergic 

(GABAergic) neurotransmission in many neuronal populations. The dorsomedial part of 

the striatum (DMS) and its critical glutamatergic input, prefrontal cortex (PFC), have 

been strongly associated with AUD. The DMS contains two types of medium spiny 

neurons (MSNs): dopamine D1 receptor- and D2 receptor-expressing MSNs (D1-MSNs 

or D2-MSNs), which have been shown oppositely control the reward-seeking behavior. 

It is unclear how alcohol affects glutamatergic and GABAergic neurotransmission onto 

D1- and D2-MSNs and how these types of neurons control alcohol-related behavior. 

Thus, I first examined the effect of adult alcohol drinking on D1- and D2-MSNs and 

their contributions to the alcohol-drinking behavior of mice. Then, we investigated the 

causality between synaptic plasticity and alcohol-seeking behavior in adult rats. Lastly, 

we further tested prenatal alcohol exposure (PAE)-evoked glutamatergic changes in 

DMS D1-MSNs of adult mice.  

In this dissertation study, I first found that adult alcohol exposure distinctly 

facilitated glutamatergic inputs in D1-MSNs and GABAergic transmission D2-MSNs. I 

further discovered that in vivo chemogenetic excitation of D1-MSNs or inhibition of D2-

MSNs increased voluntary alcohol consumption, whereas inhibition of D1-MSNs or 

excitation of D2-MSNs reduced this behavior. Then, we found that optogenetically 

induced long-term potentiation (LTP) at DMS corticostriatal (especially at mPFC→D1-

MSNs) synapses produced a long-lasting increase of alcohol-seeking and -drinking 

behavior in rats, whereas long-term depression (LTD) induction caused a long-lasting 

decrease on this behavior. Lastly, I found hyperactivity in both juvenile and adult 
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offspring. Furthermore, I showed that PAE potentiated glutamatergic transmission onto 

D1-MSNs and increased the dendritic complexity of D1-MSNs in those hyperactive 

adult offspring. Taken together, my graduate study suggests that adult alcohol exposure 

selectively strengthens glutamatergic activity in D1-MSNs and enhances GABAergic 

activity in D2-MSNs. This alcohol-mediated alternation of D1- and D2-MSNs, in turn, 

contributes to alcohol-drinking behavior. This cell type-specific regulation on alcohol-

drinking behavior may due to the fact that glutamatergic synaptic plasticity between 

mPFC→D1-MSNs controls alcohol-seeking and -taking behavior. Lastly, PAE affects 

glutamatergic transmission onto D1-MSNs, indicating a potential mechanism underlying 

PAE-induced hyperactivity. 
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NOMENCLATURE 

 

AUD Alcohol Use Disorder 
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DA Dopamine 
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FSIs Fast-spiking Interneurons 
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GRIK G-protein-coupled inwardly rectifying K+ channel 

GP Globus Pallidus 
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GSK3 Glycogen Synthase Kinase-3 
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IGF1 Insulin-like Growth Factor 1 

LOFC  Lateral Orbitofrontal Cortex 

LTD Long-term Depression 

LTP Long-term Potentiation 

LTSIs Low-threshold Spiking Interneurons 

L1-CAM L1 Cell Adhesion Molecule 

MSNs Medium Spiny Neurons 

mPFC Medial Prefrontal Cortex 

mEPSCs Miniature Excitatory Postsynaptic Currents 

mIPSCs Miniature Inhibitory Postsynaptic Currents 

NMDA N-methyl-D-aspartate receptors 

NAc Nucleus Accumbens 

nAChRs Nicotinic Acetylcholine receptors 

NSDUH National Survey on Drug Use and Health 

oPSD Optogenetic Postsynaptic Depolarization 

PAE Prenatal Alcohol Exposure 

PFC Prefrontal Cortex 

RPE Reward Prediction Error 

SNc Substantia nigra, pars compacta  

SNr Substantia nigra, par reticulata  

TH Tyrosine Hydroxylase 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Overview 

Alcohol is an addictive substance and alcohol use disorders (AUDs) is a very common 

and severe psychiatric disease (World Health Organization, 2014; Center for Behavioral Health 

Statistics and Quality, 2015). Alcohol-addictive individuals lose their control over alcohol 

consumption and continue to drink despite the negative effect on their family, their career, and 

even their health. According to a report from World Health Organization in 2014 on alcohol and 

health, inappropriate use of alcohol causes approximately 3.3 million deaths globally per year 

(equal to 5.9% of total deaths), and 5.1% of the global burden of alcohol use-related diseases 

(World Health Organization, 2014). Globally, it has also been reported that about 16% of aged 

15 years or older alcohol drinker are exposed to repeated and excessive episodic drinking (Enoch 

and Goldman, 2002). More importantly, the harmful use of alcohol also imposes significant 

social and economic costs on society globally (World Health Organization, 2014). For example, 

alcohol-related problems cost about 125 billion euros in the European Union in 2003 (Anderson 

and Baumberg, 2006), and in the Republic of South Africa, the estimated costs nearly reached 

12% of the 2009 gross domestic product (Matzopoulos et al., 2014). In American, it has been 

diagnosed in about 17 million American adults as alcoholics and costs the United States about 

250 billion of dollars resulting in a significant economic and social burdens (Whiteford et al., 

2013; Glantz et al., 2014; World Health Organization, 2014). Based on the report from Centers 

for Disease Control and Prevention (CDC) and National Survey on Drug Use and Health 

(NSDUH), AUD is ranked at top number two for the prevalence of disease and cost to society 

(National Drug Intelligence Center, 2011; National Center for Health Statistics, 2013; Warren et 
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al., 2014; Health et al., 2016). Recently, in the year 2016, US Surgeon General also issued their 

first alcohol-related report to highlight alcoholism and addiction (U.S. Department of Health and 

Human Services (HHS), 2016). Given this huge social impact, there is a strong need for 

understanding how alcohol affects the brain and hijack our behavior. Unfortunately, only a 

limited number of therapeutics are available to treat AUD due to unclear mechanisms underlying 

it.  

The distribution of ethanol, a main chemical component in the alcohol, is similar to water 

and can reach an equilibration throughout organs and cells within a few minutes of drinking 

(Cederbaum, 2012). After alcohol drinking, ethanol is mainly absorbed by the gastrointestinal 

tract and metabolized in the liver (> 90%), and the metabolism rate of blood alcohol is dose-

dependent (DiPadova et al., 1987; Kalant, 1996). Meanwhile, ethanol can easily penetrate 

through the brain blood barrier and concentrate in the brain (Kalant, 1996). The alcohol reaches 

peak concentration in the brain after 30 to 60 minutes from oral administration, and the level of 

alcohol is about 70-80% of blood alcohol concentration (Kalant, 1996). Ethanol as a non-specific 

pharmacological agent has many molecular targets in the brain (Ron and Barak, 2016; Abrahao 

et al., 2017). For example, acute alcohol administration potentiates -aminobutyric acid receptors 

(GABAA receptors), nicotinic acetylcholine receptors (nAChRs), and inhibits N-methyl-D-

aspartate receptors (NMDARs) (reviewed in (Abrahao et al., 2017)). In contrast, chronic alcohol 

administration facilitates NMDARs activity (Wang et al., 2007). Thus, the neuronal circuitry 

mechanism underlying AUD behavior seems complicated. 

Dopamine (DA) plays an essential role in the modulation of synaptic plasticity. The DA 

neurons and its major targets, such as the striatum and prefrontal cortex (PFC) are major targets 

of drugs and alcohol (Luscher and Malenka, 2011). Despite the diversity of chemical structure 
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and the molecular target, all addictive drugs and alcohol can increase DAergic neuron firing and 

DA release through different mechanisms. For example, nicotine can activate 42-containing 

nAChRs and increase firing of DA neurons (Maskos et al., 2005), whereas cocaine can block DA 

transporter (DAT) on the presynaptic terminal of DA neurons and increase the DA concentration 

in the synaptic cleft (Volkow et al., 1997). Depends on the pattern of drinking, alcohol has 

distinct effects on these neuronal transmission systems. For example, acute alcohol consumption 

can cause an increase of DA release, whereas long-term alcohol consumption produces a 

hypodopaminergic state in the brain, (Bassareo et al., 2003; Barak et al., 2011). The dorsal 

striatum is also another major target of midbrain DAergic neurons. The dorsal striatum can be 

further divided into two part: the dorsomedial striatum (DMS) and the dorsolateral striatum 

(DLS). The DLS mainly controls habitual behavior, whereas the DMS mainly controls goal-

directed behavior (Voorn et al., 2004). 

Although how alcohol exposure impacts individual brain regions has been extensively 

studied (Sun and Rebec, 2005; Wang et al., 2007; Belin and Everitt, 2008; Wang et al., 2010; 

Wang et al., 2012; Barker et al., 2013; Bock et al., 2013; Land et al., 2014; Wang et al., 2015; 

Cheng et al., 2017), a major question that still remains is how alcohol exposure causes synaptic 

plasticity within a specific circuit and the behavioral outcome of this circuit.  

1.2 Alcohol Metabolism 

Alcohol is mainly absorbed by the gastrointestinal tract and reach the maximum 

concentration in the blood in about 20 min, and the metabolism rate of blood alcohol is dose-

dependent (DiPadova et al., 1987; Kalant, 1996). Alcohol is mainly metabolized in the liver (> 

90%). In the liver, there are mainly three pathways for alcohol metabolism (Lieber, 2000, 2005): 

1, alcohol dehydrogenase (ADH) pathway; 2, the microsomal alcohol oxidizing system; 3, 



 

4 

 

catalase. Each of these pathways is located in the different subcellular compartment and will 

generate different metabolic products (Lieber, 2000).  

The ADH pathway locates in the cytosol (Lieber, 2000). In this pathway, alcohol will be 

oxidized to acetaldehyde with loss of H, which reduces NAD to NADH. Increasing NADH will 

facilitate the fat accumulation and cause hyperlipemia, hypoglycemia and so on (Lieber, 1992). 

Acetaldehyde can be future metabolized into acetate. Both acetate and acetaldehyde are toxic to 

the body. ADH is a very critical enzyme in the ADH pathway. Human liver ADH is a zinc 

metalloenzyme, which can be classified into five different forms (Lieber, 2000), and the 

expression of human ADH is controlled by five-gene loci of ADH, ADH1 through ADH5 

(Bosron et al., 1993). ADH class I-III mainly locate in hepatocyte, among which I and II mainly 

contribute to alcohol oxidization. ADH class III has low affinity with alcohol. ADH class IV can 

metabolize alcohol outside of hepatocyte, e.g., gastric cells (Yokoyama et al., 1996). More 

importantly, polymorphism occurs at two loci, ADH2 and ADH3, which belong to ADH class I. 

As a result, genetic polymorphism of ADH controls individual differences in the rate of alcohol 

metabolism and influence the severity of alcohol-induced liver disease (Lieber, 2000).  

The second pathway is through the microsomal ethanol-oxidizing system (MEOS), which 

located in the endoplasmic reticulum (Lieber, 2000). This system can be found in liver 

microsomes and is inducible by chronic alcohol drinking (Lieber and DeCarli, 1968). In MESO, 

ethanol also will be oxidized to acetaldehyde via an ethanol-inducible cytochrome P4502E1 

enzyme (CYP2E1)(Lieber, 2000). This induction contributes to metabolic tolerance to alcohol 

with other P450 cytochromes (CYP1A2, CYP3A4) possibly involved (Salmela et al., 1998). 

However, clinically, higher CYP2E1 will increase the vulnerability of the alcoholic due to the 

high capacity of CYP2E1 to convert xenobiotics to highly toxic metabolites (Lieber, 2000). 
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Meanwhile, CYP2E1 also generates lots of active oxygen (O2. ̅ , OH. or other free radicals), 

which decrease the level of GSH and promote injury and cell death(Lieber, 2000). 

Polymorphism of CYP2E1 was found in the 5’-flanking regions of the human cytochrome 2E1 

gene (Hayashi et al., 1991). Two nucleotide exchanges in restriction sites (PstI and RsaI) that 

contributes to the polymorphism of 2E1 gene (Hayashi et al., 1991). Based on this, 2E1 gene can 

be classified into three types (Hayashi et al., 1991). Type A is homozygous with normal alleles, 

c1,c1. Type C is homozygous for nucleotide exchange, c2;c2. Type B is heterozygous having a 

normal and a mutated allele, c1;c2. A C2 allele is a rare mutant allele with lacking-RsaI site, 

which contributes to higher transcriptional activity, protein level, and enzyme activity than wild-

type c1. More importantly, the frequency of the c2 allele varies in different populations 

(Stephens et al., 1994). The highest frequency has been reported in the Taiwanese and Japanese, 

while in African Americans, European Americans and Scandinavians, the frequency is much 

lower (Stephens et al., 1994). The variety of frequency of c2 allele causes the difference in 

alcohol tolerance and its relative toxicity among different human populations. In another word, 

the risk of drinking alcohol is different among distinct populations.   

The third pathway is catalase, which locates in the peroxisomes (Lieber, 2005). Catalase 

oxidizes alcohol into acetaldehyde with the presence of H2O2 (Lieber, 2005). However, there is a 

limited amount of H2O2 in the liver under physiologic condition (Lieber, 2005). Thus, catalase 

system plays no major role in ethanol oxidation. 

1.3 Alcohol and Direct Molecular Targets 

Alcohol is a non-specific pharmacological chemical, which targets on many 

neurotransmitter receptors and ion-channels including NMDAR, GABAAR, glycine receptor, 

nAChRs, L-Cav, potassium channels (Vengeliene et al., 2008), but also alter cell signaling 
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systems. The detailed actions of alcohol on ion-channels and cell signaling systems are described 

below. 

 NMDARs: NMDARs are very important for learning and memory. Lovinger et al. found 

that acute bath application of 5-200 mM ethanol inhibited NMDAR activity and 50 mM ethanol 

produces about 61% inhibition of NMDAR-induced current (Lovinger et al., 1989). This 

ethanol-induced inhibition of NMDARs involves the N-terminal and the 3rd transmembrane 

domain of the NMDARs (Smothers et al., 2013). Another study showed that the GluN2B-

containing NMDAR is more sensitive than GluN2A-containing NMDAR to ethanol inhibition in 

cultured HEK cells (Smothers et al., 2001). However, during alcohol withdrawal, GluN2B-

containing NMDAR activity exhibited long-term facilitation (Wang et al., 2007), which may 

contribute to alcohol-induced plasticity. As a result, adaptive responses such as enhanced 

glutamatergic transmission and expression of NMDARs may occur to counterbalance the 

inhibitory effect of acute alcohol exposure (reviewed in Vengeliene et al., 2008). These ex vivo 

results are also consistent with pharmacological studies which showed that an NMDAR 

antagonist or GluN2B antagonist reduces alcohol consumption in rats (Bienkowski et al., 1999; 

Wang et al., 2010).  

GABAARs: The GABAAR is a chloride permeable channel and mediates inhibitory 

effects. Alcohol can alter both synaptic and extrasynaptic GABAAR activity. It has been found 

that extrasynaptic  subunit-  and  subunit-containing GABAARs are very sensitive 

to low concentration of ethanol (1-3 mM) leading to an increase in extrasynaptic  subunit-

contained GABAAR-mediated current by 40-50% (Sundstrom-Poromaa et al., 2002; Wallner et 

al., 2003). Acute administration of ethanol also facilitates synaptic GABAAR activity, 

specifically targets 4,  subunits (Diaz et al., 2014; Carlson et al., 2016). More studies have 
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shown that knockout of  or  subunits in mice reduces alcohol consumption (Mihalek et al., 

2001; Boehm et al., 2004; Crabbe et al., 2006; June et al., 2007). In contrast, chronic alcohol 

drinking decreases the density of GABAARs, and therefore reduces the striatal GABAergic 

transmission (Golovko et al., 2002; Boehm et al., 2004; Wilcox et al., 2014). The decreased 

GABAAR activity attenuates GABAergic synaptic strength, which has been reported in the 

striatum in a recent study (Wilcox et al., 2014). This may reduce the inhibitory tone in the 

striatum and increase alcohol-drinking behavior. 

Glycine receptors: The glycine receptor is also a chloride permeable channel and is 

composed of  and  subunit (Betz, 1991). Ethanol has been reported to facilitate the homomeric 

1 glycine receptor-induced current in a dose-dependent manner (10-200 mM)(Betz, 1991). 

Mutation of PKC phosphorylation site on 1 subunit decreases the sensitivity to ethanol (Betz, 

1991). More studies also provide evidence that 100 mM ethanol greatly potentiates glycine 

receptor-mediated synaptic transmission in hypoglossal motoneurons (Sebe et al., 2003), lateral 

orbitofrontal cortex (LOFC) (Badanich et al., 2013) and VTA (Ye et al., 2001), which result in 

inhibition of neuronal activity.  

nAChRs: Neuronal type of nAChRs are either homomeric or heteromeric receptors, 

which composed by the combination of either  -  or  -  subunits (Itier and Bertrand, 

2001). The previous study showed that low concentration of ethanol (less than 100 mM) 

activated 2- or 4-containing nAChRs (reviewed in Vengeliene et al., 2008) and suppressed the 

activity of 7 nAChRs (Yu et al., 1996). However, higher alcohol concentration activates all 

types nAChRs (reviewed in Vengeliene et al., 2008). This may contribute to the findings that DA 

overflow is promoted by ethanol-induced enhancement of nAChR activity and alcohol-induced 



 

8 

 

DA overflow within the NAc is mediate by nAChR located in the VTA (Larsson et al., 2002; 

Molander et al., 2005).  

Large-conductance Ca2+-activated K+ channel (BK channel): Much evidence suggests a 

potential direct interaction of ethanol with BK channels. Dopico et al. (2014) revealed that acute 

ethanol application enhances BK channel activity leading to inhibition of striatal neuronal 

activity. Bukiya et al. (2014) also demonstrated that alcohol binds selectively onto a water-

accessible site with the presence of calcium leading to activation of channels. In addition, 

inhibition of BK channel trafficking reduces ethanol-induced hyperactivity and neurotransmitter 

release in C. elegans (Oh et al., 2017). 

G-protein-coupled inwardly rectifying K+ channel (GIRK): Early study reported that 

ethanol acts on the C-terminal region of GIRK and enhance its function in cerebellar granule 

cells and direct target on the C-terminal region (Lewohl et al., 1999). And mutation of GIRK1/2 

or GIRK3 subunit channels in mice showed an impairment of ethanol-induced analgesia and 

reduced alcohol conditioned place preference (Kobayashi et al., 1999; Tipps et al., 2016). 

Recently, more studies demonstrated that alcohol enhances GIRK channel activity (Bodhinathan 

and Slesinger, 2013; Glaaser and Slesinger, 2017). A biophysical analysis reported that ethanol 

targeted in a hydrophobic ethanol-binding pocket, which located on the cytoplasmic domains of 

GIRK (Aryal et al., 2009). 

L-type Ca2+ channel: In addition to BK and GIRK channels, alcohol also targets L-type 

calcium channels. Two studies demonstrated that low concentration of ethanol (5-10 mM) 

significantly inhibits peak amplitudes and the probability of opening L-type Ca2+ channels 

(Mullikin-Kilpatrick and Treistman, 1994; Wang et al., 1994). Note that the activation of L-type 

Ca2+ channels induces LTD at the corticostriatal synapse (Adermark and Lovinger, 2007).  
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L1 cell adhesion molecule (L1-CAM): L1-CAM is a potential target of alcohol in fetal 

alcohol spectrum disorder (FASD) and plays crucial roles in synaptic plasticity in adult brain 

(Maness and Schachner, 2007). A previous biophysics study demonstrated that ethanol 

molecules have a specific binding site on lg1 domains (Arevalo et al., 2008). It has been reported 

that ethanol inhibits L1-CAM molecules, which may contribute to the pathogenesis in the 

development of FASD (Tang et al., 2006).  

Insulin-like growth factor 1 (IGF1): IGF1, like insulin, belongs to insulin-like peptides 

(ILPs) and is very important for plasticity, adult neurogenesis, as well as learning and memory 

(reviewed in Fernandez and Torres-Aleman, 2012). Ethanol inhibits the IGF1-mediated cell 

proliferation in a dose-dependent manner (10 – 100 mM) (Resnicoff et al., 1993). Many early 

studies indicated that this inhibitory effect might be due to inhibition of IGF-1-mediated 

intracellular signal transduction (Resnicoff et al., 1994; Seiler et al., 2000). Also, ethanol at 100 

mM inhibits IGF1 activity and induces apoptosis in cultured cerebellar granule neurons (Zhang 

et al., 1998). 

1.3 Dopamine Neurons and AUD 

In 1973, Ahlenius (1973) used a catecholamine-synthesis inhibitor and blocked alcohol-

induced talkativeness, enhancement of social interaction and euphoria in human. This was the 

first time to demonstrate the importance of DA in alcohol-induced reward. DA neurons, mainly 

located in the VTA and the substantial nigra pars compacta (SNc), play an important role in the 

processing of reward- and drug-related stimulations (Schultz et al., 1997; Wise, 2008; Volkow 

and Morales, 2015). DA neurons have two firing modes, tonic mode (1 - 8 Hz) or a transient 

high-frequency phasic status (500 ms, > 15Hz) (Grace and Bunney, 1983). The tonic mode of 

DA transmission maintains a basal level of DA, which enables the normal functions of the neural 
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circuit (Schultz, 2007). The phasic mode results in a sharply increase (phasic burst) or decrease 

(phasic pause) the firing rates for 100-500 ms, which lead to a dramatic change from the basal 

level of DA and this change can last for several seconds (Schultz et al., 1997; Schultz, 2007). 

Traditionally, phasic mode DA release was believed to encode reward value. More recent 

findings have demonstrated that DA signaling encodes for a reward prediction error (RPE) 

(Schultz et al., 1997; Bromberg-Martin et al., 2010; Steinberg et al., 2013), which is believed to 

encode reward learning and adaptive behavior. Dr. Schultz and his colleagues have shown that 

phasic DA firing mode is time-locked to unexpected or novel reward as well as a reward-related 

cue to make a reward prediction (Grace et al., 2007). If a reward value is larger than predicted 

reward, DA neurons will be strongly excited (phasic bursts) and have a large release of DA, 

whereas if a reward value is smaller than predicted reward or a reward is omitted at its appointed 

time, DA neurons will be strongly inhibited (phasic paused), which can cause a sharp decrease in 

DA concentrations. If a reward is cued in advanced and the size of reward can be fully predicted, 

DA neurons have little or no response and keep tonic firing. The same principle also applies to 

DA responses to reward-related and predictable cues. For example, DA neurons will have burst 

firing responding to a cue that informs a bigger reward in the future, whereas DA neurons will 

have pause firing responding to a cue that informs a smaller reward in the future. Similarly, DA 

neurons will have little response to cues that carry no reward information.  

Although addictive drugs and alcohol exhibit a wide range of molecular structures and 

actions, they generally share the same principle that induces the phasic DA neuronal firing and 

results in an increase of striatal DA concentrations (Sulzer, 2011; Volkow and Morales, 2015). 

Usually, DA levels are generally modulated by three major mechanisms: 1. Increased DA 

neuronal firing, which is modulated by reward size and environmental cues. 2. Reuptake rate 
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through the DAT located on presynaptic DA neuronal terminals. 3. The state of DA neuronal 

terminal, which determines the number, and the size of quantal release and release probability. 

Thus, addictive drugs and alcohol can use these three major mechanisms to drive abnormal DA 

release. For examples, nicotine activates nAChRs, resulting in excitation of DA neurons. 

Additionally, opioids activate  opioid receptors, resulting in disinhibition of DA neurons 

(Mifsud, 1989; Johnson, 1992; Chen et al., 2018). The excitation and disinhibition of DA 

neurons lead to a burst firing of these neurons and increase DA release probability, which may 

contribute enhancement of reward prediction error (Hart et al., 2014; Chang et al., 2016). 

Additionally, cocaine and amphetamines can act on DAT to disrupt the normal DA uptake 

processes and increase extracellular DA level (Giros, 1996; Volkow et al., 2000; Kahlig et al., 

2005).  

Alcohol, like other addictive substance (e.g., nicotine, opioids or cocaine), has been 

extensively shown in both preclinical and clinical studies to increase the striatal DA release. In 

1988, Engel and his colleagues used ex vivo and in vivo voltammetry and found that acute 

administration of alcohol increased DA levels in the NAc of rats (Engel, 1988). Later, more 

groups found that voluntary oral drinking of alcohol caused DA release in the rat NAc in a dose-

dependent manner (Weiss, 1993; Doyon et al., 2003; Ericson et al., 2003; Larsson et al., 2005). 

More literature also demonstrated a link between alcohol-related environmental cue and DA 

release. For example, a predictable visual cue (Katner, 1999; Melendez, 2002) and olfactory cue 

(Katner, 1999) alone (without alcohol being present) increase the DA release in the NAc in rats. 

To further examine the role of the DA neurons in alcohol consumption, intra-NAc alcohol 

infusion stimulates DA release in the NAc (Yoshimoto, 1991). Specifically, acute alcohol 

exposure was reported to increase the release of DA in the shell part of the NAc, but not in the 
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core part (Bassareo et al., 2003). More importantly, an alcohol-induced increase of striatal 

dopamine release has also been extensively observed in human clinical studies. In the 1990s, the 

development of positron imaging technique (PET) and the radiotracer 11C-raclopride enabled us 

to investigate the real-time change of in vivo dopamine level in humans (Placzek et al., 2016). 

As a result, a battery of human imaging studies showed that acute and chronic alcohol exposure 

leads to an increase of dopamine release in the caudate-putamen (or striatum in rodents) (Boileau 

et al., 2003; Martinez et al., 2005; Urban et al., 2010; Aalto et al., 2015).  

In addition to increased striatal dopamine release, acute administration of alcohol 

increases the firing rates of dopamine neurons in vivo and ex vivo. For example, Gessa used in 

vivo electrophysiology recording and found that intravenous administration of alcohol increases 

the firing rates of dopamine neurons in the rat VTA and SNc (Gessa, 1985). However, the 

ethanol concentration cannot be controlled during in vivo recording and whether the neuronal 

response results from the direct target of alcohol is also difficult to prove. Thus, ex vivo 

electrophysiology examination on the effect of ethanol on a DAergic neuron is needed. Brodie 

did series studies using ex vivo or in vitro electrophysiology to investigate the effect of ethanol 

on VTA dopamine neurons. In 1990, he developed a method to prepare the VTA-containing 

brain slices and found that ethanol excited VTA dopamine neuron in rat slices (Brodie, 1990). 

More importantly, the extent of DA neuron excitation is depended on ethanol concentration. In 

his later study, he further verified this effect in three different rat strains and further found that 

serotonin increased the potency of ethanol to excite VTA neurons, which might be one 

mechanism in ethanol-induced reward behavior (Brodie, 1994). In 1998, Brodie explored more 

detailed mechanisms underlying the ethanol-induced increase in the firing rate of VTA neurons 

(Brodie, 1998). He revealed that ethanol not only directly depolarizes VTA neurons but also 
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reduce the amplitude of the depolarizing phase and after-hyperpolarization of the action potential 

(Brodie, 1998). Furthermore, ex vivo bath application of ethanol also increases the “sag” 

amplitude (defined as the difference between the initial and the end of the voltage response) and 

voltage/current curve. This evidence suggests that ethanol can directly change member potential 

and the shape of the spike leading to the faster firing. Note that all these ethanol-induced 

alternations on VTA dopamine neurons are dose-dependent (Brodie, 1998; Brodie, 1999).  

The third effect of alcohol on the DA system is that alcohol can also promote DA 

synthesis. For example, intraperitoneally injection of alcohol in mice yield an increase in DA 

synthesis, and this ethanol-induced DA synthesis can be blocked by a low dose of dopamine 

synthesis blocker (Garlsson, 1974). Further study revealed that both acute and chronic alcohol 

exposure could deplete dopamine stores from terminals and acute alcohol administration can 

increase dopamine synthesis that prevents dopamine depletion (Fadda, 1980).  

Human alcoholism patients usually have a long-time alcohol exposure history. More 

studies have demonstrated that chronic alcohol intake commonly induces a dopamine deficit 

state (Barak et al., 2011; Diana, 2011; Koob, 2013). Barak et al. (2011) established a high level 

of alcohol drinking in rats using an intermittent-access two-bottle choice paradigm. After long-

term excessive alcohol intake (> 7 weeks), Barak and his colleagues employed the in vivo 

microdialysis approach and found that 24-h withdrawal from alcohol led to a dramatic decrease 

of dopamine levels in the NAc (Barak et al., 2011). In addition to decreasing the tonic striatal 

dopamine level, more studies found that chronic exposure to alcohol decreased the expression of 

tyrosine hydroxylase (TH) and increased the expression of DAT in the striatum (Rothblat, 2001; 

Healey et al., 2008). A recent study also found that chronic alcohol exposure in mice resulted in 

an attenuation of baseline dopamine synthesis (Siciliano et al., 2017). Also, a series of studies 
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have shown that chronic alcohol exposure reduces tonic- and burst-firing rates of VTA DA 

neurons in rats (Bailey, 2001; Shen, 2003; Shen et al., 2007). Note that the alternation of DA 

neuron activity can change the postsynaptic dopamine receptor signaling. For example, densities 

of DA D2 receptors are reduced in the dorsal and ventral striatum, olfactory tubercle, SNc, and 

VTA of alcohol-preferring rats (McBride, 1993). Human clinical studies also demonstrated that 

chronic alcohol exposure decreases the dopamine level with reduction of D2 receptors (Volkow 

et al., 1996; Martinez et al., 2005; Zandy et al., 2015). 

Drug and alcohol-evoked DA release shapes the synaptic plasticity in both the DA system 

and DAergic neuron-projecting regions such as the PFC and striatum (Wolf, 2002). One major 

hypothesis linked neuronal plasticity with drug addiction in the involved DA system. In 2001, 

Ungless found that a single exposure to cocaine-induced long-term excitatory potentiation (LTP) 

in DA neurons (Ungless et al., 2001). Later, another study demonstrated that drugs of abuse 

produced short- and long-term modifications of the firing of VTA DA neurons (Bonci et al., 

2003). Previous studies further have shown that actively seeking cocaine, morphine or nicotine 

induce excitatory LTP in the VTA DA neurons (Saal et al., 2003; Chen et al., 2008). In addition, 

chronic alcohol exposure causes an increase in NMDAR expression levels and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) activity in the VTA (Ortiz et 

al., 1995; Stuber et al., 2008). 

1.4 Striatum and AUD 

DAergic neurons mainly project to the striatum, which is an important brain structure of 

the basal ganglia and gates all inputs into the basal ganglia. The basal ganglia are highly 

conserved across all vertebrate species and consist primarily of the globus pallidus (GP) and the 

striatum. The striatum is an essential nucleus in the basal ganglia, gating major inputs and 
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integrating information from cortical, thalamic and midbrain afferents (reviewed in Braunlich 

and Seger, 2013). Commonly, the striatum can be functionally divided into the ventral part (VS) 

and dorsal part (DS) without a clear difference in cytoarchitecture and chemoarchitecture. Given 

that inputs to the striatum are organized topographically, the VS and DS can be dissociated based 

on their distinct connectivity (Voorn et al., 2004).  

The striatum has distinct gross anatomy between primates and rodents. The ventral 

striatum in rodents is the ventral extent of the striatum, corresponding to the ventral putamen and 

ventral caudate in primates. In a rodent model, the ventral striatum is also termed as nucleus 

accumbens (NAc). The NAc can be further subdivided into the core and shell regions. The shell 

part of NAc is associated with expression of goal-directed behaviors, and behavioral 

sensitization (Corbit et al., 2001; Hernandez et al., 2002; Ito et al., 2004). The shell receives 

glutamatergic inputs from many cortical and subcortical areas, such as medial regions of the 

prefrontal cortex (mPFC) (Gunaydin and Kreitzer, 2016), the paraventricular nucleus of the 

thalamus (Zhu et al., 2016), posterior regions of the basolateral amygdala (MacAskill et al., 

2014), the cingulate cortex (Gunaydin and Kreitzer, 2016), OFC (Schilman et al., 2008), ventral 

subiculum (Bossert et al., 2016), and CA1 region of the hippocampus (MacAskill et al., 2014). 

The shell part receives DAergic input mainly from the VTA (Adrover et al., 2014; Saunders et 

al., 2018). The major output target of the NAc shell is the ventral pallidum (VP), the lateral 

hypothalamus (LH), the SNc and dorsal VTA (Groenewegen et al., 1996). The NAc core is 

linked with impulsivity (Sesia et al., 2008) and instrumental responding to Pavlovian cues 

(Floresco et al., 2008). The major glutamatergic inputs to the core are the PFC (Britt et al., 2012; 

Barrientos et al., 2018), OFC (Barrientos et al., 2018), insular cortex (Barrientos et al., 2018), 

cingulate cortex (Barrientos et al., 2018), motor cortex (Barrientos et al., 2018), infralimbic 
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cortex (Barrientos et al., 2018), perirhinal cortex (Barrientos et al., 2018), entorhinal cortex 

(Barrientos et al., 2018), rostral basolateral amygdala (Britt et al., 2012), paraventricular nucleus 

of the thalamus (Barrientos et al., 2018), central medial thalamic nucleus (Barrientos et al., 

2018), mediodorsal thalamic nucleus (Barrientos et al., 2018), parafascicular nucleus (Barrientos 

et al., 2018), rhomboid thalamic nucleus (Barrientos et al., 2018), and parahippocampal gyrus 

(Groenewegen et al., 1996; Floresco et al., 2008; Britt et al., 2012). The NAc core receives 

DAergic input from both the VTA and SNc (Barrientos et al., 2018; Saunders et al., 2018). The 

outputs from the NAc core are similar to the shell (reviewed in Smith et al., 2013). 

 The dorsal striatum in primates is separated into two nuclei, the caudate and putamen. In 

rodents, the dorsal striatum is contiguous and can be further functionally divided into the medial 

part (DMS referred to caudate) and the lateral part (DLS referred to putamen). The DLS is 

associated with habitual behavior (Graybiel et al., 1994; Kreitzer and Malenka, 2008). The major 

glutamatergic inputs to the DLS are the motor cortex (Rothwell et al., 2015), the sensory cortex 

(Yin, 2010), lateral part of the OFC (Schilman et al., 2008), insular cortex (Munoz et al., 2018) 

and parafascicular thalamic nucleus (Parker et al., 2016). The DLS also receives DAergic input 

from the SNc and GABAergic inputs from the auditory cortex (Rock et al., 2016), the BNST 

(Smith et al., 2016), and the GPe (Mallet et al., 2008; Gittis et al., 2014; Mallet et al., 2016). In 

contrast, the DMS controls acquisition of goal-directed behavior (Graybiel et al., 1994; Yin et 

al., 2005a; Yin et al., 2005b; Kreitzer and Malenka, 2008). The major glutamatergic inputs to the 

DMS are the mPFC (Gunaydin and Kreitzer, 2016), the OFC (Schilman et al., 2008; Hoover and 

Vertes, 2011), the cingulate cortex (Gunaydin and Kreitzer, 2016), the secondary motor cortex 

(Gremel and Costa, 2013a), the BLA, and the parafascicular thalamic nucleus (Brown et al., 

2010). In addition, the major GABAergic inputs are from the BNST (Smith et al., 2016), GPe 
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(Mallet et al., 2008; Gittis et al., 2014; Mallet et al., 2016), and motor cortex (Rock et al., 2016). 

Similar to the NAc, the DMS also receives DAergic input from both the VTA and SNc (Beier et 

al., 2015). The outputs of the DLS and the DMS are the GPi, GPe, SNr and the SNc (Lerner et 

al., 2015).  

Increasing evidence suggests that the dorsal striatum plays a vital role in drug and alcohol 

addiction (Wang et al., 2007; Everitt and Robbins, 2013; Volkow and Morales, 2015). For 

example, human imaging studies suggest that cocaine cues increase the DA release in the dorsal 

striatum (Volkow et al., 2006; Wong et al., 2006). Also, inhibition of the dorsal striatal activity 

decreases cocaine-seeking behavior (Fuchs et al., 2006; See et al., 2007; Belin and Everitt, 

2008). For alcohol addiction, a human imaging study revealed that heavy drinkers present a 

higher activity of the dorsal striatum than that of light drinkers (Vollstadt-Klein et al., 2010). In 

addition, upregulation of BDNF levels or inhibition of glutamatergic activity in the dorsal 

striatum attenuates alcohol-drinking and -seeking behaviors (McGough et al., 2004; Wang et al., 

2007; Jeanblanc et al., 2009; Wang et al., 2010). Conversely, exposure to drugs of abuse and 

alcohol potentiates AMPAR- and NMDAR-mediated glutamatergic transmission in the dorsal 

striatum (Wang et al., 2010; Wang et al., 2012; Corbit et al., 2014). Furthermore, inhibition of 

striatal glutamatergic activity in the dorsal striatum suppresses operant alcohol self-

administration and cocaine relapse (Wang et al., 2010; Wang et al., 2012; Ma et al., 2014; 

Pascoli et al., 2014). Increasing evidence suggested that the DMS has been strongly implicated in 

drug and alcohol abuse (Volkow et al., 2006; Wang et al., 2010; Wang et al., 2012; Nam et al., 

2013; Wang et al., 2015). 

The DMS receives multiple glutamatergic inputs from cortex, thalamus, and amygdala 

(Hoover and Vertes, 2011; Gremel and Costa, 2013b; Wall et al., 2013; Gunaydin and Kreitzer, 
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2016; Smith et al., 2016). The connections between the cortex and the DMS are important for the 

control of goal-directed behaviors such as drug-seeking and -taking (Yin and Knowlton, 2006; 

Balleine and O'Doherty, 2010; Lovinger, 2010; Everitt and Robbins, 2013), and these circuits are 

linked to drug and alcohol addiction (Volkow et al., 2006; Wang et al., 2010; Nam et al., 2013; 

Everitt and Robbins, 2016). The frontal part of the cortex, including the PFC, plays a very crucial 

role in decision making and goal-directed behavior (Schoenbaum et al., 2006; Lee, 2008; 

Rushworth and Behrens, 2008; Gremel et al., 2016). The PFC strongly associated with drug and 

alcohol-related behavior (Volkow et al., 2009; Koob and Volkow, 2010; Luscher and Malenka, 

2011; Everitt and Robbins, 2013; McGuier et al., 2015; Volkow and Morales, 2015). For 

example, self-administration of alcohol increases the c-Fos expression in the mPFC area, which 

indicated the activation of mPFC neurons following alcohol intake (Dayas et al., 2007). In 

addition, chronic alcohol exposure increases NMDAR activity in the layer V mPFC neurons, 

reduce long spine volume after chronic alcohol exposure (Kroener et al., 2012). Also, human 

imaging studies also indicated an essential role of the PFC in drug and alcohol addiction 

(Schoenbaum et al., 2006; Rando et al., 2011). For example, the volume of gray matter in the 

PFC area is significantly smaller in the alcoholism patient than normal people (Rando et al., 

2011).  

1.5 Striatal Neurons and AUD 

The striatum does not contain any glutamatergic neurons, and the majority of neurons are 

GABAergic neurons (Kreitzer, 2009). The striatal neurons can be anatomically divided into two 

populations: (1) principal projections neurons and (2) interneurons. The interneurons (< 1 - 3 %) 

critically regulate striatal activity, plasticity, and output.  



 

19 

 

The striatal interneurons can be categorized into GABAergic interneurons and 

cholinergic interneurons (Kreitzer and Malenka, 2008; Kreitzer, 2009). Striatal GABAergic 

interneurons based on the physiological features can be classified into two populations: fast-

spiking interneurons (FSIs), which also express parvalbumin, and low-threshold spiking 

interneurons (LTSIs), which express somatostatin-nitric-oxide-synthase, neuropeptide-Y-positive 

cells, and also may express calretinin-positive interneurons (Kreitzer and Malenka, 2008; 

Kreitzer, 2009). The FSIs are only a small proportion of striatal neurons, but they are crucial for 

regulating striatal neuronal activity and output. The FSI has relatively low resting membrane 

potentials (- 60 mv). The deficits of FSI causes impairment of procedural learning deficits in 

mice (Mallet et al., 2005) and inhibition of striatal GABA signal decreases SNr neuronal firing 

rate and induce movement deficits (Yoshida et al., 1991; Yamada et al., 1995). FSIs receive 

glutamatergic inputs also from the cortex and thalamus, and GABAergic inputs from both 

collateral GABAergic interneurons innervation and MSNs’ inputs. Unlike MSNs, the excitation 

of FSI only requires small numbers of afferents fiber, which usually can form multiple synaptic 

connections with FSI (Ramanathan et al., 2002). FSIs target extensively proximal dendrites of 

MSNs and suppress the generation of action potentials in MSNs (Bennett and Bolam, 1994; 

Koós and Tepper, 1999; Mallet et al., 2005). Thus, modulation of the FSI activity is very 

important for striatal function. DA can increase FSI activity via D5 receptors that are expressed 

on the FSI and also via the D2 receptor that is expressed on GABAergic presynaptic terminals 

onto FSI (Bracci et al., 2002). Besides DA, FSIs also receive modulation from acetylcholine via 

nAChRs that are located on FSI (Zhou et al., 2002; Centonze et al., 2003). The other type of 

GABAergic interneuron, LTSIs, has fewer and less dense dendritic branches relative to FSIs. 

LTSIs may receive different inputs as FSIs and target on MSNs (Straub et al., 2016). The LTSIs 



 

20 

 

have higher resting membrane potentials relative to FSIs and higher input resistance. However, 

the physiological roles of LTSIs are not clearly understood.  

Cholinergic interneurons (CINs) are another important type of striatal interneurons. 

Typically, cholinergic neurons have been well characterized to have large cell bodies (20 – 50 

m diameter) and widespread axonal fields. CINs receive glutamatergic inputs mainly from the 

thalamus and, to a lesser extent, from the cortex (Lapper and Bolam, 1992; Thomas et al., 2000). 

Unlike other striatal neurons, CINs are peacemaker neurons in the striatum that can fire 

spontaneously (2 - 10 Hz). A critical feature of CINs is that salient stimuli pause the spontaneous 

firing, such as environmental change, reward prediction, and reward-related cues (Graybiel et al., 

1994). The activity of CINs can also be modulated by DA and ACh signals via D2 and D5 

receptor, as well as M2 and M4 receptors (Levey et al., 1993; Hersch et al., 1994; Bergson et al., 

1995). Very recently, a study reported that CINs could be subdivided into two types based on co-

release GABA and referred to as CGINs and CINs. CGINs have higher dendrites arborizations 

and higher spontaneous firing frequency. Importantly, only CGINs but not CINs have a pause 

response to the cortical burst stimulation, which might be an important mechanism for behavior 

flexibility.  

The principle projections neurons (> 97 %) in the striatum are GABAergic MSNs that 

integrate glutamatergic inputs from the cortex and thalamus and send the GABAergic project to 

the GP and SNr (Surmeier et al., 2014). MSNs have a very negative resting membrane potential 

(-80 mV) and low input resistance due to the expression of inwardly rectifying potassium 

channels (Kirs) (Nisenbaum and Wilson, 1995). Also, depolarization of MSNs inactivates Kirs 

and activates the other types of potassium channels (e.g., fast- and slow-inactivating A-type and 
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persistent potassium channels) and this will contribute to a slow depolarization and delay of the 

first spike (Surmeier et al., 1989; Surmeier et al., 1991; Shen et al., 2004; Shen et al., 2005). 

Back to 1980s, Wilson and Groves have found that the in vivo MSNs exhibited two 

different membrane potential: hyperpolarized potentials (-90 to -70 mV) and more depolarized 

potentials (-60 to -40 mV) (Wilson and Groves, 1981). Hyperpolarized potentials and relatively 

depolarized potentials are now termed as Down and Up states of MSNs (Wilson and Kawaguchi, 

1996; Kreitzer, 2009). Down and Up states of MSNs might be due to the intrinsic membrane 

properties of MSNs and the timing of glutamatergic inputs from the cortex and thalamus (Wilson 

and Kawaguchi, 1996). High levels of Kir limit excitatory input-induced membrane 

depolarization and stabilize the MSNs membrane potentials at Down-state. However, sufficient 

glutamatergic inputs can generate enough depolarization on MSNs and block the Kirs, shifting 

MSNs from Down -state to Up-state (Blackwell et al., 2003). The duration and magnitude of Up-

state are determined by the length of maintenance of sufficient excitatory inputs and activation of 

voltage-sensitive potassium channels, which are activated following MSNs depolarization and 

limit the extent of depolarization (Wilson and Kawaguchi, 1996). The switching between Down 

and Up-state also affects synaptic strength. For example, in the Down-state, excitatory 

postsynaptic potentials (EPSPs) are only mediated by AMPA receptors, whereas in the Up-state, 

the NMDA receptors can be depolarized and are able to contribute to the mediation of EPSPs. 

Additionally, Up-state also activates low-voltage-activated L-type calcium channels (Cav1.3), 

which contribute to the induction of long-term striatal depression (LTD) (Carter & Sabatini 

2004, Choic & Lovinger 1997, Kreitzer & Malenka 2005).  

MSNs are not a homogeneous population, based on the output target, the MSNs can be 

further classified into striatonigral (direct-pathway) and striatopallidal (indirect-pathway) 
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neurons. Striatonigral neurons mainly expressed DA D1 receptors (D1Rs) (also termed as D1-

MSNs) and send projections to SNr and internal part of globus pallidus (GPi) (entopeduncular 

nucleus (EP) in rodents) (direct pathway), whereas the striatopallidal neurons mainly expressed 

DA D2 receptors (D2Rs) (also termed as D2-MSNs) and exclusively innervate the external part 

of GP (GPe) (indirect pathway), which then relays to the GPi and SNr (Smith et al., 1998; Gerfen 

and Surmeier, 2011; Maia and Frank, 2011; Durieux et al., 2012; Smith et al., 2013; Volkow et 

al., 2013; Sippy et al., 2015).  

D1Rs and D2Rs are G protein-coupled receptors but have different kinetic property and 

control distinct downstream pathway and cause a distinct biological effect. In the striatum, D1Rs 

are mainly G(olf)-coupled receptors and mediated excitatory downstream signaling pathway 

(Herve et al., 1993). Activation of D1Rs enhances cAMP and PKA activity and facilitates 

activation of the L-type Ca2+ channel and trafficking of AMPARs and NMDARs (Beaulieu and 

Gainetdinov, 2011). In contrast, D2Rs are Gi-coupled receptors and mediated inhibitory 

downstream signaling pathway. Activation of D2Rs triggers both Gi-signaling pathway and G-

signaling pathway. As a result, the enhancement of Gi protein activity decreases the cAMP-

mediated signaling pathway, and activation of G protein increases K+ efflux via GIRK channels 

as well as PP2B activity. The complex D2R-mediated signaling pathway leads to repolarization 

and inhibition of AMPAR and NMDAR trafficking. Besides the separate signaling pathway of 

D1Rs and D2Rs, they also show different kinetic feature. D1Rs are low-affinity DA receptor, 

while D2Rs are high-affinity DA receptor (Bromberg-Martin et al., 2010). As a result, phasic DA 

release mainly activates D1Rs and enhances direct-pathway activity, leading reinforcement and 

promotion of motor vigor, whereas tonic DA level change or phasic pause of DA release mainly 
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disinhibit D2Rs and enhances indirect-pathway activity, leading punishment and suppression of 

motor vigor (Bromberg-Martin et al., 2010; Durieux et al., 2012). 

Besides distinct DA receptors expression, D1-MSNs also express muscarinic M4 

receptors and synthesis dynorphin and substance P (Gerfen, 1992; Ince et al., 1997). In contrast, 

D2-MSNs exclusively express adenosine A2A receptors, synthesis enkephalin and neurotensin 

(Augood et al., 1996). Physiologically, D1- and D2-MSNs have similar properties, such as spine 

density, negative resting potential, and low firing rates. However, Kreitzer and Malenka found 

that D2-MSNs showed higher excitability than D1-MSNs. The difference of excitability between 

D1- and D2-MSNs may be due to that Kirs are more readily inactivated in D2-MSNs than D1-

MSNs (Mermelstein et al., 1998). Besides the difference in Kir inactivation, M1 receptors in D2-

MSNs produce more inhibition of Kir, which also contributes to the higher excitability on D2-

MSNs.  

The direct pathway and indirect pathway are thought to form a dynamic balance and 

oppositely coordinated motor vigor and motivational behavior. Excitation of the direct-pathway 

promotes voluntary motor behavior, such as locomotion activity, food intake, and drug-seeking 

behavior, whereas excitation of the indirect pathway suppresses these voluntary behaviors. An 

imbalance between the direct pathway and indirect pathway may cause many brain disorders, for 

example, Parkinson’s disease, Huntington’s disease, addiction, and compulsive disorder.  

D1- and D2-MSNs have also been found to play a distinct role in drug addiction 

(Ferguson et al., 2011; Smith et al., 2013; Volkow et al., 2013; Creed et al., 2016). Using a 

pharmacological intervention method, Dry et al. found that systematic administration of a D1R 

antagonist, SCH-23390, impaired alcohol intake in the rat (1993). Later, the other two groups 

also found that the systematic administration of SCH-23390 impaired alcohol condition place 
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preference (CPP) in mice (Bahi and Dreyer, 2012; Pina and Cunningham, 2014). However, 

pharmacological intervention does not have any specificity to directly change the D1-MSN or 

D2-MSN activity. To circumvent this, more studies have combined conditional knockout or 

conditional expression with either optogenetic or chemogenetic to access D1- and D2-MSNs. 

Conditional knockout of DARPP-32 from D1-MSNs in the striatum induces a hypoactivity and 

reduces psychostimulant response, whereas conditional knockout of DARPP-32 from D2-MSNs 

in the striatum causes an opposite effect. Similarly, optogenetic or chemogenetic inhibition of 

D1-MSNs reduces sensitization of amphetamine and CPP, whereas optogenetic or chemogenetic 

activation of D2-MSNs enhances the sensitization of amphetamine and motivation of craving for 

cocaine (Hikida et al., 2010; Lobo et al., 2010; MacAskill et al., 2014).  

1.6 Synaptic Plasticity and AUD 

 AUD, just like all other drug abuse, is considered to arise from abnormally enhanced 

learning and memory that is driven by alcohol or drug-mediated abnormal synaptic plasticity in 

distinct neural circuits (Hyman et al., 2006; Koob and Volkow, 2010; Luscher and Malenka, 

2011). This drug-evoked plasticity has been found extensively in the striatum (Abrahao et al., 

2017). The MSNs express two types of ionotropic glutamatergic receptors: AMPAR and 

NMDAR. AMPARs mediate fast excitatory synaptic transmission, and NMDARs are a calcium-

permeable ion-channel, which are required for the induction of synaptic plasticity (Malenka and 

Nicoll, 1999; Martin et al., 2000). NMDARs are required for inducing LTP of AMPAR-

mediated transmission in the striatum (Calabresi et al., 1992; Kerr and Wickens, 2001; Calabresi 

et al., 2007; Shen et al., 2008; Calabresi et al., 2014) and play key roles for learning and memory 

in the dorsal striatum. For example, microinjection of an NMDAR antagonist into the striatum 

causes memory deficiency in rats in a stimulus-response task (Packard and McGaugh, 1996). 
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The NMDAR has also been associated with many alcohol-related phenotypes. For example, 

inhibition of NMDAR activity impairs the development of alcohol tolerance (Khanna et al., 

1993) and decreases alcohol intake (Holter et al., 2000). Also, NMDAR antagonists decreases 

the intensity of alcohol withdrawal symptoms (Bisaga et al., 2000). In addition, systematic 

administration of an NDMAR antagonist decreases relapse alcohol intake in the rat (Holter et al., 

2000). The NMDAR contains two subunits: GluN1 and GluN2 (Sucher et al., 1996). In the 

striatum, the GluN2 subunit can be further divided into GluN2A and GluN2B subtypes (Wenzel 

et al., 1997). GluN2B has been long known that is very an important NMDAR subunit for 

learning and memory (Fox et al., 2006; Bartlett et al., 2007).  

The NMDAR is a direct molecular target of alcohol (Ron, 2004). In 1989, Lovinger 

(1989) found that acute alcohol presentation inhibited NMDAR activity. However, recent studies 

found that repeated cycles of alcohol drinking and withdrawal-induced long-term facilitation of 

NMDAR activity in the dorsal striatum, particularly in the medial part of the dorsal striatum 

(DMS) (Wang et al., 2010; Wang et al., 2012). This NMDAR adaptation enhances LTP 

induction in the DMS (Wang et al., 2012). LTP, particularly NMDAR-dependent LTP, is thought 

to be a cellular mechanism of learning and memory, and this plasticity can be altered by and 

contributes to alcohol abuse (Silvers et al., 2003; Yin et al., 2007; McCool, 2011). Also, many 

studies have shown that prenatal and adult exposure to alcohol alters neuronal plasticity in the 

striatum (Yin et al., 2007; Rice et al., 2012; Wang et al., 2015). For example, acute adult alcohol 

exposure impairs LTP in the DMS by inhibiting NMDARs-mediate glutamatergic transmission 

(Yin et al., 2007), whereas chronic alcohol exposure facilitates LTP induction in the DMS, the 

BLA, and the hippocampus (McCool, 2011; Wang et al., 2012). In addition, prenatal alcohol 

exposure (PAE) facilitates dendritic branching and increase the dendritic length of MSNs. Also, 
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PAE increases glutamatergic transmission in the basolateral amygdala (Baculis and Valenzuela, 

2015) and mPFC (Louth et al., 2016). 

Despite these important findings of glutamatergic synaptic plasticity in regulating alcohol 

drinking and seeking behavior, much remains unknown about whether and how excessive 

alcohol intake alters synaptic transmission onto striatal D1- and D2-MSNs and how D1- and D2-

MSNs gate alcohol-related behavior. In chapter II, I used whole-cell patch-clamp recording to 

examine both glutamatergic and GABAergic transmission in the DMS revealing that NMDAR 

was selectively potentiated in D1-MSNs and GABAergic activity was enhanced in D2-MSNs. 

Then, using chemogenetic intervention of the activity of D1- and D2-MSNs, I discovered that 

both D1- and D2-MSNs control alcohol consumptions in an opposite manner. Then, in chapter 

III, I paired optogenetic postsynaptic depolarization with a high-frequency presynaptic 

stimulation. This dual-channel optogenetic plasticity-inducing protocol produced a reliable 

NMDAR-dependent LTP mixed with an endocannabinoid (eCB)-dependent LTD. Note that in 

vivo delivery of the LTP protocol to the PFC-DMS synapses led to a long-lasting increase of 

alcohol-seeking behavior. In contrast, in vivo delivery of the LTD protocol produced a long time 

decrease in this behavior. Importantly, I confirmed that the plasticity protocol induced LTP and 

LTD selectively in D1-MSNs and that selective increase or decrease the alcohol-seeking 

behavior correspondingly. These findings contribute to establishing a causal link between 

corticostriatal synaptic plasticity and alcohol-seeking behavior. Finally, in chapter IV, I 

examined how prenatal alcohol exposure (PAE) affected glutamatergic transmission to DMS D1-

MSNs. Like excessive adult drinking in the chapter II, PAE enhanced AMPA-mediated 

glutamatergic transmission onto D1-MSNs and increased the dendritic complexity of DMS D1-

MSNs. 
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CHAPTER II 

DISTINCT SYNAPTIC STRENGTHENING OF THE STRIATAL DIRECT AND INDIRECT 

PATHWAYS DRIVES ALCOHOL CONSUMPTION*

2.1 Overview 

Repeated exposure to addictive drugs and alcohol triggers glutamatergic and GABAergic 

plasticity in many neuronal populations. The dorsomedial striatum (DMS), a brain region 

critically involved in addiction, contains medium spiny neurons (MSNs) expressing dopamine 

D1 or D2 receptors, which form direct and indirect pathways, respectively. It is unclear how 

alcohol-evoked plasticity in the DMS contributes to alcohol consumption in a cell type-specific 

manner. Mice were trained to consume alcohol using an intermittent-access two-bottle-choice 

drinking procedure. Slice electrophysiology was used to measure glutamatergic and GABAergic 

strength in DMS D1- and D2-MSNs of alcohol-drinking mice and their controls. In vivo 

chemogenetic and pharmacological approaches were employed to manipulate MSN activity, and 

their consequences on alcohol consumption were measured. Repeated cycles of alcohol 

consumption and withdrawal in mice strengthened glutamatergic transmission in D1-MSNs and 

GABAergic transmission in D2-MSNs. In vivo chemogenetic excitation of D1-MSNs, 

mimicking glutamatergic strengthening, promoted alcohol consumption; the same effect was 

induced by D2-MSN inhibition, mimicking GABAergic strengthening. Importantly, suppression 

of GABAergic transmission via D2 receptor-glycogen synthase kinase-3 (GSK3) signaling 

dramatically reduced excessive alcohol consumption, as did selective inhibition of D1-MSNs or 

                                                 

* This chapter is re-printed with permission from “Distinct synaptic strengthening of the striatal direct and indirect 

pathways drives alcohol” by Cheng Y, Huang CCY, Ma T, Wei X, Wang X, Lu J, Wang J, 2017. Biological 

Psychiatry, 81, 918-929. Copyright [2018] by Elsevier. 
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excitation of D2-MSNs. Our results suggest that repeated cycles of excessive alcohol intake and 

withdrawal potentiates glutamatergic strength exclusively in D1-MSNs and GABAergic strength 

specifically in D2-MSNs of the DMS, which concurrently contribute to alcohol consumption. 

These results provide insight into the synaptic and cell type-specific mechanisms underlying 

alcohol addiction and identify targets for the development of new therapeutic approaches to 

alcohol abuse.  

2.2 Introduction 

Addiction is considered to arise from maladaptive learning and memory processes, 

involving various forms of aberrant synaptic plasticity in different populations of neurons within 

unique neural circuits (Hyman et al., 2006; Koob and Volkow, 2010; Luscher and Malenka, 

2011). The striatum, a major area of the basal ganglia, is essential for drug and alcohol addiction 

(Hyman et al., 2006; Koob and Volkow, 2010; Luscher and Malenka, 2011). For instance, 

human imaging studies have indicated that the striatum is linked to cocaine and alcohol addiction 

(Filbey et al., 2008; Volkow and Morales, 2015). Moreover, rodent studies revealed that striatal 

glutamatergic inhibition attenuated cocaine sensitization and alcohol intake (Wang et al., 2010; 

Brown et al., 2011). Similarly, striatal knockdown of GABA receptors or inhibition of 

GABAergic transmission also reduces alcohol consumption (Hyytia and Koob, 1995; Nie et al., 

2011). These studies indicate that both excitatory glutamatergic and inhibitory GABAergic 

activities in the striatum positively control alcohol consumption, although the underlying 

mechanisms are poorly characterized.  

Increasing evidence suggests that the dorsal part of the striatum is essential for drug and 

alcohol addiction (Wang et al., 2007; Everitt and Robbins, 2013; Volkow and Morales, 2015). 

The dorsal striatum can be subdivided into the dorsolateral striatum, which is involved in habit 
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formation (Balleine and O'Doherty, 2010; Everitt and Robbins, 2013), and the dorsomedial 

striatum (DMS), which mediates goal-directed behaviors (Balleine and O'Doherty, 2010; Everitt 

and Robbins, 2013). The DMS has been strongly implicated in drug and alcohol abuse (Volkow 

et al., 2006; Wang et al., 2010; Wang et al., 2012; Nam et al., 2013; Wang et al., 2015). The 

principal cells of the striatum are medium spiny neurons (MSNs). MSNs expressing dopamine 

D1 receptors (D1-MSNs) project directly to the substantia nigra pars reticulata (SNr); this 

constitutes the direct pathway, which mediates “Go” actions in rewarding behaviors (Gerfen and 

Surmeier, 2011; Maia and Frank, 2011; Sippy et al., 2015). In contrast, D2-MSNs express 

dopamine D2 receptors (D2Rs) and connect indirectly to the SNr; this indirect pathway regulates 

“NoGo” behaviors (Gerfen and Surmeier, 2011; Maia and Frank, 2011). In MSNs, there are two 

major neurotransmissions: glutamatergic and GABAergic (Kreitzer, 2009). They are known to 

be regulated by alcohol in the DMS and other brain regions (Lovinger et al., 1990; Roberto et al., 

2004; Wang et al., 2010). However, it is unclear whether these two types of neurotransmissions 

are modulated by alcohol in a cell type-specific manner, and it is not known how D1- and D2-

MSNs distinctly influence alcohol consumption.  

In this study, we measured both glutamatergic and GABAergic activity in D1-MSNs and 

D2-MSNs and found that NMDA receptor (NMDAR) activity in D1-MSNs and GABAergic 

activity in D2-MSNs were selectively potentiated following cycles of alcohol consumption and 

withdrawal. Using a chemogenetic approach employing designer receptors exclusively activated 

by designer drugs (DREADDs), which allowed selective manipulation of D1- or D2-MSN 

activity (Urban and Roth, 2015), we discovered that both of these cell types were not only 

necessary, but also sufficient, to drive alcohol consumption. Furthermore, we observed that D2R-

glycogen synthase kinase-3β (GSK3β signaling regulated GABAergic activity and thus, alcohol 
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consumption. The findings of this study provide detailed mechanistic information indicating how 

different forms of neuroplasticity in distinct neuronal populations of the striatal direct and 

indirect pathways drive alcohol consumption.  

2.3 Results 

2.3.1. Selective Potentiation of Excitatory Transmission in DMS D1-MSNs Following 

Repeated Cycles of Excessive Alcohol Consumption and Withdrawal 

The NMDAR is one of the major targets of alcohol (Lovinger et al., 1990; Holmes et al., 

2013). However, it was unclear whether NMDAR-mediated excitatory transmission in D1- or 

D2-MSNs was altered by alcohol consumption and withdrawal. To measure NMDAR activity in 

these two sub-populations of striatal neurons, we generated new lines of mice to visualize 

fluorescently labeled D1- and D2-MSNs. These new mice were crossed by drd1a-Cre (D1-Cre) 

and drd2-Cre (D2-Cre) mice with Cre reporter lines (Gong et al., 2007). We confirmed that D1-

MSNs projected to the internal part of the globus pallidus (GPi) and the SNr in the D1-Cre;Ai14 

mice (Figure 2.1A) (Madisen et al., 2010), whereas D2-MSNs mainly projected to the external 

part of the globus pallidus (GPe) in the new D2-Cre;Ai14 mice (Figure 2.1B) (Gerfen and 

Surmeier, 2011). Importantly, our transgenic mouse model suggests less than 5% overlap of 

DMS D1- and D2-MSNs (Supplementary Figure 1), which is consistent with previous reports 

(Bertran-Gonzalez et al., 2008; Valjent et al., 2009). The animals were trained for 8 weeks to 

consume 20% alcohol using the widely used intermittent-access two-bottle-choice drinking 

procedure (Hwa et al., 2011; Becker and Ron, 2014; Wang et al., 2015). They consumed ~18-20 

g/kg/24 hr of alcohol (Supplementary Figures. 2A, 3A), which was considered as excessive 

alcohol intake in C57BL/6 mice (Anacker et al., 2011; Hwa et al., 2011; Darcq et al., 2015). 

Twenty-four hr after the last alcohol-drinking session, whole-cell recording was conducted to 
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measure NMDAR activity in D1- and D2-MSNs of the DMS. We found that the amplitude of 

NMDA-induced currents in D1-MSNs was dramatically greater in alcohol-drinking mice than 

their water controls (Figure 2.1C; Supplementary Figure 2B). Surprisingly, the NMDA current in 

D2-MSNs was significantly smaller in the alcohol-drinking group than in the water-drinking 

group (Figure 2.1D). Since the NMDA-elicited current reflects both synaptic and extrasynaptic 

NMDAR activity (Carpenter-Hyland et al., 2004), these alcohol-related effects may result from 

changes in the synaptic and/or extrasynaptic NMDARs. To examine the synaptic NMDARs, we 

measured the input-output relationship for NMDAR-mediated excitatory postsynaptic currents 

(EPSCs) in D1- and D2-MSNs from alcohol- and water-treated mice. As shown in Figure 2.1E 

and 1F, the EPSC amplitudes were significantly higher in D1-MSNs from the alcohol group than 

in those from the water group, whereas the EPSC amplitudes in D2-MSNs were identical in these 

two groups. Furthermore, we observed that the NMDA/AMPA ratio was also increased 

selectively in D1- but not in D2-MSNs following alcohol consumption (Supplementary Figure 

2C-F). These results suggest that repeated cycles of alcohol consumption and withdrawal 

selectively potentiated synaptic NMDAR activity in D1-MSNs, but not in D2-MSNs, within the 

DMS.  

The NMDAR is composed of GluN1 and GluN2 (A-D) subunits (Paoletti et al., 2013). 

The activity of GluN2B-containing NMDARs was reported to increase after cycles of excessive 

alcohol consumption and withdrawal (Kash et al., 2009; Wang et al., 2010). Therefore, we 

examined whether the GluN2B activity was selectively altered in D1- or D2-MSNs of the DMS 

following excessive alcohol consumption and withdrawal. We observed that the GluN2B/NMDA 

ratio in D1-MSNs was significantly higher in the alcohol group than in the water group (Figure 

2.1G). However, this effect was not observed in D2-MSNs (Figure 2.1H). Collectively, these 
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results suggest that alcohol-induced strengthening of the synaptic NMDAR-mediated 

glutamatergic input onto D1-MSNs of the DMS resulted, at least in part, from facilitation of 

GluN2B-NMDAR activity.  

2.3.2. Selective Potentiation of Inhibitory Transmission in DMS D2-MSNs Following 

Repeated Cycles of Excessive Alcohol Consumption and Withdrawal 

GABAergic changes have been found in many brain regions, including the striatum, 

following alcohol exposure (Weiner and Valenzuela, 2006; Nie et al., 2011). However, it was 

unclear whether prolonged excessive alcohol consumption and withdrawal changed GABAergic 

transmission selectively in D1- or D2-MSNs. Mice were trained and consumed comparable 

levels of alcohol as above (~20 g/kg/24 hr, Supplementary Figure 3A); GABAergic activity was 

measured in D1- and D2-MSNs of the DMS 24 hr after the last drinking session. We found that 

the amplitude of GABA-induced currents was moderately higher in D1-MSNs and dramatically 

elevated in D2-MSNs of alcohol-drinking mice, as compared with those of their water controls 

(Figure. 2.2A). Since GABAARs are located at synaptic and extrasynaptic sites in MSNs (Luo et 

al., 2013), we investigated whether the synaptic GABAergic transmission was affected after 

prolonged excessive alcohol consumption and withdrawal. Miniature inhibitory postsynaptic 

currents (mIPSCs) were measured in both populations of MSNs. We found that neither the 

amplitude nor the frequency of mIPSCs differed in D1-MSNs from the alcohol and water groups 

(Figure 2.2B-D). The cumulative probability distributions of mIPSC amplitudes and inter-event 

intervals were not affected by alcohol exposure (Figure 2.2C,D). Hence, the increased GABA-

induced currents in D1-MSNs of the alcohol group (Figure 2.2A) may result from enhanced 

extrasynaptic GABAAR activity. Indeed, we found that tonic extrasynaptic GABA currents were 

enhanced in D1-MSNs following excessive alcohol intake (Supplementary Figure 3B). In 
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contrast, both the amplitude and frequency of mIPSCs were significantly higher in D2-MSNs in 

alcohol-drinking mice than in their water controls (Figure 2.2E-G; Supplementary Figure 3C-E); 

this was confirmed by analysis of cumulative probability distributions of mIPSCs. The 

distribution of mIPSC amplitudes showed a right shift (Figure 2.2F), indicating an increase in 

amplitude. The distribution of mIPSC inter-event intervals shifted to the left in alcohol-drinking 

mice (Figure 2.2G), demonstrating a reduced duration of mIPSC events, and thus an increased 

mIPSC frequency. Collectively, these results indicate that inhibitory GABAergic transmission is 

potentiated selectively in DMS D2-MSNs, but not in D1-MSNs, following repeated cycles of 

excessive alcohol consumption and withdrawal. 

2.3.3. In vivo Chemogenetic D1-MSN Excitation or D2-MSN Inhibition Promotes Alcohol 

Consumption 

The identified potentiation of excitatory glutamatergic transmission in D1-MSNs and of 

inhibitory GABAergic transmission in D2-MSNs of the DMS following excessive alcohol intake 

would be predicted to excite D1-MSNs and inhibit D2-MSNs. Since D1-MSNs control “Go” and 

D2-MSNs control “NoGo” actions in rewarding behaviors (Gerfen and Surmeier, 2011; Maia 

and Frank, 2011), we reasoned that the resulting increase in “Go” and reduction of “NoGo” 

could both promote alcohol consumption. To test these hypotheses, we selectively manipulated 

D1- or D2-MSN activity using DREADDs (Urban and Roth, 2015). To confirm selective 

expression of a DREADD in the targeted neuronal population, e.g., D1-MSNs, a Cre-inducible 

adeno-associated virus (AAV) expressing the hM3Dq gene (Figure 2.3A) was bilaterally infused 

into the DMS region of D1-Cre mice (Figure 2.3B, left). Expression of hM3Dq in the DMS was 

indicated by a red fluorescent reporter, mCherry (Figure 2.3B, right), and was restricted 

selectively to D1-MSNs, as confirmed by their GPi and SNr projections in the direct pathway 
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(Figure 2.3C). We also confirmed selective expression of hM4Di in the DMS D2-MSNs as 

indicated by mCherry in the GPe of the indirect pathway (Supplementary Figure 4A). 

The effects of DREADDs on MSN activity were confirmed by recording from GPe 

neurons in the indirect pathway (Figure 2.3D). We infused two viruses encoding a DREADD and 

channelrhodopsion-2 (ChR2) into the DMS of D2-Cre mice and confirmed their co-expression in 

D2-MSN fibers within the GPe (Figure 2.3D,E). Optical stimulation of ChR2-containing fibers 

elicited optogenetically-induced inhibitory postsynaptic currents (oIPSCs) in GPe neurons 

(Figure 2.3F, left). In DMS slices expressing hM3Dq, bath application of the DREADD agonist, 

clozapine-N-oxide (CNO), significantly increased the amplitude of oIPSCs by 42.4% (Figure 

2.3F, right). In contrast, in DMS slices expressing hM4Di (Figure 2.3G; Supplementary Figure 

4B), CNO significantly reduced the oIPSC amplitude by 51.9% (Figure 2.3H). We also 

confirmed the effect of hM4Di and hM3Dq activation in D1-MSNs (Supplementary Figure 5). 

These results confirmed that hM3Dq activation excited, or hM4Di activation suppressed the 

MSN output, respectively.  

To test the hypothesis that excitation of D1-MSNs is sufficient to increase alcohol 

consumption, we infused a viral vector encoding the excitatory hM3Dq into the DMS of D1-Cre 

mice. The animals were trained to consume alcohol as described above (Hwa et al., 2011; Wang 

et al., 2015). CNO was administered systemically 30 min before the drinking session and alcohol 

consumption was measured at 1, 4, and 24 hr. We found that 1-hr alcohol consumption was 

significantly increased following CNO administration (Figure 2.3I). In addition, 1-hr alcohol 

preference was also enhanced (Figure 2.3J). The CNO effects on alcohol consumption and 

preference were time-dependent (Figure 2.3K; Supplementary Figure 6A,B). Interestingly, 
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systemic administration of CNO also significantly decreased 1-hr water intake (Figure 2.3L), but 

not in 4- or 24-hr intake (Supplementary Figure 6C).  

To test the hypothesis that inhibition of D2-MSNs promotes alcohol consumption, we 

expressed the inhibitory hM4Di in DMS D2-MSNs of D2-Cre mice. The animals underwent the 

drinking procedure and CNO treatment described above. We observed that CNO administration 

caused a significant increase in 1-hr alcohol drinking (Figure 2.3M) and preference (Figure 

2.3N) in D2-Cre mice. The CNO effects on alcohol drinking and preference were diminished 

over time (Figure 2.3O; Supplementary Figure 6D,E). Water intake was not altered by systemic 

administration of CNO (Figure 2.3P; Supplementary Figure 6F).  

Taken together, these results suggest that alterations of D1- and D2-MSN activity in the 

DMS are sufficient to drive alcohol consumption, and that these exert opposite influences on this 

behavior.  

2.3.4. Direct In Vivo Chemogenetic Inhibition of D1-MSNs or Excitation of D2-MSNs 

Attenuates Excessive Alcohol Consumption 

Next, we examined whether direct manipulations of these two neuronal populations 

reduced excessive alcohol consumption. First, we asked whether in vivo chemogenetic inhibition 

of D1-MSNs, which presumably suppresses “Go” actions, decreased excessive alcohol 

consumption in mice. These mice were trained to consume alcohol using the same procedure as 

above. We discovered that high levels of 1-hr alcohol consumption (Figure 2.4A) and preference 

(Figure 2.4B) were dramatically attenuated by administration of CNO. The CNO effects on 

alcohol intake and preference exhibited a time-dependent manner (Figure 2.4C; Figure 

Supplementary Figure 7A,B). However, neither water intake (Figure 2.4D; Supplementary 

Figure 7C) nor saccharin intake (Figure 2.4E; Supplementary Figure 7D) was altered by 
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administration of CNO. These findings suggest that inhibition of the output of DMS D1-MSNs 

in the direct pathway selectively decreases alcohol consumption by suppressing the preference 

for alcohol intake.  

Conversely, we assessed whether excitation of D2-MSNs, which presumably enhances 

“NoGo” actions, reduced excessive alcohol consumption. An hM3Dq vector was bilaterally 

infused into the DMS of D2-Cre mice. We found that both 1-hr alcohol consumption (Figure 

2.4F) and preference (Figure 2.4G) were significantly suppressed by CNO administration. The 

inhibitory effect of CNO on alcohol-drinking behavior was time-dependent (Figure 2.4H; 

Supplementary Figure 7E,F). Intake of water (Figure 2.4I; Supplementary Figure 7G) or 

saccharin (Figure 2.4J; Supplementary Figure 7H) was not affected by CNO injection. These 

results indicate that excitation of DMS D2-MSNs in the indirect pathway specifically decreases 

alcohol consumption by suppressing the preference for alcohol intake. In addition, we found that 

D2-MSN excitation prevented expression of alcohol-induced conditioned place preference 

(Supplementary Figure 8), which provides furthur evidence that D2-MSNs play a negative role 

in alcohol-related behavior. 

Collectively, these results suggest that DMS D1- and D2-MSN activities are necessary to 

drive alcohol consumption and again in an opposite way.  

2.3.5. D2R Signaling via GSK3 in the DMS Suppresses GABAergic Transmission in D2-

MSNs and Inhibits Excessive Alcohol Consumption 

Lastly, we asked whether and how D1- and D2-signaling contribute to alcohol 

consumption. Previously, we found that pharmacological inhibition of D1 receptors attenuated 

excessive alcohol consumption (Wang et al., 2015). Here, we investigated whether 

pharmacological modulation of D2R signaling suppressed alcohol consumption. Since the D2R 
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agonist, quinpirole, was shown to suppress cortical GABAergic transmission (Li et al., 2011; Li 

et al., 2012) and GABAergic activity is increased preferentially in D2-MSNs by alcohol (Figure 

2.2), this compound may inhibit GABAergic transmission in D2-MSNs and thus decrease 

alcohol consumption. To assess this possibility, electronically-induced IPSCs (eIPSCs) were 

recorded in D2-MSNs from alcohol-drinking D2-Cre;Ai14 mice. We found that bath application 

of quinpirole significantly reduced eIPSC amplitudes (Figure 2.5A,C). We next explored the 

potential downstream target of D2R activation that may mediate quinpirole-induced inhibition of 

GABAergic transmission. Thus, we treated DMS slices with a GSK3β inhibitor (SB216763) and 

observed that this completely abolished the inhibitory effect of quinpirole on eIPSCs (Figure 

2.5B,C). These results suggest that activation of D2Rs in D2-MSNs of the DMS suppresses 

GABAergic transmission in a GSK3β-dependent manner.  

Additionally, we observed that GSK3β phosphorylation on the serine 9 residue was 

increased without alternation of its protein levels following cycles of excessive alcohol intake 

and withdrawal (Figure 2.5D-G). Furthermore, protein levels of GABAAR β3 subunit, which 

predominantly contributes to GABAAR activity in D2- rather than D1-MSNs (Janssen et al., 

2009; Janssen et al., 2011), was also significantly augmented in the same animal (Figure 

2.5D,H). Given that GSK3β phosphorylation decreases the kinase activity (Beaulieu et al., 2009; 

Beurel et al., 2015), these data indicate that prolonged alcohol consumption and withdrawal 

suppresses GSK3β activity, which, in turn, enhances GABAAR expression. 

To test whether activation of D2Rs reduced alcohol intake, we bilaterally infused 

quinpirole or vehicle into the DMS of alcohol-drinking C57BL/6 mice and measured alcohol 

consumption at 2, 4, and 24 hr. We measured alcohol intake starting at 2 hr post-infusion, but not 

at 1 hr as in chemogenetic experiments, because local agent infusion took a longer time than the 
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i.p. injection used in chemogenetic experiments, and because 2-hr alcohol intake post-infusion 

was stable (Wang et al., 2015). We found that 2-hr alcohol consumption was significantly 

reduced in the quinpirole-treated group, as compared with the vehicle group, without alternation 

of water consumption (Figure 2.2.5I; Supplementary Figure 9A). Moreover, infusion of both 

quinpirole and SB216763 into the DMS did not significantly affect 2-hr alcohol or water intake, 

as compared with vehicle infusion (Figure 2.5I; Supplementary Figure 9B), suggesting that 

GSK3β inhibition abolished the quinpirole effect on alcohol consumption. Infusion of SB216763 

alone did not affect alcohol intake (Figure 2.5J). The inhibitory effect of quinpirole on alcohol 

consumption was also observed at 4-hr, but not at 24-hr (Figure 2.5K). These results suggest that 

activation of D2Rs in the DMS suppresses alcohol consumption in a GSK3β-dependent manner.  

Furthermore, we assessed whether direct inhibition of GABAergic activity suppressed 

alcohol consumption. A GABAAR inhibitor, picrotoxin, was bilaterally infused into the DMS of 

alcohol-drinking mice. We found that picrotoxin infusion produced a significant reduction in 2-

hr alcohol consumption, but not water intake (Figure 2.5L; Supplementary Figure 9C). This 

inhibitory effect of picrotoxin on alcohol consumption gradually diminished over time (Figure 

2.5L).  

Collectively, these findings indicate that D2R signaling via GSK3 suppresses 

GABAergic transmission in D2-MSNs of the DMS and inhibits excessive alcohol consumption.  

2.4 Discussion 

The present study found that repeated cycles of excessive alcohol intake and withdrawal 

selectively potentiated GluN2B-NMDAR activity in direct-pathway D1-MSNs and GABAergic 

transmission in indirect-pathway D2-MSNs of the DMS. These changes in synaptic strength 

serve to excite D1-MSNs and inhibit D2-MSNs and we discovered that D1-MSN excitation or 
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D2-MSN inhibition using an in vivo chemogenetic approach promotes alcohol consumption. 

Conversely, D1-MSN inhibition or D2-MSN excitation suppress alcohol consumption. These 

findings suggest that changing the activity of either type of MSNs is sufficient and necessary to 

regulate alcohol-drinking behavior. Importantly, we demonstrated that the potentiation of D2-

MSN GABAergic transmission from alcohol-drinking mice was reduced by pharmacological 

activation of D2Rs and subsequent GSK3 signaling. D2R activation or local GABAergic 

inhibition in the DMS reduced alcohol consumption. This study elucidated the detailed 

mechanism involved in the modulation of alcohol-drinking behavior by alcohol-mediated 

changes in neurotransmission onto distinct neuronal populations in the same brain region, i.e., 

the DMS (Figure 2.6). 

2.4.1. Potentiation of Excitatory and Inhibitory Transmission Separately in D1- and D2-

MSNs by Excessive Alcohol Intake 

One major finding of this research is that NMDAR-mediated transmission is potentiated 

selectively in D1-MSNs, while GABAergic transmission is potentiated exclusively in D2-MSNs, 

following cycles of excessive alcohol consumption and withdrawal. We further observed that the 

NMDA/AMPA ratio was increased in D1- but not D2-MSNs. Given that both the AMPAR 

(Wang et al., 2015) and NMDAR activities are potentiated in D1-neurons following alcohol 

consumption, the increased NMDA/AMPA ratio suggests that cycles of alcohol consumption and 

withdrawal causes greater potentiation of NMDAR activity than of AMPAR activity. This 

conclusion is line with previous findings that the NMDAR, rather than the AMPAR, is the 

primary and direct target of alcohol (Lovinger et al., 1989; Wang et al., 2012) and that a similar 

change at the corticostriatal synapses in D1-MSNs was induced following chronic cocaine 

exposure (Pascoli et al., 2014). Since NMDAR activity is known to be facilitated by dopamine 
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activation of D1 receptors (Beaulieu and Gainetdinov, 2011; Gerfen and Surmeier, 2011), this 

selective change of NMDARs in D1-MSNs may result from alcohol-induced elevation of striatal 

dopamine levels (Sulzer, 2011). The increased NMDAR activity is consistent with drug-induced 

“silent” synapses (Huang et al., 2009). In contrast, a decrease in the NMDA-induced current was 

observed in D2-MSNs, which may reflect NMDAR inhibition by dopamine activation of D2Rs 

(Li et al., 2009). One mediator of the downstream signaling of D2R activation is GSK3β. This 

kinase, however, seems less likely involved in the reduction of NMDA currents in D2-MSNs 

since cycles of alcohol intake and withdrawal inhibit the kinase activity (as shown herein) 

(Neasta et al., 2011; Liu et al., 2016) and GSK3β inhibition has  been reported to enhance 

NMDA currents (Xi et al., 2011). Additionally, we measured GABAergic activity in these two 

types of striatal neurons. In D1 neurons, an increased GABA-induced current without mIPSC 

alteration suggests that extrasynaptic GABAAR activity is enhanced following repeated cycles of 

alcohol exposure and withdrawal and confirmed by the increased GABAergic tonic current. 

Importantly, we observed enhancement of the mIPSC frequency in D2-MSNs, indicating a 

potential increase in GABAergic inputs onto this neuronal population. This concept is in 

agreement with a previous study indicating that withdrawal from repeated exposure to alcohol 

caused an allostatic state including dopaminergic deficiency in the striatum (Koob and Le Moal, 

2008; Barak et al., 2011); this deficiency was reported to increase GABAergic interneuron 

connectivity onto D2-MSNs (Gittis et al., 2011).  

2.4.2. D2Rs Regulate GABAergic Transmission via GSK3 Contributing to Excessive 

Alcohol Consumption 

The second major finding is that D2R activation suppresses D2-MSN GABAergic 

transmission and alcohol intake in a GSK3-dependent manner, indicating that D2R-GSK3 
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signaling regulates alcohol intake (Figure 2.6). Chronic alcohol consumption has been reported 

to decrease protein levels of D2Rs and GSK3β activity in the striatum (Neasta et al., 2011; 

Volkow and Morales, 2015). Since GSK3β negatively regulates GABAAR trafficking and thereby 

GABAergic transmission (Li et al., 2012; Rui et al., 2013; Tyagarajan and Fritschy, 2014), 

excessive alcohol consumption leads to downregulation of D2R-GSK3β signaling and thereby 

increases GABAergic activity. Consistent with this notion, we observed an enhanced GSK3β 

phosphorylation and β3-containing GABAAR expression following excessive alcohol intake, 

suggesting that alcohol exposure and withdrawal downregulates GSK3β activity and 

consequently enhances GABAAR expression. The β3-containing GABAAR, like the -containing 

one (Nie et al., 2011), mediates tonic inhibition (Janssen et al., 2009; Janssen et al., 2011) and are 

activated by ambient GABA that are likely released from tonically active GABAergic 

interneurons (Brickley and Mody, 2012). This indicates an important role of GABAergic 

interneurons in alcohol-drinking behavior and it would be of interest to examine the exact role in 

the future. These results also explain, in part, our observation that the GABA-induced currents 

and the mIPSC amplitudes in D2-MSNs were potentiated following excessive alcohol intake. 

Conversely, we found that D2R activation and signaling via GSK3β reduced GABAergic activity 

in D2-MSNs in alcohol-drinking animals. The D2R-GSK3β-mediated reduction of GABAergic 

transmission in the DMS inhibited alcohol consumption but not water intake, a finding that is 

supported by other reports indicating that GABAergic inhibition or GABA receptor knockdown 

in the striatum reduced alcohol intake (Hyytia and Koob, 1995; Nie et al., 2011). 

2.4.3. Contrasting Roles of D1- and D2-MSNs in Alcohol Consumption 

The third major finding of this research is that bidirectional chemogenetic manipulations 

of two different subtypes of MSNs produced distinct changes in alcohol-drinking behavior, 
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revealing the opposing roles of D1- and D2-MSNs in alcohol consumption and preference in 

mice.  

Specifically, chemogenetic excitation of D1-MSNs promoted alcohol consumption, 

whereas inhibition of their activity attenuated alcohol consumption. This indicated a positive role 

of D1-MSNs in regulation of alcohol consumption. Our results are supported by pharmacological 

and genetic studies (Hodge et al., 1997; El-Ghundi et al., 1998; D'Souza, 2003; Wang et al., 

2015). Importantly, our study on D2-MSNs advances the understanding of their negative role in 

alcohol consumption , which has not been seen in previous pharmacological studies using D2R 

agonists/antagonists (Dyr et al., 1993; Hodge et al., 1997; Phillips et al., 1998; Thanos et al., 

2001; Wang et al., 2015), due to complex expression pattern of strital D2Rs (Beaulieu and 

Gainetdinov, 2011).  

In summary, we found that repeated cycles of alcohol consumption and withdrawal 

potentiate excitatory glutamatergic strength in D1-MSNs and inhibitory GABAergic strength in 

D2-MSNs of the DMS. The excitatory potentiation may occur at the corticostriatal input, which 

has been reported in other drugs of abuse (Pascoli et al., 2014), and the inhibitory strengthening 

may result from GABAergic interneurons. Since the DMS is part of the cortico-striato-thalamo-

cortex circuit, which is known to control action-outcome learning and goal-directed behavior 

(Gunaydin and Kreitzer, 2016), these glutamatergic and GABAergic changes presumably 

enhance process of goal-direct information in this circuit. Consequently, these changes increase 

D1-MSN-mediated “Go” and decrease D2-MSN-mediated “NoGo” actions controlling alcohol-

associated behaviors (Figure 2.6). Both of these effects serve to reinforce alcohol consumption, 

leading to pathological excessive use of alcohol. This study provides an insight into the detailed 

mechanisms underlying the control of alcohol consumption, and perhaps the intake of other 
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drugs, by excitatory and inhibitory neurotransmission onto striatal neuronal subpopulations, 

identifying both synaptic and neuronal therapeutic targets for the development of new 

approaches to the treatment of alcohol abuse.  

2.5 Materials and Methods 

2.5.1. Reagents 

CNO was obtained from the NIH through the NIMH Chemical Synthesis and Drug 

Supply Program. Quinpirole, Ro 25-6981, and tetrodotoxin (TTX) were obtained from Tocris. 

DNQX (6,7-dinitroquinoxaline-2,3-dione), CPP (3-[2-carboxypiperazin-4-yl]propyl-1-

phosphonic acid), and SB216763 were purchased from Abcam. NBQX (2,3-dihydroxy-6-nitro-7-

sulfonyl-benzo[F]quinoxaline) was obtained from R&D systems. Picrotoxin, bicuculline 

methiodide (BMI) and all other chemicals were purchased from Sigma. Cre-inducible AAV8-

hSyn-DIO-hM4Di-mCherry (8 × 1012
 vg/ml), AAV8-hSyn-DIO-hM3Dq-mCherry (4.7 × 1012 

vg/ml), and AAV5-EF1-DIO-ChR2-eYFP (5 × 1012 vg/ml) and AAV8-Syn-ChR90(Chronos)-

GFP (5.8 x 1012 vg/ml) viruses were purchased from the University of North Carolina Vector 

Core. Monoclonal anti-GSK3β (Cat. #9315) and anti phospho-GSK3β (Ser9) (Cat. #9323) 

antibodies were purchased from Cell Signaling Technology. Anti-GABAAR β3 antibody were 

purchased from Novusbio Biologicals (Cat. #NB300-199). Anti-β-actin antibody was purchased 

from Sigma (Cat. #A5316). Preoxidase anti-Rabbit IgG (H+L) (Cat. #PI-1000) and preoxidase 

anti-mouse IgG (H+L) (Cat. #PI-2000) were purchased from Vector Laboratories. The BCA 

protein assay kit was purchased from Pierce Chemicals. The western lighting plus-ECL kit was 

purchased from Perkin-Elmer.  
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2.5.2. Animals 

Drd1a-Cre (D1-Cre) and Drd2-Cre (D2-Cre) mice were obtained from the Mutant Mouse 

Regional Resource Center. DsRed, Ai14, Snap25, and C57BL/6J mice were purchased from the 

Jackson Laboratory. All mice were back-crossed onto a C57Bl/6 background. Hemizygous 

DsRed mice were bred with C57BL/6J mice. D1-Cre or D2-Cre mice were crossed with DsRed 

(Figure 2.1 and 2.2 only) or Ai14 to generate D1-Cre;DsRed, D1-Cre;Ai14, D2-Cre;DsRed, and 

D2-Cre;Ai14 mice for electrophysiology studies. Mouse genotypes were determined by PCR 

analysis of Cre or the fluorescent protein in tail DNA (Cre for D1-Cre and D2-Cre mice; DsRed 

for DsRed mice; tdTomato for Ai14 mice). Since we did not observe a significant difference in 

electrophysiology data obtained in D1-Cre;DsRed and D1-Cre;Ai14 mice, or in D2-Cre;DsRed 

and D2-Cre;Ai14 mice, we pooled the data from DsRed and Ai14 mice.  

Mice were housed individually at 23°C under a 12-hr light: dark cycle, with lights on at 

11:00 P.M. Food and water were provided ad libitum. All mice were bred onto the C57BL/6J 

genetic background. Twelve-week old male mice were used in this study. All animal care and 

experimental procedures were approved by the Texas A&M University Institutional Animal Care 

and Use Committee and were conducted in agreement with the National Research Council Guide 

for the Care and Use of Laboratory Animals. 

2.5.3. Intermittent-access to 20% alcohol 2-bottle-choice drinking procedure 

To establish a high level of alcohol consumption in mice, we employed the intermittent-

access two-bottle choice drinking procedure (Hwa et al., 2011; Wang et al., 2015). Male mice 

were given 24-hr concurrent access to one bottle of 20% alcohol in water (vol/vol) and one bottle 

of water starting at 1:30 P.M. on every other day, with 24-hr periods of alcohol deprivation 

between the alcohol-drinking sessions. The water and alcohol bottles were weighed after the 24-
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hr access period, unless stated otherwise. Control animals were treated in the same manner, 

except that they were presented with water only. This procedure was followed for 8 weeks.  

2.5.4. Preparation of acute striatal slices and electrophysiology recordings 

Twenty-four hr after the last alcohol-drinking session, animals were sacrificed and 200-

µm coronal sections containing the DMS (Figures. 2.1, 2.2, 2.4) or sagittal sections containing 

the GPe (Figure. 2.3) in the same thickness were prepared. The brain slices were prepared using 

a vibratome (VT1200S, Leica) in an ice-cold cutting solution. The cutting solution contained the 

following (in mM): 40 NaCl, 148.5 sucrose, 4 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 

MgCl2, 10 glucose, 1 sodium ascorbate, 3 sodium pyruvate, and 3 myo-inositol, saturated with 

95% O2 and 5% CO2. Slices were then incubated in a 1:1 mixture of cutting solution and external 

solution at 32°C for 45 min. Slices were then maintained in external solution at room 

temperature until use.  

Slices were placed in the recording chamber and perfused with the external solution at a 

flow rate of 3-4 ml/min. Neurons were visualized using an epifluorescent microscope (Examiner 

A1, Zeiss). D1- and D2-MSNs were identified by the fluorescence of GFP (D1-Cre;DsRed or 

D2-Cre;DsRed mice) or tdTomato (D1-Cre;Ai14 or D2-Cre;Ai14 mice). Neurons were clamped 

at -70 mV. NMDAR activity was measured in fluorescently-labeled D1- and D2-MSNs of the 

DMS. To measure NMDA-induced currents, NMDA (10 µM) was bath-applied for 30 sec with 

0.05 mM external Mg2+, in the presence of NBQX (10 µM) and picrotoxin (100 µM) to block 

AMPA receptor-mediated synaptic transmission and inhibitory synaptic currents, respectively. 

Holding currents were measured every 5 sec. To generate input-output curves for NMDAR-

mediated excitatory postsynaptic currents (EPSCs), varying intensities of electrical stimulation 

(10-30 µA, with an increment of 5 µA) were delivered through bipolar electrodes that were 
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placed within the DMS. GluN2B/NMDA ratios were measured using a GluN2B-NMDAR 

antagonist, Ro 25-6981 (0.5 µM). 

For measuring GABAergic activity and transmission, recordings were conducted at 

32°C., DNQX (20 µM) and CPP (10 µM) were added to the external solution to block AMPA 

receptors and NMDARs, respectively. To record GABA-induced currents, GABA (100 µM) was 

bath-applied for 30 sec and holding currents were measured every 5 sec (Quintana et al., 2012). 

Miniature inhibitory postsynaptic currents (mIPSCs) were recorded in TTX (1 µM) for 3 min 

and analyzed. For tonic current measurements, GABA (5 µM) was bah-applied and the current 

magnitudes were obtained from the mean baseline currents before and during BMI (25 µM) 

application. To record optogenetically-induced inhibitory postsynaptic currents (oIPSCs) in GPe 

neurons, blue LED light (470 nm for 2 ms; 0.15-2.8 mW) was delivered through the objective 

lens to slices every 30 sec to trigger ChR2-mediated GABA release from D2-MSNs. CNO (10 

µM) was bath-applied for 10 min. To record electronically-induced IPSCs (eIPSCs), bipolar 

stimulating electrodes were positioned 150-200 µm away from the recorded neurons. The 

eIPSCs were elicited every 20 sec. Recordings with more than 20% changes in access resistance 

were excluded from the analysis. 

2.5.5. Stereotaxic viral infusion and cannula implantation 

Viruses were bilaterally infused (500 nl at 75 nl/min) into the DMS of D1-Cre and D2-

Cre mice. In order to increase viral expression areas within the DMS, the viruses were infused at 

two sites per hemisphere (Site 1: anterior-posterior, +1.18; medial-lateral, ±1.3; dorsal-ventral, -

2.9 from Bregma. Site 2: anterior-posterior, +0.38; medial-lateral, ±1.55; dorsal-ventral, -2.88, 

from Bregma). For cannula implantation, dual guide cannulae (C235G-3.0, 26 gauge; Plastic 
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one) were placed to target the DMS at the following coordinates: anterior-posterior, +0.5; 

medial-lateral, ±1.5; dorsal-ventral, -2.0 from Bregma. For more details, see (Wang et al., 2015).   

2.5.6. Intermittent-access to saccharin 2-bottle-choice drinking procedure 

When the alcohol consumption experiments had been completed, the same cohort of mice 

were trained to drink 0.033% saccharin (Nam et al., 2013) using a similar procedure, except that 

alcohol was replaced by a saccharin solution (0.033%, w/v). 

2.5.7. In vivo chemogenetic manipulation 

Six weeks after infusion of the hM4Di or hM3Dq viruses in the DMS of D1-Cre and D2-

Cre mice, when a stable baseline of alcohol intake was achieved, the animals were 

intraperitoneally injected with vehicle (5% DMSO in saline vol/vol) for 3 consecutive sessions. 

To manipulate mouse drinking behavior, 3 or 5 mg/kg of CNO (1 mg/ml in vehicle) was 

administered intraperitoneally 30 min prior to the start of the drinking sessions, and alcohol or 

saccharine intake was measured at 1, 4, and 24 hr.  

2.5.8. Intra-DMS drug infusion 

This procedure was conducted as described previously (Wang et al., 2015). Cannulae 

were implanted in male C57BL/6 mice trained to drink 20% alcohol, as described above. After a 

stable baseline of alcohol intake was achieved, mice were infused with 0.5 µl of vehicle (5% 

DMSO in saline), the D2 agonist quinpirole (6 µg), the GSK3  inhibitor, SB216763 (20 ng) 

(Xu et al., 2011), a cocktail of quinpirole (6 µg) and SB216763 (20 ng), or the GABAA receptor 

inhibitor picrotoxin (2 µg) (Salado-Castillo et al., 1996) 10 min before the start of drinking 

sessions. The injectors extended 1 mm below the tip of the cannula. Alcohol intake was 

measured at 2, 4, and 24 hr. 
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2.5.9. Conditioned Place Preference (CPP) 

The CPP procedure was adapted from previously report (Cunningham et al., 2006; Logrip 

et al., 2009; Gibb et al., 2011; Bahi and Dreyer, 2012; Pina et al., 2015). Two groups of D2-Cre 

male mice were infused with AAV-DIO-hM3Dq into the DMS. Five weeks after infusion, place 

preference training was conducted in a Hamilton-Kinder open-field apparatus (16 inch x 16 inch 

x 15 inch, 16 beams per side per box), which was customized into two rectangle compartments 

(6.8 inch x 7.9 inch x 7.9 inch) that are connected via a hall (2.4 inch length, 3.1 inch width). 

Time spent in each compartment was detected by infrared beam crosses. Different visual and 

tactile cues distinguish the two compartments: black/white stripes with a “rod” flooring in the 

first compartment, and black/white dots with a metal plateflooring with holes in the second 

compartment. Each experiment consisted of three phases. During the first phase (day 1, 

preconditioning), each mouse was placed in the neutral hall and was given access to both 

compartments for 30 min. The time that the animal spent in each compartment was recorded. 

During the second phase (days 2 to 9, conditioning), the mice were administered 20% alcohol (2 

g/kg) and immediately placed into one of the given compartments and confined for 5 min on 

days 3, 5, 7, and 9. On alternate days (conditioning days 2, 4, 6, and 8), mice were administered 

saline and immediately placed into the opposite compartment and confined for 5 min. During the 

last phase (day 10, post-conditioning test), mice in the experimental group were administered 

CNO (1 mg/kg) and mice in the control group were administered vehicle (5% vol/vol DMSO in 

saline). Thirty min after injection, mice were placed into the central of neutral hall and allowed 

free access to both compartments for 30 min. The total time spent in each compartments were 

recorded. 
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2.5.10. Western Blot Analysis 

Male C57BL/6 mice were trained for 8 weeks to consume 20% alcohol using the 

intermittent-access 2-bottle choice drinking procedure. Control mice underwent the same 

treatment without alcohol provided. One day after the last alcohol session, both groups of mice 

were perfused intracardially with HEPES buffer containing sucrose (Li et al., 2012). The dorsal 

striatum were immediately collected on ice and homogenized with a sonicator in a 

radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris-hydrochloride (HCl) pH 

7.6, 150 mM sodium chloride, 1% vol/vol Nonidet P-40, 0.1% (weight/vol) sodium dodecyl 

sulfate (SDS), 0.5% (weight/vol) sodium deoxycholate, 2 mM ethylenediaminetetraacetic acid 

(EDTA) as well as protease and phosphatase inhibitors. The homogenates were centrifuged at 

13,000 rmp for 5 min at 4˚C. The protein concentrations were determined by BCA protein assay 

kit. Samples (30 g protein) were resolved on a 10% SDS-PAGE gel and transferred to a 

nitrocellulose membrane. Membranes were blocked for 1 hour in TBST containing 5% non-fat 

milk powder at room temperature. The membranes were incubated with monoclonal phospho-

GSK3β (Ser9) at a dilution 1:1000 overnight in 4˚C. After rinsing 10 min with TBST for 3 times, 

the membranes were incubated in HRP-conjugated anti-rabbit IgG (H+L) at 1:1000 for 1 h 

followed by detection with Western Lightning Plus-ECL kit. The membranes were then stripped 

in a stripping buffer containing 62.5 mM Tris-HCl (pH6.8), 2% (w/v) SDS and 0.7% (v/v) -

mercaptoethanol in a 50˚C water bath for 30 min, followed by washing with TBST for 5 x 

20min. After re-blocking in TBST containing 5% non-fat milk powder, membranes were re-

probed with monoclonal GSK3β at 1:1000. Similarly, the membranes were stripped and re-

probed with anti-GABAAR β3 subunits (1:1000) and then anti-β-actin antibodies (1:1000). 

Western blot images were quantitively analyzed by densitometry with NIH Image J software. 
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Densities of phospho-GSK3 were normalized to those of GSK3  and -actin. Results were 

expressed as a percentage of the control (water groups).  

2.5.11. Histology 

When all behavioral tests had been completed, mice were perfused intracardially with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The brains were removed and post-

fixed in 4% PFA overnight at 4°C followed by dehydration in 30% sucrose solution and cryostat 

frozen sectioning. For verification of cannula placement, the brain was cut into 50-µm coronal 

sections, which were examined under a light microscope (Wang et al., 2015). The brains from 

D1-Cre;Ai14 and D2-Cre;Ai14 mice, and those from virus-infused D1-Cre and D2-Cre mice, 

were sectioned coronally and sagittally. The sections were stained with NeuroTrace green 

(1:100). A confocal laser-scanning microscope (A1si, Nikon) was used to image these sections 

using a 594-nm laser for excitation of mCherry and tdTomato and a 488-nm laser for 

NeuroTrace green.  

2.5.12. Statistical analysis 

Electrophysiological data were analyzed using paired or unpaired t tests and two-way 

ANOVA with repeated measures (two-way RM ANOVA), followed by the Student-Newman-

Keuls (SNK) post hoc test. All behavioral data were analyzed with one-way ANOVA with 

repeated measures (one-way RM ANOVA) followed by SNK test, unless stated otherwise. 

Statistical analysis was conducted by OriginLab and SigmaPlot programs. mIPSCs were 

analyzed using Mini analysis software (Synaptosoft Inc.). All data are expressed as the Mean ± 

SEM.
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Figure 2.1. Selective potentiation of NMDAR activity in D1-MSNs following repeated cycles of excessive alcohol consumption 

and withdrawal. 

(A) Verification of D1-MSNs from a D1-Cre;Ai14 mouse, based on their GPi and SNr projections in a sagittal section (right), counter-

stained with NeuroTrace green (NT-green). Scale bar: 1 mm. Five striatal neurons from an indicated box are shown (left) stained with 

NT-green (top); three neurons expressed tdTomato (D1-MSNs, middle) and were yellow in the merged image (bottom). Scale bar: 10 

µm. (B) Verification of D2-MSNs from a D2-Cre;Ai14 mouse based on the GPe projections. Four NT-green-stained striatal neurons 

are shown (left), two of which expressed tdTomato (D2-MSNs, middle). (C) Cycles of excessive alcohol consumption and withdrawal 

significantly increased NMDA-induced currents in D1-MSNs. Changes in holding currents were measured after NMDA (10 µM, 30 s) 

was applied to the slices (left). The peak amplitudes observed in these study groups (14 neurons, 3 mice per group) were summarized 

(right). t(26) = 4.77, p < 0.001, unpaired t test. (D) Cycles of excessive alcohol consumption and withdrawal reduced NMDA-induced 

currents in D2-MSNs. Changes in holding currents were measured after NMDA was bath-applied (left) and the peak amplitudes in 

D2-MSNs from the alcohol (15 neurons, 3 mice) and water (14 neurons, 3 mice) groups of mice were compared (right). t(27) = -2.8, p < 

0.01, unpaired t test. (E) Cycles of excessive alcohol consumption and withdrawal significantly increased the NMDAR-EPSC 

amplitude in D1-MSNs. Representative EPSC traces evoked by a range of stimulation intensities in slices from the alcohol (16 

neurons, 8 mice) and water (12 neurons, 6 mice) groups (left), with the corresponding input-output curves (right). F(1,26) = 7.43, #p < 

0.05, two-way RM-ANOVA. Scale bars: 200 pA, 100 ms. (F) Cycles of excessive alcohol consumption and withdrawal did not alter 

NMDAR-EPSCs in D2-MSNs. Representative EPSC traces evoked by a range of stimulation intensities in slices from the indicated 

groups of mice (left), with the corresponding input-output curves from the alcohol (12 neurons, 7 mice) and water (11 neurons, 6 

mice) groups (right). F(1,21) = 0.43, p > 0.05, two-way RM-ANOVA. (G) Cycles of excessive alcohol drinking and withdrawal 

increased the GluN2B/NMDA ratio in D1-MSNs. Sample GluN2B- and NMDAR-EPSC traces in the indicated groups (left) and the 

GluN2B/NMDA ratios in D1-MSNs from the alcohol (10 neurons, 6 mice) and water (8 neurons, 4 mice) groups (right). t(16) = -2.52, 

p < 0.05, unpaired t test. (H) Cycles of excessive alcohol consumption and withdrawal did not change the GluN2B/NMDA ratio in 

D2-MSNs. Sample traces in the indicated groups (left), with the GluN2B/NMDA ratios in D2-MSNs from the alcohol (8 neurons, 5 

mice) and water (8 neurons, 6 mice) groups (right). t(14) = -1.22, p > 0.05, unpaired t test. Scale bars (F-H): 100 pA, 100 ms. Statistical 

comparisons between Alcohol and Water groups at the same levels are indicated by * for p < 0.05 and ** for p < 0.01 and *** for p < 

0.001, respectively. 
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Figure 2.2. Selective potentiation of synaptic GABAergic activity in D2-MSNs after repeated cycles of excessive alcohol 

consumption and withdrawal. 

GABAergic activity was measured in DMS D1- and D2-MSNs 24 hr after the last alcohol exposure. (A) GABA-induced currents in 

D1- and D2-MSNs in the indicated groups. Changes in holding currents recorded in D1-MSNs (left; 17 neurons from 5 mice for 

Water; 18 neurons from 6 mice for Alcohol) and D2-MSNs (middle; 19 neurons from 4 mice for Water; 20 neurons from 5 mice for 

Alcohol) after bath application of GABA (100 µM, 30 sec) to DMS slices and their peak amplitudes (right). t(33) = -2.28, p < 0.05 (D1-

MSNs); t(37) = 2.79, p < 0.01 (D2-MSNs), unpaired t test. (B), Representative mIPSC traces in D1-MSNs from the indicated mice. 

(C,D) Cycles of excessive alcohol consumption and withdrawal did not alter mIPSCs in D1-MSNs. Cumulative probability plots for 

the distributions of mIPSC amplitudes (C) and inter-event intervals (D) in D1-MSNs from alcohol-drinking mice (27 neurons, 5 mice) 

and their water controls (19 neurons, 4 mice). Inset bar graphs summarize the respective average mIPSC amplitudes (C) and 

frequencies (D). t(44) = -0.6, p > 0.05 for amplitude; t(44) = 0.8, p > 0.05 for frequency, unpaired t test. (E), Representative mIPSC 

traces in D2-MSNs from the indicated mice. (F,G) Cycles of excessive alcohol drinking and withdrawal increased the amplitude and 

frequency of mIPSCs in D2-MSNs. Cumulative probability plots showing the distributions of mIPSC amplitudes (F) and inter-event 

intervals (G) in D2-MSNs from alcohol-drinking mice (17 neurons, 5 mice) and water controls (17 neurons, 4 mice). Inset bar graphs 

present the respective average mIPSC amplitudes (F) and frequencies (G). t(32) = -2.23, p < 0.05 for amplitude; t(32) = -4.20, p < 0.001 

for frequency, unpaired t test. Scale bars: 30 pA, 0.5 sec (B, E). Statistical comparisons between Alcohol and Water groups are 

indicated by * for p < 0.05 and ** for p < 0.01 and *** for p < 0.001, respectively. 

  

25

35

45

Water Alcohol

m
IP

S
C

 a
m

p.
 (

pA
)

0

1

2

Water Alcohol

m
IP

S
C

 fr
e.

 (
H

z)

0 5 10
0.0

0.5

1.0

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

Inter-event interval (sec)
10 30 50 70

0.0

0.5

1.0

E                                                           F                                          G

B                                                           C                                          D

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

mIPSC amp. (pA)

0 1 2 3
-240

-120

0
GABA

 Water  Alcohol

C
ha

ng
e 

in
 h

ol
di

ng
 c

ur
re

nt
 (

pA
)

Time (min)

20

30

40
*

Water Alcohol

m
IP

S
C

 a
m

p.
 (

pA
)

0

1

2

Water Alcohol

m
IP

S
C

 fr
e.

 (
H

z)

***

0 5 10
0.0

0.5

1.0

Inter-event interval (sec)

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

10 30 50 70
0.0

0.5

1.0
C

um
ul

at
iv

e 
pr

ob
ab

ili
ty

mIPSC amp. (pA)

0 1 2 3
-150

-100

-50

0

A                                                                                                 

C
ha

ng
e 

in
 h

ol
di

ng
 c

ur
re

nt
 (

pA
)

Time (min)

 Water  Alcohol

GABA

D1-MSN D2-MSN
0

80

160

240

G
A

B
A

 c
ur

re
nt

 (
pA

)

**

*

Water

Alcohol

Water

Alcohol



 

53 

 

Figure 2.3. In vivo chemogenetic excitation of D1-MSNs in the direct pathway or inhibition of D2-MSNs in the indirect 

pathway promotes alcohol consumption in mice. 

(A) Expression of the hM3Dq gene was driven by Cre recombinase. (B) Stereotaxic infusion of an AAV-DIO-hM3Dq-mCherry virus 

into the DMS region of D1-Cre mice (left) led to hM3Dq-mCherry expression, as indicated by the red mCherry fluorescence (right) in 

a section stained with NT-Green. Scale bar: 1 mm. (C) Verification of selective hM3Dq expression in D1-MSNs from a D1-Cre 

mouse infused with the virus (right). Note that hM3Dq-expressing D1-MSNs projected to the GPi and SNr. Scale bar: 1 mm. Inset, 

micrographs showing 4 striatal neurons from the indicated box (right) stained with NT-green (top); 2 of these expressed mCherry 

(middle) and were yellow in the merged image (bottom). Scale bar: 10 µm. (D) Schematic diagram illustrating ex vivo 

electrophysiology validation of hM3Dq enhancement of D2-MSN-mediated synaptic transmission in GPe neurons. A cocktail of 

AAV-DIO-hM3Dq-mCherry and AAV-DIO-ChR2-eYFP vectors was infused into the DMS of D2-Cre mice, and ChR2-mediated 

striatopallidal oIPSCs were recorded in GPe neurons. (E) Representative low- magnification sagittal view of mCherry and eYFP 

fluorescence in a brain slice from a D2-Cre mouse infused with the viral cocktail. Scale bar: 1 mm. (F) Bath application of CNO (10 

µM) increased the amplitude of ChR2-mediated oIPSCs in GPe neurons from D2-Cre mice infused with the hM3Dq virus in the DMS. 

Left, sample traces of oIPSCs at baseline (BL) and during CNO application. Scale bars: 40 ms, 100 pA. Right, Time course of oIPSCs 

showing CNO significantly increased oIPSC amplitudes (8 neurons, 5 mice). t(7) = -4.3, p < 0.001, paired t test. (G) Schematic 

showing ex vivo electrophysiology validation of hM4Di, as described for D. (H) CNO application to slices decreased the oIPSC 

amplitude in GPe neurons from D2-Cre mice infused with hM4Di and ChR2 viruses in the DMS. Left, Sample traces of oIPSCs at 

baseline and during CNO application. Scale bars: 40 ms, 30 pA. Right, Time course of oIPSC amplitudes before, during, and after 

CNO application (6 neurons, 3 mice). t(5) = 4.01, p < 0.01, paired t test. (I) Excitation of D1-MSNs by systemic administration of 

CNO (3 mg/kg) reversibly promoted 1-hr alcohol consumption in D1-Cre mice expressing hM3Dq. F(2,13) = 7.81, p < 0.01. n = 14 

mice. (J) CNO excitation of D1-MSNs reversibly increased 1-hr alcohol preference in D1-Cre expressing hM3Dq. F(2,13) = 8.45, p < 

0.01. n = 14 mice. (K) Time-dependency of the CNO-mediated enhancement of alcohol consumption in D1-Cre mice expressing 

hM3Dq. F(2,13) = 8.05, p < 0.01. n = 14 mice. (L) CNO excitation of D1-MSNs reduced water intake in D1-Cre mice expressing 

hM3Dq. t(13) = 3.19, p < 0.01, paired t test. n = 14 mice. (M) CNO inhibition of D2-MSNs reversibly increased 1-hr alcohol 

consumption in D2-Cre mice infused with the hM4Di virus. F(2,6) = 5.87, p < 0.05. n = 7 mice. (N) CNO inhibition of D2-MSNs led to 

a reversible increase in the preference for alcohol in D2-Cre mice with hM4Di infusion. F(2,6) = 5.43, p < 0.05. n = 7 mice. (O) Time-

dependency of the CNO-mediated enhancement of alcohol consumption in D2-Cre mice with hM4Di. F(2,6) = 4.72, p < 0.05. n = 7 

mice. (P) CNO inhibition of D2-MSNs did not alter 1-hr water intake in D2-Cre mice expressing hM4Di. t(6) = 1.63, p > 0.05, paired t 

test. n = 7 mice. Statistical comparisons within experimental groups are indicated by * for p < 0.05 and ** for p < 0.01, respectively. 
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Figure 2.4. In vivo chemogenetic inhibition of D1-MSNs in the direct pathway or excitation 

of D2-MSNs in the indirect pathway reduces excessive alcohol consumption. 

(A) Inhibition of D1-MSNs by administration of CNO (5 mg/kg) significantly and reversibly 

reduced 1-hr alcohol consumption in D1-Cre mice expressing hM4Di. F(2,11) = 14.07, p < 0.001. 

n = 12 mice. (B) Inhibition of D1-MSNs by CNO administration reduced 1-hr alcohol preference 

in D1-Cre mice expressing hM4Di. F(2,11) = 12.68, p < 0.001. n = 12 mice. (C) Time-dependent 

inhibition of alcohol consumption by CNO in D1-Cre mice expressing hM4Di. F(2,11) = 9.00, p < 

0.01. n = 12 mice. (D,E) Administration of CNO did not alter 1-hr water (D) or saccharin 

(0.033% w/v) (E) intake in D1-Cre mice expressing hM4Di. t(11) = 0.28, p > 0.05 (D); t(9) = 1.23, 

p > 0.05 (E), paired t test. n = 12 (D) and 10 (E) mice. (F) Excitation of D2-MSNs by 

administration of CNO significantly and reversibly reduced 1-hr alcohol consumption in D2-Cre 

mice expressing hM3Dq. F(2,11) = 16.33, p < 0.001. n = 12 mice. (G) CNO excitation of D2-

MSNs reversibly reduced 1-hr alcohol preference in D2-Cre mice expressing hM3Dq. F(2,11) = 

9.42, p < 0.01. n = 12 mice. (H) Inhibition of alcohol consumption by CNO excitation of D2-

MSNs was time-dependent. F(2,11) = 27.91, p < 0.001. n = 12 mice. (I,J) CNO excitation of D2-

MSNs did not alter 1-hr water (I) or saccharin (J) intake in D2-Cre mice expressing hM3Dq. t(11) 

= 0.19, p > 0.05 (I); t(5) = 0.82, p > 0.05 (J), paired t test. n = 12 (I) and 6 (J) mice. Statistical 

comparisons within experimental groups are indicated by * for p < 0.05 and ** for p < 0.01 and 

*** for p < 0.001, respectively.
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Figure 2.5. D2R signaling via GSK3 suppresses GABAergic transmission in D2-MSNs and attenuates excessive alcohol 

consumption. 

(A) D2R activation reduced the eIPSC amplitude in D2-MSNs in alcohol-drinking mice. D2-Cre;Ai14 mice were trained to consume 

high levels of alcohol for 8 weeks, and eIPSCs were recorded in D2-MSNs 24 hr after the last drinking session. The D2R agonist, 

quinpirole (Quin; 10 µM), was bath-applied for 10 min. Left, Representative traces of eIPSCs at baseline (BL) and during quinpirole 

application. Scale bars: 100 pA, 100 ms. Right, Time course of eIPSC amplitudes before, during, and after quinpirole application (10 

neurons, 8 mice). (B) Treatment of DMS slices with a GSK3 antagonist, SB216763 (SB; 10 µM), abolished quinpirole-mediated 

inhibition of eIPSCs in D2-MSNs. The slices were pre-treated for 25 min with SB216763, which was continuously applied as 

indicated during the recording period (10 neurons, 5 mice). (C) Bar graphs comparing the effects of quinpirole and quinpirole plus 

SB216763 on eIPSC amplitudes. The amplitudes were averaged from 0-10 min (baseline) and from 15-20 min (drug applications). t(9) 

= 2.59, p < 0.05 for quinpirole vs vehicle, paired t test. t(9) = -0.68, p > 0.05 for quinpirole plus SB216763 vs vehicle, paired t test. n.s., 

not significant. (D) Representative western-blots images showing the phosphorylation levels of GSK3, protein levels of GSK3, 

GABAAR, and -actin. (E-H) Western blot quantification of the phosphorylation levels of GSK3 (p-GSK3) (E), total protein levels 

of GSK3 (F), ratio of p-GSK/total GSK3 (G), and GABAAR (H). t(16) = -3.36, p < 0.01 (E); t(16) = -0.52 (F), p > 0.05; t(16) = -3.89, p 

< 0.01 (G); t(16) = -3.93, p < 0.01 (H), unpaired t test. n = 8 (Water) and 10 (Alcohol) mice. (I) Intra-DMS infusion of quinpirole (6 

µg/0.5 µl in DMSO), but not of both quinpirole and SB216763 (40 ng/µl in DMSO), significantly reduced 2-hr alcohol consumption. 

t(15) = 3.33, p < 0.01 for quinpirole vs vehicle; t(16) = 0.20, p > 0.05 for quinpirole plus SB216763 vs vehicle, unpaired t test. n = 9 

(Veh, DMSO), 8 (Quin), and 9 (Quin + SB) mice. (J) Intra-DMS infusion of SB216763 alone did not alter 2-hr alcohol drinking. t(14) = 

0.23, p > 0.05, unpaired t test. n = 8 mice per groups. (K) The inhibitory effect of quinpirole on alcohol consumption was time-

dependent. F(2,15) = 15.19, p < 0.001, two way RM-ANOVA. n = 9 (Veh) and 8 (Quin) mice. (L) Intra-DMS infusion of a GABAA 

receptor antagonist, picrotoxin (PTX; 1 µg/µl in DMSO) reduced alcohol drinking at 2 and 4 hr, but not at 24 hr. F(2,11) = 4.81, p < 

0.05, two way RM-ANOVA. n = 8 (Veh) and 5 (PTX) mice. Statistical comparisons between Treatment and Control groups are 

indicated by * for p < 0.05 and ** for p < 0.01, or comparisons within experimental groups are indicated by # for p < 0.05 and ### for p 

< 0.001, respectively.  
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Figure 2.6. Hypothetical model of alcohol-Induced changes in glutamatergic and 

GABAergic strength in D1- and D2-MSNs of the DMS leading to excessive alcohol 

consumption. 

Left, in the normal brain, D1-MSNs express GluN2B-NMDARs and D2-MSNs contain 

GABAARs, as well as D2Rs and GSK3β. D2R activation stimulates GSK3β signaling, which 

negatively regulates GABAAR activity. D1-MSN or D2-MSN excitation facilitates selection of 

“Go” or “NoGo” actions in reward behavior, respectively. Right, in the alcoholism brain, 

repeated cycles of alcohol intake and withdrawal increase GluN2B-NMDAR activity selectively 

in D1-MSNs, which facilitates selection of “Go” actions and consequently drives excessive 

alcohol consumption. Meanwhile, cycles of alcohol intake and withdrawal also enhance synaptic 

GABAergic activity in D2-MSNs by decreasing D2R-GSK3β signaling. This suppresses 

selection of “NoGo” actions. Together, the abnormally facilitated “Go” and suppressed “NoGo” 

actions reinforce excessive alcohol consumption. Note that the changes in activities of receptors, 

signaling, and behaviors are indicated by alterations of their sizes. 
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Figure 2.7. (Supplementary Figure 1 in Cheng et al., 2017) Separation of D1- and D2-MSNs 

in the DMS. 

D1-tdTomato, D2-Cre, and Snap25 mice were bred into D1-tdTomato;D2-Cre;Snap25 mice. The 

Snap25 mice are a Cre reporter line which expresses eGFP in the presence of Cre (Madisen et 

al., 2015). (A) Coronal section from a D1-tdTomato;D2-Cre;Snap25 mouse displaying the 

tdTomato and eGFP fluorescence in the striatum. (B) Sample confocal image showing separation 

of D1-MSNs (red) and D2-MSNs (green) in the DMS (indicated box in A). (C) Bar graphs 

depicting percentage of overlap of D1- and D2-MSNs. n = 16 sections from 3 mice. Total 2947 

D1-MSNs and 3050 D2R-MSNs were count; 96 neurons exhibit both green and red colors. 
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Figure 2.8. (Supplementary Figure 2 in Cheng et al., 2017) Selective enhancement of 

NMDAR activity in DMS D1-, but not D2-MSNs after repeated cycles of excessive alcohol 

intake and withdrawal. 

(A) Identical alcohol-drinking levels of D1- and D2-labeling transgenic mice included in Figure 

2.1. p > 0.05, unpaired t test. n = 8 (D1) and 7 (D2) mice. (B) Cycles of excessive alcohol 

consumption and withdrawal significantly increased NMDA-induced currents in D1-MSNs. D1-

Cre;Ai14 mice were treated and D1-MSNs were recorded as in Figure 2.1C except that a 

different concentration of NMDA was used. Left, Changes in holding currents were measured 

after NMDA (15 µM) was applied to the slices. Right, bar graphs summarizing the peak 

amplitudes of NMDA currents in both water and alcohol groups. **p < 0.01, unpaired t test. n = 

17 neurons from 4 mice per group. (C) Sample traces of AMPAR-mediated (black) and 

NMDAR-mediated (red) EPSCs in D1-MSNs from the alcohol and water groups. (D) Bar graphs 

showing the NMDA/AMPA ratio was increased in the alcohol group (11 neurons, 7 mice) when 

compared to the water control (10 neurons, 7 mice). *p < 0.05, unpaired t test. (E) Sample traces 

of AMPAR-mediated (black) and NMDAR-mediated (red) EPSCs in D2-MSNs from the alchol 

and water groups. (F) Bar graphs showing the NMDA/AMPA ratio did not differ between the 

alcohol (8 neurons, 6 mice) and water (9 neurons, 8 mice) groups. Scale bars (C and E): 50 pA, 

10 ms. 
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Figure 2.9. (Supplementary Figure 3 in Cheng et al., 2017) Enhancement of GABAergic 

activity in DMS neurons by repeated cycles of alcohol intake and withdrawal. 

(A) Identical alcohol-drinking levels of D1- and D2-labeling transgenic mice included in Figure 

2.2. p > 0.05 by unpaired t test. n = 6 (D1) and 5 (D2) mice. (B) Repeated cycles of excessive 

alcohol consumption and withdrawal significantly increased tonic GABA currents in DMS D1-

MSNs. D1-Cre; Ai14 mice were treated and D1-MSNs were recorded as in Figure 2.2A. Slices 

were continuously perfused with GABA (5 M) and followed by application of the GABAAR 

blocker, bicuculline methiodide (BMI, 25 M) to obtain tonic GABA currents. Representative 

traces of tonic GABA currents in D1-MSNs from alcohol and water groups (left). The 

amplitudes of the tonic GABA currents observed in both groups (14 neurons from the alcohol 

group and 12 neurons from the water group, 4 mice per group) were summarized (right). **p < 

0.01, unpaired t test. Scale bar: 30 pA, 5 sec. (C-E) Repeated cycles of excessive alcohol 

drinking and withdrawal increased the mIPSC amplitudes and frequencies in non-fluorescent, 

putative D2-MSNs of the DMS from D1-Cre;Ai14 mice. Representative mIPSC traces (C) and 

cumulative probability plots showing the distributions of mIPSC amplitudes (D) and inter-event 

intervals (E) in putative D2-MSNs from alcohol-drinking mice (15 neurons, 4 mice) and water 

controls (16 neurons, 4 mice). Inset, bar graphs present the mean mIPSC amplitudes (D) and 

frequencies (E). Scale bar: 30 pA, 0.5 sec (C). *p < 0.05, ***p < 0.001, unpaired t test. 
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Figure 2.10. (Supplementary Figure 4 in Cheng et al., 2017) Verification of selective hM4Di 

and ChR2 expression in DMS D2-MSNs. 

(A) AAV-DIO-hM4Di-mCherry was infused into the DMS of a D2-Cre mouse. hM4Di-

expressing D2-MSNs projected to the GPe (bottom). Scale bar: 1 mm. The arrowhead indicates 

the injection track. The upper panels show micrographs of 12 striatal neurons from the indicated 

box (bottom), stained with NT-green (left). Six of these expressed mCherry (middle) and were 

yellow in the merged image (right). Scale bar: 10 µm. (B) Representative sagittal view of 

mCherry and eYFP fluorescence in a brain slice from a D2-Cre mouse infused with the viral 

cocktail expressing ChR2-eYFP and hM4Di-mCherry. Scale bar, 0.2 mm.
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Figure 2.11. (Supplementary Figure 5 in Cheng et al., 2017) Ex vivo electrophysiology validation of DREADDs of D1-MSN-

mediated synaptic transmission in SNr neurons. 

(A) Schematic diagram of ex vivo electrophysiology validation. A cocktail of AAV-DIO-hM4Di-mCherry and AAV-Chronos-eGFP 

vectors was infused into the DMS of D1-Cre mice, and Chronos-mediated striatonigral oIPSCs were recorded in SNr neurons. (B) 

Representative low-magnification horizontal view of mCherry and eGFP fluorescence in a brain slice from a D1-Cre mouse infused 

with the viral cocktail. Scale bar, 0.2 mm.  (C) CNO application to slices decreased the oIPSC amplitude in SNr neurons from D1-Cre 

mice infused with hM4Di and Chronos viruses in the DMS. Left, Sample traces of oIPSCs at baseline (BL) and during CNO 

application. Scale bars: 20 ms, 100 pA. Right, Time course of oIPSC amplitudes before, during, and after CNO application (5 neurons, 

3 mice). (D) Schematic diagram of ex vivo electrophysiology validation of hM3Dq, as described for A. (E) Bath application of CNO 

increased the amplitude of Chronos-mediated oIPSCs in SNr neurons from D1-Cre mice infused with hM3Dq and Chronos viruses in 

the DMS. Left, Sample traces of oIPSCs at baseline (BL) and during CNO application. Scale bar: 20 ms, 200 pA. Right, Time course 

of oIPSCs before, during and after CNO application (7 neurons, 4 mice). 
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Figure 2.12. (Supplementary Figure 6 in Cheng et al., 2017) Effect of in vivo chemogenetic 

excitation of D1-MSNs or inhibition of D2-MSNs of the DMS on alcohol and water 

consumption at 4 and 24 hr. A Cre-inducible hM3Dq virus was infused into the DMS of D1-

Cre mice and a Cre-inducible hM4Di virus was infused into the DMS of D2-Cre mice. 

(A) CNO administration (3 mg/kg) did not alter 4-hr (left) or 24-hr (right) alcohol intake in D1-

Cre mice expressing hM3Dq. The 4-hr alcohol intake was reduced during post-CNO, as 

compared to during CNO. *p < 0.05. (B) CNO injection did not change 4-hr (left) or 24-hr 

(right) alcohol preference in D1-Cre mice expressing hM3Dq. (C) Administration of CNO did 

not change 4-hr (left) or 24-hr (right) water intake in D1-Cre mice expressing hM3Dq. (D) 

Systemic administration of CNO significantly increased in 4-ht (left) but not 24-hr (right) 

alcohol intake in D2-Cre mice expressing hM4Di. *p < 0.05. (E) CNO administration did not 

increase alcohol preference at 4-hr or 24-hr (right) in D2-Cre mice expressing hM4Di. (F) CNO 

injection did not alter 4-hr (left) or 24-hr (right) water intake in D2-Cre mice expressing hM4Di. 

n = 14 (A-C) and 7 (D-F) mice. 
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Figure 2.13. (Supplementary Figure 7 in Cheng et al., 2017) Effect of in vivo chemogenetic inhibition of D1-MSNs. 

(A-D) and excitation of D2-MSNs in the DMS on alcohol, water, and saccharin consumption (E-H). The cre-inducible hM4Di and 

hM3Dq viruses were infused into the DMS of D1-Cre and D2-Cre mice, respectively. (A,B) Systemic administration of CNO (5 

mg/kg) reduced 4-hr (left), but not 24-hr (right) alcohol intake (A) and alcohol preference (B) in D1-Cre mice expressing hM4Di. *p < 

0.05, **p < 0.01, ***p < 0.001. (C,D) Systemic administration of CNO (5 mg/kg) did not change 4-hr (left) or 24-hr (right) water (C) 

or saccharin (D) intake in D1-Cre mice expressing hM4Di. (E) Systemic administration of CNO reduced 4-hr (left) but not 24-hr 

(right) alcohol intake in D2-Cre mice with hM3Dq. *p < 0.05, **p < 0.01. (F) CNO administration did not change 4-hr (left) or 24-hr 

(right) alcohol preference in D2-Cre mice expressing hM3Dq. (G,H) Systemic administration of CNO did not alter 4-hr (left) or 24-hr 

(right) water (G) and saccharin (H) intake in D2-Cre mice expressing hM3Dq. n = 12 (A-D) and 12 (E-H) mice. 
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Figure 2.14. (Supplementary Figure 8 in Cheng et al., 2017) Chemogenetic excitation of 

DMS D2-MSNs prevented expression of alcohol-conditioned place preference. 

(A) Diagram showing the schedule of the alcohol-conditioned place preference experiment. Two 

groups of D2-Cre mice were infused with AAV-hM3Dq in their DMS and then administered 

20% alcohol (2 g/kg) and saline in paired and unpaired sessions, respectively. The experimental 

group received a CNO (1 mg/kg) injection and the control group received a vehicle injection 30 

min before the postconditioning test. (B) CNO administration prevented the expression of 

alcohol-conditioned place preference. Alcohol-conditioned place preference was expressed as the 

ratio ± S.E.M. of the time spent in the alcohol-paired compartment divided by the time spent in 

all compartments. **p < 0.01, paired t test. n = 8 mice per groups.  
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Figure 2.15. (Supplementary Figure 9 in Cheng et al., 2017) Manipulation of DMS D2R 

signaling via GSK3 did not change water intake. 

(A) Intra-DMS infusion of vehicle (DMSO), quinpirole (6 µg/0.5 µl in DMSO), or a cocktail of 

quinpirole and SB216763 (40 ng/µl in DMSO) did not change 2-hr water consumption. Unpaired 

t test. n = 9 (Veh), 7 (Quin), and 9 (Quin + SB) mice. (B) Intra-DMS infusion of SB216763 

alone did not alter 2-hr water drinking. Unpaired t test. n = 8 mice per groups. (C) Intra-DMS 

infusion of the GABAAR antagonist, picrotoxin (PTX, 1 µg/µl in DMSO) did not alter water 

drinking at 2 hr. Unpaired t test. n = 8 (Veh) and 5 (PTX) mice.   
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CHAPTER III 

BIDIRECTIONAL AND LONG-LASTING CONTROL OF ALCOHOL-SEEKING 

BEHAVIOR BY CORTICOSTRIATAL LTP AND LTD*

3.1 Overview 

Addiction is proposed to arise from alterations in synaptic strength via mechanisms of 

long-term potentiation (LTP) and depression (LTD). However, the causality between these 

synaptic processes and addictive behaviors is difficult to demonstrate. Here we report that 

LTP/LTD induction altered operant alcohol self-administration, a motivated drug-seeking 

behavior. We first induced LTP by pairing presynaptic glutamatergic stimulation with 

optogenetic postsynaptic depolarization in the dorsomedial striatum, a brain region known to 

control goal-directed behavior. Blockade of this LTP by NMDA receptor inhibition unmasked an 

endocannabinoid-dependent LTD. In vivo application of the LTP-inducing protocol caused a 

long-lasting increase in alcohol-seeking behavior, while the LTD protocol decreased this 

behavior. We further identified that optogenetic LTP/LTD induction at cortical inputs onto 

striatal dopamine D1 receptor-expressing neurons controlled these behavioral changes. Our 

results demonstrate a causal link between synaptic plasticity and alcohol-seeking behavior, and 

that modulation of this plasticity may inspire a therapeutic strategy for addiction. 

3.2 Introduction 

Drug addiction is a mental illness that is viewed as a transition from recreational use to 

compulsive drug-seeking and -taking (Koob and Volkow, 2010; Volkow and Morales, 2015; 

                                                 

* This chapter is re-printed with permission from “Bidirectional and long-lasting control of alcohol-seeking behavior 

by corticostriatal LTP and LTD” by Ma T, Cheng Y, Roltsch Hellard E, Wang X, Lu J, Gao X, Huang CCY, Wei 

XY, Ji JY, Wang J, 2018. Nature Neuroscience, 21, 373. Copyright [2018] by Springer Nature. 
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Everitt and Robbins, 2016). This behavioral transition is proposed to be controlled by “drug-

evoked plasticity” (Koob and Volkow, 2010; Luscher and Malenka, 2011; Volkow and Morales, 

2015; Everitt and Robbins, 2016). However, exactly how synaptic plasticity controls the adaptive 

changes in drug-seeking behavior remains unclear. The dorsomedial striatum (DMS), a brain 

region crucially involved in drug and alcohol addiction, receives glutamatergic inputs from 

several brain areas (Yin and Knowlton, 2006; Balleine and O'Doherty, 2010; Lovinger, 2010; 

Everitt and Robbins, 2016). In these neural circuits, the medial prefrontal cortex (mPFC) afferent 

into the DMS is essential for the control of goal-directed behaviors (Yin and Knowlton, 2006; 

Balleine and O'Doherty, 2010; Lovinger, 2010; Everitt and Robbins, 2016), and this connection 

is linked to drug or alcohol addiction (Yin and Knowlton, 2006; Everitt and Robbins, 2016; Ma 

et al., 2017). For example, exposure to drugs of abuse or alcohol potentiates AMPA receptor 

(AMPAR)- and NMDA receptor (NMDAR)-mediated glutamatergic transmission in the DMS 

(Wang et al., 2010; Wang et al., 2012; Corbit et al., 2014; Ma et al., 2017), while 

pharmacological inhibition of striatal glutamatergic transmission transiently suppresses operant 

alcohol self-administration and cocaine relapse (Wang et al., 2010; Wang et al., 2012; Ma et al., 

2014; Pascoli et al., 2014). Although these studies indicate that drugs and alcohol evoke 

corticostriatal plasticity, which may, in turn, contribute to drug-seeking and -taking behaviors, 

there has been no direct demonstration that synaptic plasticity drives addictive behaviors.  

The DMS contains two types of medium spiny neurons (MSNs): D1-MSNs express 

dopamine D1 receptors (D1Rs) and D2-MSNs contain D2Rs (Gerfen and Surmeier, 2011). Both 

neuronal types receive mPFC inputs(Pascoli et al., 2014). While synaptic plasticity, including 

long-term potentiation (LTP) and depression (LTD), was observed in both D1- and D2-MSNs 

(Shen et al., 2008), drug- or alcohol-induced plasticity was found predominantly in striatal D1-
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MSNs (MacAskill et al., 2014; Pascoli et al., 2014; Cheng et al., 2017). Mimicking alcohol-

evoked plasticity by inducing LTP, or reversing this plasticity by inducing LTD, will provide a 

new understanding of how this plasticity controls alcohol-seeking behavior. LTP/LTD induction 

at specific neuronal circuits requires simultaneous control of both pre- and post-synaptic 

neurons, which can be achieved using a recently developed dual-channel optogenetic technique 

(Fenno et al., 2011; Klapoetke et al., 2014).  

In this study, we paired optogenetic postsynaptic depolarization (oPSD) with presynaptic 

glutamatergic stimulation; this greatly enhanced NMDAR-mediated transmission and induced a 

reliable NMDAR-dependent LTP, as well as an endocannabinoid (eCB)-dependent LTD. 

Importantly, in vivo optogenetic delivery of the LTP protocol to the corticostriatal synapses 

within the DMS produced a long-lasting increase in operant self-administration of alcohol. 

Conversely, delivery of the LTD protocol led to a long-lasting decrease in this behavior. 

Furthermore, we discovered that the in vivo LTP and LTD protocols preferentially induced 

plasticity in D1-MSNs and that selective induction of LTP/LTD in this neuronal type produced 

the corresponding changes in alcohol-seeking behavior. These findings demonstrate a causal link 

between DMS corticostriatal synaptic plasticity and alcohol-seeking behavior and indicate that 

the reversal of drug-evoked synaptic plasticity may provide a novel therapeutic strategy for the 

treatment of alcohol use disorder. 

3.3 Results 

3.3.1. oPSD facilitates induction of NMDAR-dependent LTP and eCB-LTD in the DMS 

In dorsostriatal slices, LTD is the easiest form of synaptic plasticity to observe, while 

LTP is more difficult to detect (Surmeier et al., 2009; Lovinger, 2010). A D2R antagonist was 

thus included in the recording solution in order to prevent LTD (Shen et al., 2008) and favor the 
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induction of LTP. Field excitatory postsynaptic potentials/population spikes (fEPSP/PS) were 

evoked by electrical stimulation within the DMS (Figure 3.1A), but these were not potentiated by 

electrical high-frequency stimulation (eHFS) (Figure 3.1B and Supplementary Figure 1A). This 

observation is consistent with previous reports (Kreitzer and Malenka, 2007; Lovinger, 2010). 

Previous studies also suggested that sufficient postsynaptic depolarization was necessary for 

reliable LTP induction (Surmeier et al., 2009). Therefore, we examined whether postsynaptic 

depolarization by somatic current injection (iPSD) facilitated LTP induction. Using whole-cell 

recording, we discovered that paired eHFS and iPSD produced little LTP (Supplementary Figure 

1B). This is consistent with the notion that current injection-elicited action potentials do not 

back-propagate to the distal dendrites of striatal neurons (Surmeier et al., 2009); insufficient 

depolarization of this region means that no LTP is generated. In contrast, optogenetics can be 

used to depolarize any process of postsynaptic neurons, with no limitation of their distance to the 

soma, and in a non-invasive manner (Mattis et al., 2012). We observed that optogenetic 

postsynaptic depolarization (oPSD) induced a higher distal dendritic calcium transient than iPSD 

(Supplementary Figure 2), suggesting that oPSD produced more effective depolarization of this 

region.  

Next, we assessed whether oPSD facilitates LTP induction. An adeno-associated virus 

(AAV) expressing a channelrhodopsin, C1V1 (Yizhar et al., 2011), was infused into the DMS, 

resulting in C1V1 expression in the soma and distal dendrites (Figure 3.1C). We found that 

pairing of eHFS with oPSD of DMS neurons induced a robust and reliable LTP, whereas oPSD 

alone did not (Figure 3.1D). Furthermore, paired presynaptic stimulation and oPSD enhanced 

synaptic NMDAR activity and consequently Ca2+ influx through this channel (Supplementary 

Figure 3). LTP was blocked by bath application of an NMDAR antagonist, APV (Figure 3.1E). In 
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addition, it was reported that dorsostriatal LTP induction also depended on D1R activation (Shen 

et al., 2008; Lovinger, 2010). We found that optogenetic LTP was inhibited by a D1R antagonist, 

SCH 23390, and was facilitated by D1R activation (Supplementary Figure 4). Collectively, these 

results suggest that paired presynaptic stimulation and oPSD produced effective distal dendrite 

depolarization and induced robust NMDAR-dependent LTP that is strongly regulated by D1R 

signaling.  

Surprisingly, after blockade of optogenetic LTP by APV, LTD was observed (Figure 

3.1E). This LTD was completely abolished by bath application of an eCB CB1 receptor (CB1R) 

antagonist, AM251 (Figure 3.1F). This was consistent with previous reports indicating that LTD 

in the dorsal striatum was mediated by the CB1R (Gerdeman et al., 2002; Mathur and Lovinger, 

2012). Since this eCB-LTD only emerged after LTP was blocked, we reasoned that LTP and LTD 

were induced simultaneously, and that LTD was masked by LTP. To assess this possibility, we 

bath-applied AM251 throughout the recording period; this produced a significantly greater 

magnitude of LTP, as compared with that recorded in the absence of AM251 (Figure 3.1G). 

Collectively, these results suggest that both NMDAR-dependent LTP and eCB-LTD were 

induced simultaneously and that the LTP masked the LTD. 

3.3.2. oPSD facilitates corticostriatal LTP in the DMS 

Corticostriatal plasticity is critical for drug-seeking behaviors (Yin and Knowlton, 2006; 

Balleine and O'Doherty, 2010; Lovinger, 2010; Everitt and Robbins, 2016). We, therefore, 

examined whether oPSD facilitated LTP induction at specific corticostriatal afferents in the 

DMS. We expressed two channelrhodopsins simultaneously in order to selective stimulation of 

cortical inputs and oPSD of DMS neurons: Chronos (Klapoetke et al., 2014) was expressed in 

the mPFC and Chrimson (Klapoetke et al., 2014) was expressed in the DMS (Figure 3.2A,B). 
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Chronos-expressing mPFC neurons and their projections to the DMS were able to follow high-

frequency (up to 50 Hz) light stimulation (Supplementary Figure 5). We thus used light 

stimulation of 50 Hz for 2 sec (oHFS), paired with oPSD of DMS neurons, to induce LTP. While 

oHFS of corticostriatal fibers or oPSD alone caused little potentiation (Figure 3.2C,D), a robust 

LTP was observed following paired oHFS and oPSD (Figure 3.2C). This corticostriatal LTP was 

abolished by APV or MK801, as expected (Figure 3.2E and Supplementary Figure 6A). 

Surprisingly, no LTD was observed after LTP was blocked (Figure 3.2E and Supplementary 

Figure 6B); this contrasted with the results produced by pairing eHFS and oPSD (Figure 2.1E). 

However, whole-cell recording detected a robust LTD in specific D1-MSNs (Supplementary 

Figure 6C). This was consistent with a recent report showing that selective optogenetic 

stimulation of cortical inputs induced LTD only in D1-MSNs (Wu et al., 2015). Collectively, 

these data suggest that paired oHFS and oPSD induces corticostriatal LTP, as well as LTD in D1-

MSNs.  

LTP stimulation has been demonstrated to induce expression of immediate early genes, 

contributing to drug addiction(Girault et al., 2007; Minatohara et al., 2015). We analyzed DMS 

slices and found that paired oHFS and oPSD, but not oHFS or oPSD alone, significantly 

increased mRNA levels of Npas4 (neuronal PAS domain protein 4) gene, which encodes the 

Npase4 protein (Figure 3.2F). This immediate early gene is associated with synaptic plasticity 

and positive valence experience (Sun and Lin, 2016; Ye et al., 2016). 

3.3.3. In vivo optogenetic induction of corticostriatal LTP in the DMS produces a long-

lasting increase in operant alcohol self-administration in rats 

Our ex vivo findings revealed that paired oHFS and oPSD elicited LTP in the DMS. We 

thus asked whether in vivo delivery of this LTP-inducing protocol (oHFS+oPSD) altered alcohol-
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seeking behavior. To test this possibility, rats were trained to self-administer alcohol in operant 

chambers. Chronos and Chrimson were expressed as described above, and optical fibers were 

implanted into the DMS (Figure 3.3A). We found that in vivo delivery of this optogenetic 

protocol produced significant increases in active lever presses, alcohol deliveries, and alcohol 

intake at 30 min, 2 days, and 4 days (Figure 3.3B and Supplementary Figure 7A). This increased 

alcohol intake resulted in elevated blood alcohol concentrations (Supplementary Figure 7B,C). In 

contrast, oHFS or oPSD alone did not alter alcohol-seeking behavior (Supplementary Figure 

7D,E). Together, these data suggest that in vivo delivery of this LTP-inducing protocol is 

sufficient to cause long-lasting enhancement of alcohol-seeking behavior. However, systemic 

administration of antagonists of NMDARs (MK801) or D1Rs (SCH 23390) blocked this effect 

of the LTP-inducing protocol on alcohol-seeking behavior (Supplementary Figure 7F,G). Note 

that administration of SCH 23390 alone did not affect this behavior (Supplementary Figure 7H). 

These results suggest that both NMDARs and D1Rs are required for the enhancement of alcohol-

seeking behavior by in vivo LTP induction.  

Next, we asked whether the LTP-inducing protocol specifically enhanced alcohol-seeking 

behavior. Another cohort of rats was trained to self-administer sucrose prior to receiving the 

same LTP-inducing protocol as the alcohol group. We found that the LTP protocol did not alter 

the active lever presses, sucrose deliveries, or sucrose intake (Figure 3.3C and Supplementary 

Figure 7I). We then asked why the same LTP-inducing protocol specifically promoted alcohol-

seeking, but not sucrose-seeking, in rats. On day 2 post-LTP induction, both AMPAR-mediated 

excitatory postsynaptic currents (EPSCs) and the AMPAR/NMDAR ratio were increased in the 

alcohol group (Figure 3.3D,E), but not in the sucrose group (Figure 3.3F,G). Interestingly, prior 

to in vivo LTP induction, operant alcohol or sucrose self-administration had increased the 
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AMPAR/NMDAR ratio, as compared with the water group without operant training 

(Supplementary Figure 8A). The increase was slightly lower in the alcohol-treated rats than in 

the sucrose controls, but the difference was not statistically significant (Q = 2.86, P = 0.051, 

SNK test). These data suggest that while operant-training produced plasticity in alcohol and 

sucrose groups, in vivo delivery of the LTP-inducing protocol caused further long-lasting 

synaptic potentiation selectively in the alcohol group. This difference may reflect the distinct 

effects of alcohol and sucrose on NMDAR activity (Rosenmund and Stevens, 1996; Wang et al., 

2007; Kash et al., 2009; Lovinger, 2010). To investigate this, we measured NMDAR activity in 

the DMS of rats that self-administered alcohol or sucrose. We found that the amplitude of 

NMDAR-mediated EPSCs was significantly higher in the alcohol group than in the sucrose 

group (Supplementary Figure 8B,C). Furthermore, LTP was induced in DMS slices from the 

alcohol-treated rats, but not in those from the sucrose-drinking animals (Supplementary Figure 

8D), suggesting that alcohol-mediated facilitation of NMDAR activity(McCool, 2011; Lovinger 

and Kash, 2015) promotes subsequent ex vivo and in vivo induction of LTP. In addition, the 

rectification index of AMPAR-EPSCs was significantly enhanced following in vivo LTP 

induction (Supplementary Figure 9), suggesting that this plasticity is mediated by an increase in 

calcium-permeable AMPARs.  

Collectively, these results suggest that induction of corticostriatal LTP in the DMS 

produces a long-lasting and specific increase in operant alcohol self-administration in rats. 

3.3.4. In vivo optogenetic delivery of an LTD-inducing protocol in the DMS produces a 

long-lasting decrease in alcohol-seeking behavior in rats 

Having observed the link between LTP and alcohol-seeking behavior, we reasoned that 

reversal of alcohol-induced potentiation of corticostriatal inputs by LTD should reduce alcohol-
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seeking behavior. To induce LTD in vivo, we systemically administered a cocktail of MK801 and 

a D2R antagonist, raclopride, 30 min before delivering oHFS and oPSD (Figure 3.4A). We used 

these two categories of antagonists because they were employed in the ex vivo LTD experiments 

described above (Figure 3.1E and Supplementary Figure 6C). Thirty minutes after oHFS and 

oPSD delivery, significant reductions in active lever presses, alcohol deliveries, and alcohol 

intake were observed; these reductions were maintained for at least 7 days (Figure 3.4B and 

Figure 3.5.18A). Note that neither the cocktail (MK801+raclopride) plus oHFS (Supplementary 

Figure 10B-D) nor the cocktail alone (Supplementary Figure 10E-G) affected alcohol-seeking 

behavior. Together with our finding that oHFS+oPSD+MK801 induced no changes in alcohol 

consumption (Supplementary Figure 7G), these data suggest that the in vivo LTD-inducing 

protocol (oHFS+oPSD+MK801+raclopride) produces a long-lasting reduction of alcohol-

seeking behavior and that this induction requires D2R blockade. 

Since the LTD induction is eCB-dependent (Figure 3.1E), we examined whether blockade 

of CB1Rs attenuated the effect of the LTD-inducing protocol on alcohol-seeking behavior. We 

found that systemic administration of additional AM251 completely abolished the LTD-induced 

reduction of active lever presses, alcohol deliveries, and alcohol intake (Figure 3.4C and 

Supplementary Figure 10H-I). In contrast, AM251 itself did not alter alcohol-seeking behavior 

(Supplementary Figure 10J-L). Lastly, our ex vivo results further ascertained that the paired-pulse 

ratio was significantly increased (Figure 3.4D) and that the frequency of spontaneous miniature 

EPSCs was decreased (Figure 3.4E) 2 days after delivery of the LTD protocol, confirming a 

presynaptically expressed striatal eCB-LTD. These data indicate that delivery of the in vivo LTD-

inducing protocol at the corticostriatal synapses within the DMS produced a long-lasting 

suppression of alcohol-seeking behavior. 
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3.3.5. In vivo deliveries of LTP and LTD protocols cause plasticity preferentially in DMS 

D1-MSNs 

The DMS contains D1- and D2-MSNs, which have been reported to exert opposite 

effects on drug and alcohol drinking behaviors (Lobo and Nestler, 2011; Cheng et al., 2017). We 

thus explored how LTP or LTD induction altered glutamatergic transmission in these two 

neuronal types.  

First, to examine ex vivo LTP induction in D1- and D2-MSNs, we infused AAV-DIO-

ChR2-mCherry into the DMS of Drd1a- and Drd2-Cre transgenic mice, to enable selective 

depolarization of D1- or D2-MSNs. Paired eHFS and oPSD induced significant LTP, which did 

not differ between D1- and D2-MSNs (Figure 3.5A,B). This promoted us to explore how 

synaptic transmission changed in these two neuronal populations following in vivo LTP 

induction. To achieve this, we infused Chronos into the mPFC and Chrimson into the DMS of 

adult rats, as described above (Figure 3.3A). D1-MSNs were labeled by retrograde beads infused 

into the substantia nigra pars reticulata (SNr) (Figure 3.5C, left), whereas D2-MSNs were labeled 

by infusion of AAV-D2SP-eYFP (Figure 3.5C, right). Two days after in vivo delivery of the LTP-

inducing protocol, the AMPAR-EPSC amplitude and the AMPAR/NMDAR ratio were increased 

in D1-MSNs, but not in D2-MSNs (Figure 3.5D,E), as compared with slices from control rats 

that were not exposed to light stimulation. This cell type-specific LTP induction is likely 

attributable to the higher GluN2B/NMDA ratio in D1-MSNs than in D2-MSNs (Figure 3.5F), as 

alcohol-mediated enhancement of GluN2B promotes LTP induction (Wang et al., 2012; Wills et 

al., 2012). Collectively, these data indicate that the in vivo LTP protocol potentiated synaptic 

transmission selectively in D1-MSNs.  

We next investigated whether LTD was also preferentially induced in D1-MSNs ex vivo 
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and in vivo. To induce oPSD selectively in rat D1-MSNs, we infused a retrograde AAV encoding 

Cre (AAV5-Cre) into the SNr and a Cre-inducible AAV expressing Chrimson (AAV-Flex-

Chrimson-tdTomato) (Klapoetke et al., 2014) into the DMS. We found that in DMS slices from 

alcohol-naïve rats, a protocol (eHFS+oPSD+MK801+raclopride) that was similar to that used to 

successfully induce LTD (Figure 1E) caused a robust LTD in D1-MSNs; this LTD was abolished 

by AM251 (Figure 3.6A,B). To induce oPSD specifically in D2-MSNs, we infused AAV-D2SP-

ChR2 (Zalocusky et al., 2016) into the DMS of alcohol-naïve rats. We found that the same 

protocol of eHFS+oPSD+MK801+raclopride did not produce any LTD in the D2-MSNs (Figure 

3.6A,C), which was consistent with previous reports(Wang et al., 2006; Kreitzer and Malenka, 

2007). 

Lastly, to ascertain whether in vivo LTD induction caused glutamatergic depression in 

D1-MSNs, we measured corticostriatal EPSCs in DMS slices prepared two days after in vivo 

delivery of the LTD-inducing protocol. We found that the LTD protocol reduced the release 

probability, as indicated by the increased paired-pulse ratio, and reduced the mEPSC frequency 

in D1-, but not D2-, MSNs, as compared to neurons from control animals without LTD induction 

(Figure 3.6D-G). These results indicate that in vivo LTD induction leads to long-lasting 

depression of corticostriatal inputs selectively onto DMS D1-MSNs.  

Taken together, our results suggest that in vivo delivery of optogenetic LTP and LTD 

protocols preferentially induced plasticity in DMS D1-MSNs. 

3.3.6. Selective LTP and LTD induction in DMS D1-MSNs produces long-lasting changes in 

controls alcohol-seeking behavior 

Finally, we examined whether in vivo induction of corticostriatal LTP or LTD directly in 

DMS D1-MSNs altered alcohol-seeking behavior. For oHFS, we infused AAV-Chronos into the 
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mPFC; for oPSD of D1-MSNs, we infused the retrograde AAV5-Cre into the SNr and AAV-Flex-

Chrimson into the DMS (Figure 3.7A). These infusions led to Chronos expression at the mPFC 

inputs and selective Chrimson expression in DMS D1-MSNs (Figure 3.7B). In vivo LTP 

induction produced significant increases in active lever presses, alcohol deliveries, and alcohol 

intake at 30 min; this effect persisted for at least 2 days (Figure 3.7C and Supplementary Figure 

11A). However, D1-MSN oPSD alone did not alter alcohol-seeking behavior (Figure 3.7D and 

Supplementary Figure 11B,C). These data suggest that in vivo corticostriatal LTP in DMS D1-

MSNs caused a long-lasting potentiation of alcohol-seeking behavior. 

In contrast, we found that delivery of the in vivo LTD-inducing protocol to the mPFC 

input onto D1-MSNs caused sustained decreases in active lever presses, alcohol deliveries, and 

alcohol intake at 30 min and 2 days (Figure 3.7E and Supplementary Figure 11D). This 

behavioral effect was abolished by systemic administration of AM251 (Figure 3.7F and 

Supplementary Figure 11E,F), which confirmed that eCB signaling regulated this inhibition of 

alcohol-seeking behavior. These data demonstrate that eCB-LTD in D1-MSNs is required for the 

long-lasting decrease in alcohol-seeking behavior. 

3.4 Discussion 

In this study, we provide evidence to suggest that alcohol intake induces glutamatergic 

plasticity, which can be further potentiated by in vivo LTP induction, and that this causes long-

lasting enhancement of alcohol-seeking behavior (Figure 3.8A). In contrast, in vivo LTD 

induction suppresses this plasticity and produces a long-lasting reduction of this behavior. We 

report that pairing HFS of corticostriatal afferents with oPSD of DMS neurons induces a robust 

NMDAR-dependent LTP, which masks an eCB-LTD (Figure 3.8B). Furthermore, we discovered 

that LTP and LTD in D1-MSNs contributed to the alteration of alcohol-seeking behavior (Figure 
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3.8B,C). These results provide a direct causal link between long-term synaptic plasticity within a 

given neural circuit (mPFC → DMS D1-MSNs) and alcohol-seeking behavior. Our findings also 

demonstrate that induction of D1-MSN LTD might be a potential therapeutic strategy for alcohol 

use disorder.  

3.4.1. oPSD facilitates LTP and LTD induction in the dorsal striatum 

It has long been known that dorsostriatal LTP induction proves difficult, possibly due to 

insufficient depolarization of striatal neurons (Calabresi et al., 1992; Surmeier et al., 2009). In 

this study, oPSD was used to strongly depolarize the distal dendrites of these neurons, thus 

enhancing NMDAR channel opening and calcium influx, which is required for LTP induction 

(Calabresi et al., 1992; Surmeier et al., 2009) (Figure 3.8B). Interestingly, blockade of LTP by 

NMDAR antagonists leads to LTD; this is consistent with a study showing that LTP blockade by 

memantine shifted LTP to LTD (Mancini et al., 2016). However, APV or MK801 was found to 

shift the plasticity in the current research, but not in the study by Mancini et al. (Mancini et al., 

2016). This discrepancy may reflect the fact that eCB-LTD was induced mainly by oPSD in the 

presence of a D2R antagonist in the current study, and by D2R activation in the previous 

research. In addition, we report that dopamine D1R signaling plays a critical modulatory role in 

optogenetic LTP. The observations that blockade of LTP unmasks eCB-LTD and that blockade 

of eCB-LTD enhances the LTP magnitude suggest that paired HFS and oPSD simultaneously 

induces NMDAR-dependent LTP and eCB-LTD.  

The current oPSD also facilitated LTP in the specific corticostriatal input when we used 

dual-channel optogenetics. The precise control of both pre- and post-synaptic activity allowed us 

to reliably induce LTP for the first time. LTP induction is known to activate the expression of 

immediate early genes such as Npas4, which has recently been identified as an important factor 
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in brain plasticity (Sun and Lin, 2016). Expression of the Npas4 gene requires Ca2+ influx and is 

associated with drug addiction (Ye et al., 2016). Indeed, the mRNA level Npas4 gene is increased 

only after paired oHFS and oPSD, suggesting that oPSD predominantly facilitates LTP at 

corticostriatal synapses. 

3.4.2. Optogenetic LTP induction promotes, and LTD induction suppresses, alcohol-

seeking behavior 

 The corticostriatal circuit is believed to control goal-directed behaviors, including drug-

seeking behavior (Yin and Knowlton, 2006; Balleine and O'Doherty, 2010; Lovinger, 2010; 

Everitt and Robbins, 2016). In vivo optogenetic induction of corticostriatal LTP enhances 

alcohol-seeking behavior, suggesting a link between this plasticity and the behavior. The 

selective effects of LTP on operant self-administration of alcohol versus sucrose may reflect the 

distinct activities of these two chemicals on the rats. Operant training with alcohol, but not with 

sucrose, enhanced NMDAR activity and facilitated subsequent in vivo and ex vivo induction of 

LTP. This finding is consistent with previous reports indicating that ex vivo or in vivo alcohol 

exposure caused long-term facilitation of NMDAR activity (Wang et al., 2007; Kash et al., 2009; 

Lovinger, 2010; Wang et al., 2010), which is required for LTP induction in the dorsal striatum 

(Lovinger, 2010) and for operant alcohol self-administration (Wang et al., 2010). Operant 

alcohol self-administration induced a smaller, but not significant, increase in AMPAR/NMDAR 

ratio than did operant sucrose training. This ratio difference might be attributable to the higher 

NMDAR activity in alcohol-treated rats than in sucrose controls.  

How drug (e.g., cocaine)-evoked plasticity affects subsequent LTP induction is likely to 

depend on the degree of saturation of the plasticity. Our study reveals that operant alcohol self-

administration using the FR3 schedule induced glutamatergic plasticity (increased 
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AMPAR/NMDAR ratio). This plasticity was not saturated because the AMPAR/NMDAR ratio 

was further potentiated by in vivo LTP induction, and LTP was induced in slices from alcohol-

drinking animals. It is known that 1-2 day(s) withdrawal from cocaine exposure induces silent 

synapses that contain NMDARs but not AMPARs (Huang et al., 2009; Lee et al., 2013; Dong 

and Nestler, 2014; Ma et al., 2014); these can mature over time (e.g., at 45 days)(Lee et al., 2013; 

Ma et al., 2014; Ma et al., 2016) and potentially contribute to subsequent LTP occlusion (Creed 

et al., 2015; Creed et al., 2016). These studies suggest that short-term withdrawal from drug 

exposure induces unsaturated plasticity. Since we induced LTP 24 hours after the last alcohol 

exposure, it is not surprising that no occlusion was observed; this is consistent with previous 

reports (Wang et al., 2012; Wills et al., 2012). 

Pharmacological inhibition of alcohol-evoked glutamatergic strengthening in the DMS 

attenuates alcohol consumption (Wang et al., 2012). However, this inhibition is transient and 

disappears as the inhibitory compounds are metabolized. Furthermore, structural plasticity, such 

as an increased density of mushroom spines, has been observed following alcohol consumption 

(Wang et al., 2015). In this study, in vivo eCB-LTD induction elicited a long-lasting decrease in 

alcohol-seeking behavior, indicating that this plasticity mediates more sustained behavior 

changes (Sidhpura and Parsons, 2011).  

3.4.3. LTP and LTD in D1-MSNs affect alcohol-seeking behavior 

While the present study and others (Shen et al., 2008; Surmeier et al., 2009) report that 

LTP can be induced in both D1- and D2-MSNs in slices from alcohol-naïve animals, in vivo 

delivery of our LTP-inducing protocol selectively causes long-lasting potentiation of 

corticostriatal transmission in D1-MSNs of alcohol-drinking rats. This selectivity may be 

attributed to the fact that alcohol consumption potentiates NMDAR activity in D1-, but not D2-, 
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MSNs (Cheng et al., 2017). The current study further identified that alcohol consumption 

specifically potentiated GluN2B-containing NMDAR activity at the mPFC input onto D1-MSNs. 

Alcohol-mediated potentiation of GluN2B-NMDARs was reported to facilitate LTP induction 

(Wang et al., 2012; Wills et al., 2012). Our in vivo LTD-inducing protocol also caused LTD in 

D1-, but not D2-, MSNs because we included a D2R antagonist, which blocks LTD induction in 

D2-MSNs (Kreitzer and Malenka, 2007; Shen et al., 2008) (Figure 3.8C,D). Our findings are in 

agreement with a recent report showing that eCB-LTD was induced at corticostriatal inputs to 

D1-, but not D2-, MSNs (Wu et al., 2015). Given that D1-MSNs positively control alcohol 

consumption (Cheng et al., 2017), it is not surprising that induction of D1-MSN LTP produces 

long-lasting enhancement of operant alcohol self-administration, while LTD induction in this 

neuronal type reduces the same behavior. The induction of LTP/LTD by inducing oPSD 

selectively in D1-MSNs confirmed that synaptic plasticity in this neuronal type is sufficient to 

control alcohol-seeking behavior in a bi-directional manner. Therefore, blockade of striatal LTP 

induction and promotion of eCB-LTD in D1-MSNs may inspire a therapeutic strategy to cause a 

long-lasting reduction of alcohol-seeking behavior. Although optogenetic intervention cannot be 

immediately translated to human use, deep brain stimulation (DBS) is an FDA-approved 

treatment that has the potential to cause LTP (Creed et al., 2015), and probably LTD. Thus, we 

believe that the combined use of DBS and antagonists of the NMDAR (e.g., memantine) and 

D2R may provide novel clinical treatments for alcohol use disorder.  

In summary, we have demonstrated that optogenetic induction of bidirectional long-term 

synaptic plasticity at corticostriatal afferents within the DMS produced long-lasting increases or 

decreases in alcohol-seeking behavior. Importantly, we show that the plasticity of DMS D1-

MSNs controls alcohol-seeking behavior. Our research establishes a causal link between 
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corticostriatal synaptic potentiation and alcohol-seeking behavior and provides an evidence base 

for therapeutic strategies to reduce excessive alcohol consumption. 

3.5 Materials and Methods 

3.5.1. Reagents 

AAV5-CaMKIIa-C1V1(E122T/E162T)-eYFP (3 × 1012 vg/ml), AAV8-Syn-Chronos-

GFP (5.6 × 1012 vg/ml), AAV8-Syn-Chrimson-tdTomato (5.5 × 1012 vg/ml), AAV8-Syn-Flex-

Chrimson-tdTomato (4.1 × 1012 vg/ml) and AAV-EF1a-DIO-ChR2-mCherry (2 × 1012 vg/ml) 

were purchased from the University of North Carolina Vector Core. AAV5-CAG-GCaMP6s (2.2 

× 1013 vg/ml) and AAV5-CMV-Cre-eGFP (4.9 × 1012 vg/ml) were obtained from the University 

of Pennsylvania Vector Core. AAV8-D2SP-eYFP (2.5 × 1012 vg/ml) and AAV8-D2SP-eChR2 

(H134R)-eYFP (2.5 × 1012 vg/ml) were purchased from Gene Vector and Virus Core of Stanford 

University School of Medicine. NBQX and APV were purchased from R&D systems. 

Tetrodotoxin (TTX) was obtained from Tocris. Alexa Fluor 594 was purchased from Invitrogen. 

MK801, sulpiride, raclopride and the other reagents were obtained from Sigma. 

3.5.2. Animals 

Male Long-Evans rats (3 months old, Harlan Laboratories) and Drd1a-Cre (D1-Cre) and 

Drd2-Cre (D2-Cre) transgenic mice (C57BL/6 background, 3 months old, Mutant Mouse 

Regional Resource Centers) were used. Both rats (2/cages) and mice (5/cage) were group-

housed. All animals were kept in a temperature- and humidity-controlled environment with a 

light: dark cycle of 12 h (lights on at 7:00 a.m.), and food and water available ad libitum. All 

behavior experiments were conducted in their light cycle, and animals had no history prior to the 

behavior reported in this paper. All animal care and experimental procedures were approved by 

the Texas A&M University Institutional Animal Care and Use Committee and were conducted in 
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agreement with the National Research Council Guide for the Care and Use of Laboratory 

Animals. 

3.5.3. Stereotaxic virus infusion 

The stereotaxic viral infusion was performed as described previously (Ma et al., 2017). 

Depending on experimental design, viruses or beads were infused into the mPFC (AP: +3.2 and 

+2.6 mm, ML: ±0.65 mm, DV: -4.0 mm from Bregma), the DMS (AP1: +1.2 mm, ML1: ±1.9 

mm, DV1: -4.7 mm; AP2: +0.36 mm, ML2: ±2.3 mm, DV2: -4.7 mm), and the SNr (AP1: -4.92 

mm, ML1: ±2.3 mm, DV1: -8.3 mm; AP2: -5.5 mm, ML2: ±2.0 mm, DV2: -8.6 mm) for rats. 

For mice, the viruses were infused into the DMS (AP1: +1.18 mm, ML1: ±1.3 mm, DV1: -2.9 

mm; AP2: +0.38 mm, ML2: ±1.55 mm, DV2: -2.9 mm from Bregma). 0.5-1 µl of the virus was 

infused bilaterally at a rate of 0.08 µl/min. At the end of the infusion, the injectors remained at 

the site for 10 min to allow for virus diffusion. Animals infused for electrophysiology were 

maintained in their home cages for 6-8 weeks before recordings. For animals infused with 

viruses for behavioral experiments, we started training them to self-administer alcohol or sucrose 

one week after surgery. 

3.5.4. Slice preparation 

The procedure has been described previously (Huang et al., 2017; Ma et al., 2017; Wei et 

al., 2018). Briefly, coronal sections of the striatum (250 µm in thickness) were cut in an ice-cold 

solution containing the following (in mM): 40 NaCl, 143.5 sucrose, 4 KCl, 1.25 NaH2PO4, 26 

NaHCO3, 0.5 CaCl2, 7 MgCl2, 10 glucose, 1 sodium ascorbate, and 3 sodium pyruvate, saturated 

with 95% O2 and 5% CO2. Slices were then incubated in a 1:1 mixture of cutting solution and 

external solution at 32°C for 45 min. The external solution was composed of the following (in 

mM): 125 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 15 sucrose and 15 
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glucose, saturated with 95% O2 and 5% CO2. Slices were maintained in external solution at room 

temperature until use. 

3.5.5. Field potential recording 

For LTP experiments, extracellular field recordings were conducted as previously 

described(Ma et al., 2017). Specifically, the recording used a patch pipette filled with 1 M NaCl 

and was placed within the DMS. DMS slices were visualized under an epifluorescent microscope 

(Examiner A1, Zeiss, Germany). Bipolar stimulating electrodes were positioned 100-150 µm 

away from the recording electrode. Field excitatory postsynaptic potentials/population spikes 

(fEPSP/PS)(Yin et al., 2007) were evoked by electrical stimuli through stimulating electrodes at 

0.05 Hz. Picrotoxin (100 µM) was bath applied to block GABAergic transmission. The 

dopamine D2R antagonist, sulpiride (20 µM), was included externally for all experiments 

conducted in Figures 3.1, 3.5a, and Figure 3.9b, 4. Optical stimuli (2 ms, 405 nm) were delivered 

through the objective lens to elicit fEPSP/PS. fEPSP/PS were measured using a MultiClamp 

700B amplifier with Clampex 10.4 software (Molecular Devices).  After a stable baseline had 

been established for 10 min, high-frequency stimulation (HFS) was delivered through the 

stimulating electrodes or objective lens to induce LTP. HFS consists of 4 trains of stimuli 

repeated at an interval of 20 sec. Each train contains 100 pulses at 100 Hz (electrically HFS, 

eHFS) or 50 Hz (optogenetic HFS, oHFS). For pairing experiments, optogenetic postsynaptic 

depolarization (oPSD) was induced by light stimulation (590 nm, 1 sec for eHFS or 2 sec for 

oHFS) of DMS neurons through the objective lens.  

3.5.6. Whole-cell recording 

In Figures 3.9, 3.10, and 3.5.13b, we used a K+-based intracellular solution, containing 

(in mM): 123 potassium gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, 0.3 NaGTP (pH 
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7.3). All other experiments utilized the Cs-based solution, containing (in mM): 119 CsMeSO4, 8 

TEA.Cl, 15 HEPES, 0.6 EGTA (10 BAPTA for Figure 3.11d,e), 0.3 Na3GTP, 4 MgATP, 5 QX-

314.Cl, 7 phosphocreatine, 0.05 Alexa Fluor 594 (Figure 3.11a-e), and 0.1 spermine (Figure 

3.5.17). The pH was adjusted to 7.3 with CsOH. Neurons were clamped at -70 mV. 

For measuring NMDAR-EPSPs in distal dendrites, Alexa Fluor 594 was infused through 

patch-pipettes into the recorded neurons to label their dendrites. Under the guidance of 

fluorescence, the stimulating electrodes were positioned close to the Alexa Fluor-labeled 

dendrites and were 100-150 µm away from the soma. AMPA receptor (AMPAR)-mediated 

EPSPs were recorded in 1.0 mM extracellular Mg2+. NBQX (10 µM) was then bath applied to 

block AMPAR-EPSPs. Next, simultaneous presynaptic electrical stimulation and oPSD of striatal 

neurons induced a response that was mediated by a C1V1-induced depolarization (Vc1v1) plus an 

NMDAR response (EPSPNMDA). Lastly, the EPSPNMDA component was blocked by bath 

application of APV (50 µM), and Vc1v1 was isolated. The optogenetic-mediated EPSPNMDA was 

calculated by digital subtraction of Vc1v1 from Vc1v1 + EPSPNMDA. The input-output relationships 

for AMPAR-mediated excitatory postsynaptic currents (EPSCs) were measured at 5 different 

stimulating laser powers. For measurement of the AMPAR/NMDAR ratio, the peak currents of 

AMPAR-mediated EPSCs were measured at a holding potential of -70 mV and the NMDAR-

mediated EPSCs were estimated as the EPSCs at +40 mV at 30 ms after the peak AMPAR-

EPSCs, when the contribution of the AMPAR component was minimal. The AMPA/NMDA ratio 

was calculated by dividing the NMDAR-EPSC by AMPAR-EPSC. To measure the 

GluN2B/NMDA ratio, NMDAR-EPSCs were recorded in the absence and presence of Ro 25-

6981, and GluN2B-EPSCs were calculated by subtraction of these two responses. For measuring 

mEPSCs, we added TTX (1 µM) to the external solution to suppress action potential-driven 
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release. The paired-pulse ratio (PPR) was calculated by dividing the second light-evoked EPSC 

by the first with 100-ms intervals between the two. To measure above synaptic transmission in 

specific D1- and D2-MSNs (Figure 3.5, 3.6), we first patched bead-positive (D1-MSNs) or 

eYFP-positive neurons (D2-MSNs) within a DMS area containing strong green mPFC fibers 

(expressing Chronos-GFP) and red Chrimson-positive neurons. We then sequentially delivered 

405-nm light to stimulate the mPFC inputs and 590-nm light to induce Chrimson-mediated 

oPSD. The synaptic inputs and oPSD were distinguished using 2- and 100-ms light stimulation, 

since the prolonged light stimulation increased the duration of oPSD, but not of synaptic 

transmission (Cruikshank et al., 2010). Only those neurons that received mPFC inputs and 

exhibited oPSD were selected for further experiments. At the end of the recording, NBQX was 

applied to confirm synaptic transmission induced by 405-nm light stimulation. To measure 

AMPAR rectification, AMPAR-EPSCs were recorded at three holding potentials of -70, 0, and 

+40 mV in the presence of APV (50 μM). Rectification index of the AMPAR-EPSC was 

calculated by plotting the EPSC magnitude at these potentials, and using the slope of the lines 

connecting the data between -70-0 mV and between 0-40 mV to calculate the ratio. 

3.5.7. Calcium image 

An AAV-C1V1 (Yizhar et al., 2011) and an AAV-GCaMP6s (Chen et al., 2013) were 

infused into the DMS. Whole-cell recordings were made in C1V1-expressing neurons. The 

GCaMP6s measures the calcium signal that is induced by current injection (iPSD), or 

optogenetic depolarization (oPSD) (Figure 3.10).  In Figure 3.11f-g, fluorescent Ca2+ signals 

were elicited by eHFS or eHFS+oPSD without whole-cell recording. The distal dendrite (~120 

µm from the soma) was chosen for analysis. Ca2+ signals were acquired and analyzed with the 

Zen program (Zeiss) and Origin software (Origin Lab Corporation, MA), and calculated as 
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previously described (Wang et al., 2004). The fluorescence signals were quantified by measuring 

the mean pixel intensities of the circular regions of interest (ROI). Fluorescence intensity is 

expressed as F/F values vs. time, where F is the baseline fluorescence and F is the baseline-

subtracted fluorescence.  

3.5.8. Operant self-administration of alcohol 

After one week recovery from viral infusions, Long-Evans rats were trained to self-

administer a 20% alcohol solution in operant self-administration chambers as described (June 

and Gilpin, 2010). Each chamber contains two levers; an active lever, in which presses result in a 

delivery of 0.1 ml of the alcohol solution, and an inactive lever, in which presses are recorded, 

but no programmed events occur. After 48-h of exposure to 20% alcohol in the home cage, and 

one overnight session in the chamber in which pressing the active lever delivers 0.1 ml of water 

in a fixed ratio 1 (FR1), operant sessions were conducted 5 days per week for two weeks in a 

FR1 schedule with an active lever press resulting in the delivery of 20% alcohol with sessions 

shortened from 3 h to 30 min. Following the first two weeks, operant sessions were run three 

days per week for one week, and the schedule requirement was increased to FR3. After one week 

of FR3 training, rats underwent surgery for optical fiber implantation. FR3 training was resumed 

one week after the surgery. Once a stable baseline of active lever presses was achieved, animals 

underwent in vivo LTP and LTD induction. Following the induction, some rats were 

continuously monitored with their operant behavior for 7-9 days, while other rats were 

euthanized at day 2 post-induction for electrophysiology recordings. To test drugs’ effect without 

LTP/LTD induction, we systematically administered them 30 min before the operant behavior 

test. Simultaneously, we also measured inactive lever presses before and after treatment 

(Supplementary Figure 11). 
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3.5.9. Operant self-administration of sucrose 

After a one-week recovery from viral infusions, Long-Evans rats were trained to self-

administer a 2% sucrose in operant chambers using the same procedure as the alcohol group 

described above. Optical fiber implantation was also conducted in an identical manner to the 

alcohol group. 

3.5.10. Optical fiber implantation 

One-week following operant training with the FR3 schedule, animals were anesthetized 

with isoflurane and mounted in a stereotaxic frame. An incision was made, bilateral optical fiber 

implants (300-nm core fiber secured to a 2.5-mm ceramic ferrule with 5-mm fiber extending past 

the end of the ferrule) were lowered into the DMS (AP: +0.36 mm; ML: ±2.3 mm; DV: -4.6 mm 

from Bregma). Implants were secured to the skull with metal screws and dental cement (Henry 

Schein) and covered with denture acrylic (Lang Dental). The incision was closed around the 

head cap and the skin vet-bonded to the head cap. Rats were monitored for one week or until 

they resumed normal activity.  

3.5.11. In vivo LTP and LTD induction and operant testing 

Once a stable baseline of active lever presses was attained after optical fiber implantation, 

an LTP/LTD-inducing protocol was delivered 30 minutes before operant testing sessions in a 

neutral Plexiglass chamber, with no visual cues. LTP-induction consisting of paired oHFS+oPSD 

used the following protocol: 100 pulses at 50 Hz of 473-nm light (2 ms) with or without constant 

590-nm light for 2 sec, repeated 4 times with 20-sec intervals. The protocol was repeated three 

times with 5-min intervals. LTD induction employed the following protocol: animals were 

injected with a cocktail of MK-801 (0.1 mg/kg) and raclopride (0.01 mg/kg) 15 minutes before 

delivery of oHFS and oPSD. The complete LTP/LTD-inducing procedure was performed once 
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and 30 min later animals were allowed to press levers for alcohol in a 30-min session. Operant 

sessions were repeated every 48 or 72 h until active lever presses returned to their levels prior to 

the induction.  

3.5.12. Measurement of blood alcohol concentration (BAC) 

To measure blood alcohol concentration, we used the same procedure as in Figure 3.3b to 

train two groups of rats. One week prior to LTP induction, we collected blood samples from the 

one side of the lateral saphenous vein (Carnicella et al., 2009) in both groups to measure baseline 

BAC. Thirty minutes after LTP induction, we collected blood samples from the other side of the 

lateral saphenous in one group of rats. Two days after the LTP induction, we collected blood 

samples from the other group of rats. BAC was measured using gas chromatography as 

previously described (Simms et al., 2010). 

3.5.13. RNA extraction and quantitative PCR (qPCR) analysis 

The rats were infused with AAV-Chronos-GFP in the mPFC and AAV-Chrimson-

tdTomato in the DMS. Coronal striatal sections (250 µm) were prepared as described in Slice 

Preparation section above. A slice was placed in a recording chamber and perfused with the 

external solution at a flow rate of 3 mL/min. Optical stimuli were delivered through the objective 

lens to fluorescent DMS areas, which contained both GFP-expressing mPFC axons and 

tdTomato-expressing neurons using one of the following stimulation protocols: oHFS, oPSD, or 

oHFS+oPSD. All protocols were repeated three times with 5-min intervals, which is the same as 

the in vivo LTP-inducing protocol. Thirty minutes after completing the optogenetic stimulation, 

the DMS tissues from experimental and control groups were collected on ice. The RNA 

isolation, reverse transcription, and the qRT-PCR analyses were performed as described 

previously (Zhao et al., 2012).  The mRNA level of Npas4 was normalized against the GAPDH 
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mRNA level in the same sample and presented as fold changes over baseline using the delta-

delta CT method. The following primers were used: Npas4, Forward: 5′-

GAACCTCAAGGAACTGCTGC-3′, reverse: 5′- GTGCCTCCAGCAAAGAAGAC-3′; 

GAPDH, Forward: 5’- TGCCACTCAGAAGACTGTGG-3’, reverse: 5’-

TTCAGCTCTGGGATGACCTT-3’. For each experimental condition, two slices per rat were 

treated, and the averaged mRNA values were used.  

3.5.14. Histology 

Rats with viral and beads infusion were perfused intracardially with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The brains were taken out and put 

into 4% PFA/PBS solution for post-fixation overnight at 4°C, followed by dehydration in 30% 

sucrose solution and cryostat frozen sectioning. The brains were cut into 50-μm coronal sections. 

A confocal laser-scanning microscope (Fluorview-1200, Olympus) was used to image these 

sections with a 470-nm laser to excite eYFP and GFP and with a 593-nm laser to excite Alexa 

Fluor 594 and tdTomato. All images were processed using Imaris 8.3.1 (Bitplane, Zurich, 

Switzerland). 

3.5.15. Data acquisition and statistics 

In electrophysiology experiments, we used 184 rats and 10 D1- and D2-Cre mice, with 10 

rats excluded before data collection due to virus expression in the incorrect place or expression 

that was too weak. In behavioral tests, we used 156 rats, among which 28 were excluded due to 

lack of alcohol responding in the operant setting (< 10 active lever presses/ session), 6 were 

removed from data analysis due to death during surgery, and 21 were removed from the last 

experiments due to head cap loss.  In the imaging experiments, we used 11 rats. 

All data are expressed as mean ± SEM. Each experiment was replicated in 3–7 animals. 
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The data collection was randomized. Data were obtained and analyzed by experimenters who did 

not know the types of treatments of the animals except Figures. 3.3d-g, 3.4d,4e, 3.5d,5e, 3.6d-g. 

No data points were excluded unless specified, and the only exclusion standard was the health 

condition of the animal. Data from the repeated experiments for the same sub-study were pooled 

together for statistics. The sample size for each experiment was determined to be either at least 3 

animals or 10 neurons. If animals in Figures. 3.3d-g, 3.4d,4e, 3.5d,5e, 3.6d-g were successfully 

induced in vivo changes, we measured responses ex vivo in enough neurons to evaluate the effect 

of light stimulation. The sample size was presented as “n = x, y”, where “x” refers to the number 

of slices or neurons, and “y” refers to the number of animals. In electrophysiological 

experiments, 1-4 recordings were performed using slices from a single animal except for Figures. 

3.3d, 3.3e, 3.4d,4e. Slice or neuron-based statistics were performed and reported for 

electrophysiology and animal-based statistics for behavioral data. Normal distribution was 

assumed and tested. Variance was estimated for most major results, and no significant difference 

was found between control and manipulation groups. Statistical significance was assessed in 

electrophysiological studies using the unpaired or paired t test, or two-way RM ANOVA 

followed by Student-Newman-Keuls (SNK) method. Behavioral studies were analyzed using the 

paired t test and one-way RM ANOVA followed by the SNK method. Two-tail tests were 

performed for all studies. Statistical significance was set at P < 0.05. 
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Figure 3.1. oPSD facilitated induction of NMDAR-dependent LTP and eCB-LTD in DMS 

slices. 

(A) Schematic showing the bipolar stimulating electrodes (Sti. Elect.) used to evoke fEPSP/PS 

and the objective lens for optogenetic depolarization. (B) Presynaptic eHFS did not potentiate 

fEPSP/PS (98.59 ± 2.39% of baseline [BL], t(7) = 0.59, P = 0.57; n = 8 slices, 6 rats). Inset, 

sample fEPSP/PS traces at time 1 and 2. Sulpiride (Sul; 20 µM) was bath-applied to prevent LTD 

and favor LTP induction in this and following recordings as indicated. (C) Representative 

fluorescent images showing C1V1-eYFP expression in the DMS (left) and in the full-length 

dendrites of a DMS neuron (right). The section was counter-stained with NeuroTrace (red). (D) 

Pairing of presynaptic eHFS and oPSD (1 sec), but not oPSD alone, induced robust LTP. 

eHFS+oPSD: 118.32 ± 2.96% of BL, t(9) = -6.18, P = 0.00016; n = 10 slices, 6 rats; oPSD: 

101.59 ± 2.26% of BL, t(6) = -0.70, P = 0.51; n = 7 slices, 3 rats. Scale bars: 3 ms, 0.4 mV. (E) 

Optogenetic induction of LTP was abolished by APV (50 µM), leading to LTD (86.75 ± 3.06% of 

BL, t(6) = 4.33, P = 0.0049; n = 7 slices, 6 rats). The grey line is the control LTP from d for 

reference. (F) LTD was completely abolished by the CB1R antagonist, AM251 (3 µM) (101.32 ± 

4.71% of BL, t(8) = -0.28, P = 0.79, n = 9 slices, 5 rats). (G) AM251 facilitated LTP induction 

(130.73 ± 2.89% of BL, t(5) = -10.62, P = 0.00013; compared with the control LTP: t(14) = -2.79, 

*P = 0.015; n = 6 slices, 3 rats, unpaired t test). Two-sided paired t test for B and D-G, unless 

otherwise stated. Data are presented as mean ± s.e.m. 
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Figure 3.2. oPSD facilitated corticostriatal LTP induction in the DMS. 

(A) Schematic illustration of selective pre- and post-synaptic stimulation of DMS corticostriatal 

synapses using dual-channel optogenetics. AAV-Chronos-GFP was infused into the mPFC and 

AAV-Chrimson-tdTomato into the DMS of rats. Chronos and Chrimson were activated by 405- 

and 590-nm light, respectively. (B) Confocal fluorescent images showing Chronos-GFP-

expressing mPFC fibers (green) and Chrimson-tdTomato-expressing neurons (red) in the DMS. 

Images shown in b is representative of 3 experiments of 3 rats. (C) Pairing oHFS with oPSD 

produced robust LTP in the DMS (119.06 ± 4.69% of baseline [BL], t(6) = -4.07, P = 0.0066; n = 

7 slices, 4 rats). oHFS alone did not alter fEPSP/PS (99.60 ± 3.12% of BL, t(7) = 0.13, P = 0.90; n 

= 8 slices, 5 rats). (D) oPSD alone did not induce LTP (104.55 ± 3.15% of BL, t(6) = -1.44, P = 

0.20; n = 7 slices, 3 rats). (E) Dual-channel optogenetic induction of LTP was blocked by APV 

(98.06 ± 3.27% of BL; t(8) = 0.59, P = 0.57; n = 9 slices, 5 rats). (F) Npas4 mRNA levels were 

significantly increased following paired oHFS+oPSD, but not after oHFS or oPSD only. F(3,30) = 

3.86, P = 0.019; *P < 0.05; n = 10 (Control), 9 (oHFS), 5 (oPSD), and 10 (oHFS+oPSD) rats. 

Two-sided paired t test for C-E; one-way ANOVA followed by SNK test for F. Data are 

presented as mean ± s.e.m. 
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Figure 3.3. oPSD facilitated corticostriatal LTP induction in the DMS. 

(A) Schematic illustration of selective pre- and post-synaptic stimulation of DMS corticostriatal synapses using dual-channel 

optogenetics. AAV-Chronos-GFP was infused into the mPFC and AAV-Chrimson-tdTomato into the DMS of rats. Chronos and 

Chrimson were activated by 405- and 590-nm light, respectively. (B) Confocal fluorescent images showing Chronos-GFP-expressing 

mPFC fibers (green) and Chrimson-tdTomato-expressing neurons (red) in the DMS. Images shown in b is representative of 3 

experiments of 3 rats. (C) Pairing oHFS with oPSD produced robust LTP in the DMS (119.06 ± 4.69% of baseline [BL], t(6) = -4.07, P 

= 0.0066; n = 7 slices, 4 rats). oHFS alone did not alter fEPSP/PS (99.60 ± 3.12% of BL, t(7) = 0.13, P = 0.90; n = 8 slices, 5 rats). (D) 

oPSD alone did not induce LTP (104.55 ± 3.15% of BL, t(6) = -1.44, P = 0.20; n = 7 slices, 3 rats). (E) Dual-channel optogenetic 

induction of LTP was blocked by APV (98.06 ± 3.27% of BL; t(8) = 0.59, P = 0.57; n = 9 slices, 5 rats). (F) Npas4 mRNA levels were 

significantly increased following paired oHFS+oPSD, but not after oHFS or oPSD only. F(3,30) = 3.86, P = 0.019; *P < 0.05; n = 10 

(Control), 9 (oHFS), 5 (oPSD), and 10 (oHFS+oPSD) rats. Two-sided paired t test for C-E; one-way ANOVA followed by SNK test 

for F. Data are presented as mean ± s.e.m. 
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Figure 3.4. In vivo LTD induction caused a long-lasting reduction of alcohol-seeking 

behavior in an eCB-dependent manner. 

(A) Schematic of the in vivo LTD-inducing protocol (oHFS+oPSD+MK801+raclopride) and ex 

vivo LTD measurement. MK801 (0.1 mg/kg) and raclopride (0.01 mg/kg) were systemically 

administered 15 min before the optogenetic stimulation. (B) Delivery of the in vivo LTD-

inducing protocol in the DMS produced a long-lasting decrease in active lever presses (left, 

F(5,38) = 3.89, P = 0.006) and alcohol intake (right, F(5,35) = 5.17, P = 0.0012). *P < 0.05, **P < 

0.01, ***P < 0.001 vs. baseline (BL); n = 9 rats. (C) Delivery of the in vivo LTD-inducing 

protocol in the presence of AM251 failed to alter active lever presses. F(4,31) = 0.40, P = 0.81; n = 

9 rats. (D, E) Delivery of the in vivo LTD-inducing protocol produced a long-lasting depression 

of glutamatergic transmission in the DMS on day 2 post-stimulation. (D) Top, sample traces 

showing paired-pulse ratios (100-ms inter-stimulus interval) measured in fluorescent neurons 

from LTD-induced rats and their controls (without light stimulation). Bottom, averaged data 

showing an increased paired-pulse ratio after LTD induction. t(36) = -3.31, P = 0.0021; n = 17 

neurons, 3 rats (Ctrl) and 21 neurons, 5 rats (LTD). (E) Top, representative traces of mEPSCs in 

fluorescent neurons in LTD-induced and control rats. Bottom, cumulative distributions of inter-

event intervals and amplitudes of mEPSCs. Inset, reduced frequency (left), but not amplitude 

(right), of mEPSCs after in vivo LTD induction. t(28) = 2.97, P = 0.006 for frequency; t(28) = 1.11, 

P = 0.28 for amplitude; n = 13 neurons, 3 rats (Ctrl) and 17 neurons, 3 rats (LTD). One-way RM 

ANOVA for B, C; Two-sided unpaired t test for D, E. Data are presented as mean ± s.e.m.
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Figure 3.5. Corticostriatal LTP was preferentially induced in DMS D1-MSNs. 

(A) AAV-DIO-ChR2-mCherry was infused into the DMS of D1-Cre and D2-Cre mice. Pairing of eHFS and oPSD induced LTP in 

both D1-MSNs (116.88 ± 3.07% of baseline [BL], t(9) = -5.49, P = 0.00038; n = 10 slices, 5 mice) and D2-MSNs (124.79 ± 8.58% of 

BL, t(5) = -2.89, P = 0.034; n = 6 slices, 5 mice). (B) There was no significant difference (n.s.) in D1- and D2-MSN LTP. t(14) = -1.04, P 

= 0.32. (C) Left, experimental design and sample images of retrograde bead labeling of a D1-MSN. AAV-Chronos-GFP, AAV-

Chrimson-tdTomato, and green beads were infused into the mPFC, DMS, and SNr, respectively. Right, experimental design and 

sample images of labeling of a D2-MSNs with D2SP-eYFP. AAV-D2SP-eYFP was infused into the DMS. Scale bar: 10 µm. (D) Left, 

In vivo LTP induction resulted in higher AMPAR-EPSC amplitudes in D1- (left), but not D2- (right), MSNs from LTP-induced (LTP) 

rats, as compared with rats that were not exposed to light stimulation (Ctrl). Both groups of rats were trained to self-administer 

alcohol. D1-MSNs: F(1,95) = 4.72, P = 0.04; n = 13 neurons, 4 rats (Ctrl) and 13 neurons, 5 rats (LTP). D2-MSNs: F(1,90) = 2.11, P = 

0.16; n = 14 neurons, 4 rats (Ctrl) and 11 neurons, 5 rats (LTP). Scale bars: 20 ms, 100 pA. (E) Left, the AMPAR/NMDAR ratio 

increased in D1- (Left), but not D2- (Right), MSNs after in vivo LTP induction. D1-MSNs: t(25) = -4.43, P = 0.00016; n = 15 neurons, 

5 rats (Ctrl) and 12 neurons, 5 rats (LTP). D2-MSNs: t(22) = -0.52, P = 0.61; n = 14 neurons, 5 rats (Ctrl) and 10 neurons, 5 rats (LTP). 

Scale bars: 20 ms, 100 pA. (F) Operant alcohol self-administration resulted in a higher GluN2B/NMDA ratio in D1-MSNs than in D2-

MSNs. Left and middle, sample trace of NMDAR-EPSCs in the absence or presence of Ro 25-6981 (0.5 µM). Right, summarized data 

of the ratios in D1-MSNs and D2-MSNs. t(13) = 4.16, P = 0.0011; n = 8 neurons, 5 rats (D1-MSNs), n = 7 neurons, 5 rats (D2-MSNs). 

Two-sided paired t test for A; Two-sided unpaired t test for B, E, F; two-way RM ANOVA for D. Data are presented as mean ± s.e.m. 
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Figure 3.6. Corticostriatal LTD was preferentially induced in DMS D1-MSNs. 

(A) Schematic of viral infusion and whole-cell recordings of rat D1- or D2-MSNs. (B) Paired eHFS and oPSD in the presence of 

NMDAR and D2R antagonists caused a robust LTD in DMS D1-MSNs (66.99 ± 4.56% of baseline [BL], t(7) = 7.23, P = 0.00017; n = 

8 neurons, 5 rats), which was completely abolished by AM251 (3 µM) (102.82 ± 4.28% of BL, t(6) = -0.66, P = 0.53; n = 7 neurons, 3 

rats). (C) Paired eHFS and oPSD in the presence of NMDAR and D2R antagonists did not induce LTD in D2-MSNs (100.08 ± 5.15% 

of BL, t(7) = -0.02, P = 0.99; n = 8 neurons, 3 rats). (D) Sample traces and averaged data showing an increased paired-pulse ratio in 

D1-MSNs 2 days after in vivo LTD induction. t(22) = -2.45, P = 0.023; n = 12 neurons, 4 rats (Ctrl) and 12 neurons, 3 rats (LTD). (E) In 

vivo optogenetic LTD induction reduced the mEPSC frequency (left), but not the mEPSC amplitude (right) of DMS D1-MSNs. t(19) = 

5.00, P < 0.0001 for frequency; t(19) = 1.30, P = 0.21 for amplitude; n = 11 neurons, 4 rats (Ctrl) and 10 neurons, 3 rats (LTD). (F) In 

vivo LTD induction did not change paired-pulse ratios in D2-MSNs. t(26) = 0.59, P = 0.56; n = 14 neurons, 4 rats (Ctrl) and 14 neurons, 

3 rats (LTD). (G) In vivo LTD induction did not alter the mEPSC frequency (left, inset) or the mEPSC amplitude (right) in DMS D2-

MSNs. t(22) = 0.95, P = 0.35 for frequency; t(22) = -1.11, P = 0.28 for amplitude; n = 14 neurons, 4 rats (Ctrl) and 10 neurons, 3 rats 

(LTD). Two-sided paired t test for B, C; Two-sided unpaired t test for D-G. Data are presented as mean ± s.e.m. 



 

98 

 

Figure 3.7. Selective in vivo LTP or LTD induction in D1-MSNs produced a long-lasting control of alcohol-seeking behavior. 

(A) Schematic showing viral infusion (top) and optical fiber implantation (bottom). (B) Representative fluorescent images showing 

that mPFC (left) and SNr infusions produced Chronos-expressing fibers (green) and Chrimson-tdTomato expression (red) in DMS D1-

MSNs (middle), which project to the SNr (right). Images shown in b is representative of 3 experiments of 3 rats. (C) Paired oHFS of 

mPFC inputs and oPSD of D1-MSNs induced long-lasting increases in active lever presses (left, F(4,24) = 6.02, P = 0.0017) and alcohol 

intake (right, F(4,24) = 3.74, P = 0.017). *P < 0.05, **P < 0.01 vs. baseline (BL); n = 8 rats. (D) In vivo delivery of oPSD alone in DMS 

D1-MSNs did not alter active lever presses for alcohol. F(4,18) = 0.36, P = 0.83; n = 6 rats. (E) Delivery of the in vivo LTD-inducing 

protocol to mPFC inputs onto DMS D1-MSNs produced a long-lasting attenuation in active lever presses (left, F(4,23) = 4.07, P < 

0.0001 ) and alcohol intake (right, F(4,15) = 6.67, P = 0.0027). *P < 0.05, **P < 0.01 vs. BL; n = 7 rats for active lever presses and n = 

6 rats for alcohol intake. (F) In vivo delivery of the LTD-inducing protocol in the presence of AM251 

(oHFS+oPSD+MK801+raclopride+AM251) failed to alter active lever presses for alcohol. F(4,22) = 0.12, P = 0.97, n = 7 rats. One-way 

RM ANOVA for C-F. Data are presented as mean ± s.e.m. 
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Figure 3.8. Model of bidirectional and long-lasting control of alcohol-seeking behavior by corticostriatal plasticity. 

(A) Alcohol intake facilitates NMDAR activity, leading to potentiation of AMPAR activity (unsaturated alcohol-evoked plasticity). 

This is further potentiated by in vivo LTP induction at mPFC inputs to DMS D1-MSNs, producing a long-lasting enhancement of 

alcohol-seeking behavior. Conversely, in vivo eCB-LTD induction at the same synapses elicited a long-lasting suppression of this 

behavior. (B) Paired HFS and oPSD induces both LTP and LTD, but only LTP is detected. 1, HFS causes presynaptic release of 

glutamate, which activates AMPARs. The resultant weak membrane depolarization is insufficient to remove the Mg2+ blockade of 

NMDARs and thus fails to induce LTP. 2, Optical stimulation of channelrhodopsin expressed on postsynaptic neurons causes strong 

membrane depolarization (oPSD). This is sufficient to remove Mg2+ blockade of NMDARs, leading to greater Ca2+ influx, activation 

of Ca2+/calmodulin-dependent protein kinase II (CaMKII) signaling pathways, and consequently AMPAR insertion (LTP induction). 3, 

oPSD also opens voltage-gated Ca2+ channels, causing Ca2+ influx and production of endocannabinoids; these are retrogradely 

released into the synaptic cleft, where they activate presynaptic CB1Rs. 4, CB1R activation reduces glutamate release (eCB-LTD 

induction). 5, D2R antagonists are used to blocking D2R-mediated eCB-LTD, which may occur following eHFS ex vivo or oHFS in 

vivo. 6, Since the magnitude of LTP (~31%) is greater than that of LTD (~13%), only LTP is detected. (C) LTD induction and 

detection in D1-MSNs. Since LTP induction is blocked by NMDAR antagonists (1) and eCB-LTD is induced (2), only eCB-LTD is 

detected (3). (D) No LTD is detected in D2-MSNs because LTP is blocked by NMDAR antagonists (1) and eCB-LTD is blocked by 

D2R antagonists (2).  
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Figure 3.9. (Supplementary Figure 1 in Ma et al., 2018) Pairing of eHFS with somatic current injection-induced postsynaptic 

depolarization (iPSD) did not induce LTP in DMS slices of adult rats. 

(A) Schematic illustration of LTP-inducing protocols. Presynaptic eHFS consists of 4 trains of stimuli at an interval of 20 sec, and 

each train contains 100 pulses at 100 Hz. eHFS was delivered alone or paired with somatic current injection-induced (iPSD) or 

optogenetically induced postsynaptic depolarization (oPSD). (B) Paired eHFS+iPSD did not induce LTP in DMS slices of adult rats 

(102.43 ± 6.47 % of baseline, t(6) = -0.38, P = 0.72; paired t test. n = 7 slices from 5 rats). Whole-cell current-clamp recordings were 

conducted to measure excitatory postsynaptic potentials (EPSPs). Step currents (250 pA, 1 sec) were injected through the patch pipette 

during four trains of eHFS. Sulpiride was bath-applied to block LTD and favor LTP induction. Data are presented as mean ± s.e.m.  
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Figure 3.10. (Supplementary Figure 2 in Ma et al., 2018) oPSD induced greater Ca2+ transients in distal dendrites than iPSD. 

AAV-GCaMP6s and AAV-C1V1-eYFP were co-infused into the DMS, and whole-cell current-clamp recordings were conducted in 

C1V1-expressing neurons. A 2-sec step current was injected through the patch pipette, and 1-sec light stimulation (590 nm) was 

delivered through the objective lens. (A) Sample whole-cell recording showing action potentials elicited by iPSD or oPSD. Note that 

iPSD-induced a train of spikes, whereas oPSD induced a few spikes, which may be due to depolarization block(Kleinlogel et al., 

2011). (B) Representative traces of dendritic Ca2+ transients induced by iPSD (left) or by oPSD (right). (C) oPSD induced 

significantly greater Ca2+ transients in the distal dendrites than did iPSD. Left, comparison of dendritic Ca2+ transients induced by 

iPSD and oPSD. t(13) = -3.34, **P = 0.0054. Right, comparison of normalized dendritic Ca2+ transients to the somatic ones. t(13) = -

3.15, **P = 0.0077; Two-sided unpaired t test. n = 8 neurons, 5 rats (iPSD) and 7 neurons, 3 rats (oPSD). Data are presented as mean ± 

s.e.m. 
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Figure 3.11. (Supplementary Figure 3 in Ma et al., 2018) oPSD enhanced NMDAR-mediated EPSPs (EPSPNMDA) and Ca2+ 

influx. 

AAV-C1V1-eYFP (a-e), AAV-Chrimson-tdTomato and AAV-GCaMP6s (f, g) were infused into the DMS. (A) Sample confocal 

image of an Alexa Fluor 594-filled C1V1-eYFP-expressing neuron showing the placement of stimulating (150 µm from the soma) and 

recording electrodes. (B) Representative traces depicting optogenetic-mediated EPSP in the distal dendrites in response to single 

synaptic stimulation. After blockade of the AMPAR-mediated EPSP (EPSPAMPA) with NBQX (10 µM), simultaneous presynaptic 

stimulation and oPSD elicited a depolarization (C1V1-mediated response [Vc1v1] + EPSPNMDA) that was reduced by bath application of 

APV (Vc1v1). The optogenetic-mediated EPSPNMDA was calculated by digital subtraction of Vc1v1 from Vc1v1 + EPSPNMDA. (C) 

Comparison of the amplitudes of the electrically and optogenetically induced responses in the absence (E+O) and presence 

(E+O+APV) of APV. t(9) = 4.93, ***P = 0.00082; n = 10 neurons, 3 rats. (D) Top, sample EPSP traces in response to eHFS in the 

presence (color) and absence (black) of APV. Bottom, traces were generated by digital subtraction of the EPSP with APV from that 

without APV. (E) Paired eHFS+oPSD induced a greater area under EPSPNMDA than eHFS alone. t(7) = -4.50, **P = 0.0028; n = 8 

neurons, 4 rats per group. (F) Representative traces of Ca2+ transients in distal dendrites in response to eHFS (left) and eHFS+oPSD 

(right) with and without APV application. (G) eHFS+oPSD induced greater NMDAR-mediated Ca2+ transients than that of eHFS. t(11) 

= 4.30, **P = 0.0012; n = 12 neurons, 3 rats per group. Two-sided paired t test for C, E, G. Data are presented as mean ± s.e.m. 
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Figure 3.12. (Supplementary Figure 4 in Ma et al., 2018) Dopamine signaling regulated optogenetic LTP in DMS slices. 

(A) Optogenetic induction of LTP in the presence of the dopamine D1R antagonist, SCH 23390 (10 µM, left), and agonist, SKF 38393 

(20 µM, right) in DMS slices of rats. AAV-C1V1-eYFP was infused into the DMS. The grey lines are the control LTP from Figure 

3.1d for reference. Left, suppression of LTP by SCH 23390 (108.65 ± 1.95% of baseline, t(5) = -4.44, P = 0.0068; n = 6 slices, 6 rats). 

Right, enhancement of LTP by SKF 38393 (128.84 ± 2.69% of baseline, t(7) = -10.70, P < 0.0001; n = 8 slices, 5 rats). Sulpiride was 

bath-applied to block LTD and favor LTP induction. (B) Comparison of the magnitudes of LTP in control and in the presence of SCH 

23390 and of SKF 38393 in rats. The grey dots are from Figure 3.1d for comparison (SCH 23390 vs Control: t(14) = 2.33, *P = 0.035; 

SKF 38393 vs Control: t(16) = -2.56, *P = 0.021). n = 10 slices from 6 rats (Control), 6 slices from 6 rats (SCH 23390), and 8 slices 

from 5 rats (SKF 38393). Two-sided paired t test for A; two-sided unpaired t test for B. Data are presented as mean ± s.e.m. 
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Figure 3.13. (Supplementary Figure 5 in Ma et al., 2018) Verification of the fidelity of spiking in mPFC neurons expressing 

Chronos and optical fEPSP/PS in DMS slices. 

(A-E) AAV-Chronos-GFP was infused into the mPFC and coronal sections containing the mPFC or DMS were prepared eight weeks 

after infusion. (A) Schematic illustration of whole-cell recording in Chronos-expressing mPFC neurons and field recording in the 

DMS area containing the Chronos-expressing fibers in separated experiments. (B) Whole-cell recording showing that Chronos-

expressing mPFC neurons can fire spikes in response to a train of light pulses (2 ms) at 50 Hz. Scale bars: 20 ms, 10 mV. (C) 405-nm 

light-driven spike probability over a range of frequencies. F(3,12) = 17.51, *P < 0.05, ***P < 0.001; n = 6 neurons, 2 rats. (D) Field 

recording demonstrating that Chronos-expressing mPFC fibers in the DMS can exert fEPSP/PS in response to 50-Hz train stimulation 

of light. Scale bars: 20 ms, 10 µV. (E) An example recording of a light-evoked fEPSP/PS, which was blocked by a mixture of 

AMPAR and NMDAR antagonists CNQX+CPP. Note that the remaining response in the presence of CNQX and CPP was partially 

blocked by TTX and completely by reducing light intensity to 2% of the original light intensity. Scale bars: 5 ms, 0.2 mV. One-way 

RM ANOVA for C. Data are presented as mean ± s.e.m. 
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Figure 3.14. (Supplementary Figure 6 in Ma et al., 2018) LTD was not observed in field recording but in whole-cell recording 

of D1-MSNs. 

(A) Paired oHFS+oPSD in the presence of MK801 (50 µM) failed to induce LTD in DMS slices (99.76 ± 4.99% of baseline, t(7) = 

0.05, P = 0.96; n = 8 slices, 6 rats). The gray line is the averaged data from Figure 3.2c for comparison. (B) In presence of the D2R 

antagonist, sulpiride, and APV, paired oHFS+oPSD failed to induce LTD (99.49 ± 2.25% of baseline, t(5) = 0.22, P = 0.83; n = 6 

slices, 3 rats).  (C) Optogenetic induction of corticostriatal LTD in DMS D1-MSNs. AAV-Chronos-GFP was infused into the mPFC 

for selective stimulation of this input; the retrograde AAV5-Cre was infused into the SNr and AAV-Flex-Chrimson-tdTomato into the 

DMS for selective oPSD of D1-MSNs. Whole-cell recording was conducted in tdTomato-positive neurons to measure EPSPs before 

and after paired oHFS+oPSD. The pairing in the presence of MK801 and raclopride induced LTD in D1-MSNs (78.28 ± 2.60% of 

baseline, t(6) = 8.35, P = 0.00016; n = 7 neurons, 4 rats). Two-sided paired t test for A-C. Data are presented as mean ± s.e.m. 
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Figure 3.15. (Supplementary Figure 7 in Ma et al., 2018) In vivo delivery of the optogenetic LTP-inducing protocol facilitated 

alcohol-, but not sucrose-, seeking behavior. 

(A) In vivo optogenetic LTP induction persistently increased alcohol deliveries. F(5,54) = 3.83, P = 0.0048, *P < 0.05 vs. baseline (BL). 

n = 14 rats. (B,C) In vivo LTP induction increased blood alcohol concentration (BAC) at 30 min (b) and 2 days (c) after induction. 30 

min: t(5) = -4.25, P = 0.0081, n = 6 rats; 2 days: t(5) = -3.36, P = 0.02, n = 6 rats. *P < 0.05 and **P < 0.01 vs. baseline (BL). (D) In 

vivo oHFS stimulation alone did not persistently alter lever presses for alcohol (left; F(4,17) = 4.38, P = 0.013, n = 6 rats), alcohol 

deliveries (middle; F(4,17) = 4.67, P = 0.01, n = 6 rats), or alcohol intake (right; F(4,17) = 0.59, P = 0.67, n = 6 rats).  *P < 0.05. (E) In 

vivo oPSD stimulation alone did not alter lever presses for alcohol (left; F(4,26) = 0.63, P = 0.65, n = 8 rats), alcohol deliveries (middle; 

F(4,26) = 0.41, P = 0.80, n = 8 rats), or alcohol intake (right; F(4,26) = 0.6, P = 0.66, n = 8 rats). (F) In vivo LTP induction in the presence 

of a D1R antagonist, SCH 23390 (SCH, 0.01 mg/kg), failed to alter lever presses (left; F(4,40) = 0.66, P = 0.63), alcohol deliveries 

(middle; F(4,39) = 1.26, P = 0.30), or alcohol intake (right; F(4,39) = 0.58, P = 0.68). n = 12 rats. (G) In vivo LTP induction in the 

presence of MK801 failed to alter lever presses (left; t(4) = -2.09, P = 0.11), alcohol deliveries (middle; t(4) = -2.07, P = 0.11), or 

alcohol intake (right; t(4) = -0.60, P = 0.58). n = 5 rats. (H) Systematic administration of SCH 23309 did not alter lever presses (left; 

t(13) = 0.16, P = 0.87), alcohol deliveries (middle; t(13) = 0.03, P = 0.98), or alcohol intake (right; t(13) = -0.85, P = 0.41), as compared to 

baseline (BL). n = 14 rats. (I) In vivo LTP induction did not alter sucrose deliveries (left) or intake (right). Deliveries:  F(4,19) = 0.84, P 

= 0.51; intake: F(4,18) = 1.94, P = 0.15, n = 6 rats. One-way RM ANOVA for A,D-F,I; two-sided paired t test for B, C, G, and H. Data 

are presented as mean ± s.e.m. 
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Figure 3.16. (Supplementary Figure 8 in Ma et al., 2018) Operant alcohol self-administration facilitated NMDAR activity and 

corticostriatal LTP induction in the DMS. 

(A) Operant alcohol or sucrose self-administration increased the AMPAR/NMDAR ratio, as compared with age-matched water 

controls. Note that the data for the EtOH and sucrose groups (grey dots) are the same as in Figure 3.3e and 3.3g, respectively. Rats in 

the water control group did not receive operant training. F(2,34) = 11.13, P = 0.00019; **P < 0.01 and ***P < 0.001 versus Water; n = 

13 neurons from 3 rats (Water), 13 neurons from 5 rats (EtOH), and 11 neurons from 5 rats (Sucrose). (B) Schematic illustration of the 

experimental procedure: After infusion of AAV-Chronos into the mPFC and AAV-Chrimson into the DMS as Figure 3.3a, rats 

underwent operant training but without in vivo light stimulation. Twenty-four hours after the last alcohol or sucrose exposure, DMS 

slices were prepared. (C) Operant alcohol self-administration caused higher NMDAR activity than did operant sucrose self-

administration. Comparison of input-output relation for NMDAR-EPSCs between alcohol and sucrose groups. F(1, 94) = 9.62, ##P = 

0.0049; n = 13 neurons from 4 rats (Sucrose) and 13 neurons from 5 rats (EtOH). (D) Paired oHFS+oPSD induced a LTP in DMS 

slices from alcohol-exposed [109.66 ± 1.92% of baseline (BL), t(9) = -5.02, P = 0.00072], but not from  sucrose-exposed rats [100.81 ± 

1.69% of BL, t(6) = -0.48, P = 0.65; Two-sided paired t test]. ##P = 0.0052; two-sided unpaired t test. n = 10 slices from 8 rats (EtOH) 

and 7 slices from 4 rats (Sucrose). One-way ANOVA followed by SNK test for A; two-way RM ANOVA followed by SNK test for C. 

Data are presented as mean ± s.e.m. 
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Figure 3.17. (Supplementary Figure 9 in Ma et al., 2018) In vivo LTP-inducing protocol increased AMPAR-EPSC rectification. 

(A) Representative traces recorded at -70, 0, and +40 mV in the control (Ctrl) and LTP groups. Control rats received training of 

operant alcohol self-administration, but without in vivo light stimulation. LTP rats received the same operant training and in vivo LTP 

induction two days before the recording. (B) I/V curves and rectification index (RI) of light-evoked AMPAR-EPSCs at -70, 0, and 

+40 mV show that in vivo LTP induction increased the RI of AMPAR-EPSCs. The curves were plotted by normalizing the EPSC 

amplitudes at +40 and 0 mV to the amplitude at -70 mV. t(23) = 3.54, **P = 0.0018 for difference in AMPAR-EPSCs at +40 mV; t(23) = 

-3.53, **P = 0.0018 for RI. n = 12 neurons from 3 rats (Ctrl) and 13 neurons from 3 rats (LTP). Two-sided unpaired t test. Data are 

presented as mean ± s.e.m. 

  



 

109 

 

Figure 3.18. (Supplementary Figure 10 in Ma et al., 2018) In vivo delivery of the optogenetic LTD-inducing protocol reduced 

alcohol-seeking behavior in an endocannabinoid manner. 

(A) In vivo delivery of LTD-inducing protocol (oHFS+oPSD+MK801+raclopride) in the DMS produced a long-lasting decrease in 

alcohol deliveries. F(5,38) = 4.27, P = 0.0035. *P < 0.05, **P < 0.01 vs. baseline (BL). n = 9 rats. (B-D) In vivo oHFS stimulation in 

presence of the cocktail (MK801+raclopride) did not alter lever presses (B; F(4,27) = 0.50, P = 0.74), alcohol deliveries (C; F(4,27) = 

0.32, P = 0.86), or alcohol intake (D; F(4,27) = 0.53, P = 0.72). n = 9 rats. (E-G) Administration of the cocktail (MK801+raclopride) 

did not affect lever presses (E; F(4,21) = 2.12, P = 0.11), alcohol deliveries (F; F(4,21) = 1.43, P = 0.26), or alcohol intake (G; F(4,21) = 

0.42, P = 0.79). n = 8 rats. (H-I) In vivo optogenetic delivery of the LTD-inducing protocol (oHFS+oPSD+MK801+raclopride) in the 

presence of AM251 failed to alter alcohol deliveries (H; F(4,31) = 0.46, P = 0.76), or alcohol intake (I; F(4,32) = 0.42, P = 0.79). n = 9 

rats. (J-L) Systemic administration of AM251 (0.3 mg/kg) did not affect lever presses (J; F(2,17) = 0.33, P = 0.73), alcohol deliveries 

(K; F(2,17) = 1.05, P = 0.37), or alcohol intake (L; F(2,17) = 2.31, P = 0.13), as compared to before (baseline, BL) and after (Post) 

treatment. n = 10 rats. One-way RM ANOVA for all figures. Data are presented as mean ± s.e.m. 
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Figure 3.19. (Supplementary Figure 11 in Ma et al., 2018) In vivo delivery of the LTP- and 

LTD-inducing protocols to mPFC inputs onto D1-MSNs distinctly modulated alcohol 

seeking-behavior. 

(A) In vivo delivery of the LTP-inducing protocol (oHFS+oPSD) to the mPFC input onto DMS 

D1-MSNs induced a persistent increase in alcohol-deliveries. *P < 0.05 vs. baseline (BL). F(4,23) 

= 4.77, P = 0.0060; n = 8 rats. (B, C) In vivo oPSD of D1-MSNs alone did not alter alcohol 

deliveries (b; F(4,18) = 0.32, P = 0.86) or intake (c; F(4,18) = 0.76, P = 0.56; n = 6 rats). (D) In vivo 

delivery of LTD-inducing protocol (oHFS+oPSD+MK801+raclopride) to the mPFC input onto 

DMS D1-MSNs produced a long-lasting attenuation in alcohol deliveries. *P < 0.05 vs. baseline 

(BL). F(4,23) = 4.99, P = 0.0048; n = 7 rats. (E,F) In vivo delivery of the LTD-inducing protocol 

in the presence of AM251 (oHFS+oPSD+MK801+raclopride+AM251) failed to alter alcohol 

deliveries (E; F(4,20) = 0.24, P = 0.91) or intake (F; F(4,19) = 1.67, P = 0.20; n = 7 rats). One-way 

RM ANOVA for all figures. Data are presented as mean ± s.e.m. 
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Figure 3.20. (Supplementary Figure 12 in Ma et al., 2018) In vivo delivery of the LTP- or LTD-inducing protocol did not alter 

inactive lever presses. 

(A-B) In vivo delivery of the optogenetic LTP-inducing protocol did not change inactive lever presses for alcohol (A, F(5,54) = 0.41, P 

= 0.84; n = 14 rats; related to Figure 3.3B) or for sucrose (B, F(4,18) = 0.31, P = 0.87; n = 6 rats; related to Figure 3.3C). (C) In vivo 

delivery of the optogenetic LTD-inducing protocol did not change inactive lever presses for alcohol. F(5,30) = 1.05, P = 0.41; n = 9 rats; 

related to Figure 3.4B. (D) In vivo delivery of the optogenetic LTD-inducing protocol in the presence of AM251 did not change 

inactive lever presses for alcohol. F(4,30) = 1.33, P = 0.28; n = 9 rats; related to Figure 3.4C. (E-F) In vivo delivery of the LTP-inducing 

protocol (oHFS+oPSD) (E, F(4,25) = 0.53, P = 0.72; n = 8 rats; related to Figure 3.7C) or oPSD (F, F(4,16) = 1.44, P = 0.27; n = 6 rats; 

related to Figure 3.7D) to the mPFC input onto DMS D1-MSNs did not affect inactive lever presses for alcohol. (G) In vivo delivery 

of the LTD-inducing protocol to the mPFC input onto DMS D1-MSNs did not alter inactive lever presses for alcohol. F(4,18) = 1.59, P 

= 0.22; n = 6 rats; related to Figure 3.7E. (H) In vivo delivery of the LTD-inducing protocol to the mPFC input onto DMS D1-MSNs 

in the presence of AM251 decreased inactive lever presses for alcohol only at 30 min, but not on day 2, 4, or 7. *P < 0.05 versus 

baseline (BL). F(4,23) = 5.04, P = 0.0046; n = 7 rats; related to Figure 3.7F. (I-J) In vivo delivery of oHFS (I, F(4,17) = 1.86, P = 0.16; n 

= 6 rats; related to Figure 3.5.14D) or oPSD (J, F(4,25) = 1.39, P = 0.26; n = 8 rats; related to Figure 3.5.15E) did not cause any change 

on inactive lever presses for alcohol. (K-L) In vivo delivery of the LTP-inducing protocol in the presence of SCH 23390 (K, F(4,43) = 

0.57, P = 0.69; n = 12 rats; related to Figure 3.5.15F) or MK801 (L, t(4) = 0, P = 1; n = 5 rats; related to Figure 3.5.15G) did not 

change the inactive lever presses for alcohol. (M) Systematic administration of SCH 23390 did not alter inactive lever presses at 30 

min (t(13) = 0.16, P = 0.87; n = 13 rats; related to Figure 3.5.15H). (N) In vivo delivery of oHFS with administration of MK801 and 

raclopride did not change inactive lever presses for alcohol. F(4,28) = 1.17, P = 0.34; n = 9 rats; related to Figure 3.5.18B. (O) 

Systematic administration of a cocktail of MK801 and raclopride did not affect the inactive lever presses for alcohol. F(4,24) = 0.96, P = 

0.45; n = 8 rats; related to Figure 3.5.18E. (P) Systematic administration of AM251 (0.3 mg/kg) did not alter inactive lever presses for 

alcohol.  F(2,18) = 2.04, P = 0.16; n = 10 rats; related to Figure 3.10J. One-way RM ANOVA for Figures A-K and N-P; two-sided 

paired t test for Figures L and M. Data are presented as mean ± s.e.m. 
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CHAPTER IV 

PRENATAL EXPOSURE TO ALCOHOL INDUCES FUNCTIONAL AND STRUCTURAL 

PLASTICITY IN DOPAMINE D1 RECEPTOR-EXPRESSING NEURONS OF THE 

DORSOMEDIAL STRIATUM*

4.1 Overview 

Prenatal alcohol exposure (PAE) is a leading cause of hyperactivity in children. 

Excitation of dopamine D1 receptor-expressing medium spiny neurons (D1-MSNs) of the 

dorsomedial striatum (DMS), a brain region that controls voluntary behavior, is known to induce 

hyperactivity in mice. We therefore hypothesized that PAE-linked hyperactivity was due to 

persistently altered glutamatergic activity in DMS D1-MSNs. Female Ai14 tdTomato-reporter 

mice were given access to alcohol in an intermittent-access, 2-bottle choice paradigm before 

pregnancy, and following mating with male D1-Cre mice, through the pregnancy period, and 

until postnatal day (P) 10. Locomotor activity was tested in juvenile (P21) and adult (P133) 

offspring, and alcohol conditioned place preference (CPP) was measured in adult offspring. 

Glutamatergic activity in DMS D1-MSNs of adult PAE and control mice was measured by slice 

electrophysiology followed by measurements of dendritic morphology. Our voluntary maternal 

alcohol consumption model resulted in increased locomotor activity in juvenile PAE mice, and 

this hyperactivity was maintained into adulthood. Furthermore, PAE resulted in a higher alcohol-

induced CPP in adult offspring. Glutamatergic activity onto DMS D1-MSNs was also enhanced 

by PAE. Finally, PAE increased dendritic complexity in DMS D1-MSNs in adult offspring. Our 

                                                 

* This chapter is re-printed with permission from “Prenatal exposure to alcohol induces functional and structural 

plasticity in dopamine D1 receptor-expressing neurons of the dorsomedial striatum” by Cheng Y, Wang X, Wei X, 

Xie X, Melo S, Miranda RC, Wang J, 2018. Alcoholism: Clinical and Experimental Research, 42, 1493-1502. 

Copyright [2018] by Wiley-Blackwell. 



 

113 

 

model of PAE does result in persistent hyperactivity in offspring. In adult PAE offspring, 

hyperactivity is accompanied by potentiated glutamatergic strength and afferent connectivity in 

DMS D1-MSNs, an outcome that is also consistent with the observed increase in alcohol 

preference in PAE offspring. Consequently, a PAE-sensitive circuit, centered within the D1-

MSN may be linked to behavioral outcomes of PAE.  

4.2 Introduction 

Prenatal alcohol exposure (PAE) can result in a cluster of neurobehavioral and other 

developmental disabilities that are collectively termed fetal alcohol spectrum disorders 

(FASD)(Mattson et al., 2011; Riley et al., 2011). FASD is common and its worldwide prevalence 

in the general population is estimated at ~2.3% with a high of 11.3% in South Africa (Roozen et 

al., 2016). A recent Texas study reported that 8.4% of proportionately sampled newborns had 

biochemical evidence for PAE (Bakhireva et al., 2017), and in the US, FASD may account for 

between 1% and 5% of school-aged children (May et al., 2018). Attention deficit-hyperactivity 

disorder (ADHD) was found to be a very common co-morbid disorder in children with FASD 

(Lange et al., 2018), and hyperactivity has also been reported in animal models of PAE 

(Hausknecht et al., 2005; Shea et al., 2012; Idrus et al., 2014). Though ADHD and FASD exhibit 

overlap in behavioral indices (Infante et al., 2015), medications commonly used for ADHD are 

less effective in managing hyperactivity in FASD children (Frankel et al., 2006), and FASD 

children exhibit somewhat different patterns of cerebral cortical activation in response-inhibition 

tasks compared to ADHD children (Kodali et al., 2017) suggesting that neural mechanisms 

mediating loss of impulse control and hyperactivity due to PAE may differ from those mediating 

other forms of ADHD. 

A few studies have suggested that ADHD-like hyperactivity following PAE is associated 
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with abnormal synaptic plasticity within the cerebral cortex and the striatum (Robbins, 2002; 

Emond et al., 2009; Sonuga-Barke et al., 2016). The striatum is the major nucleus of the basal 

ganglia and gates all the cortical inputs to the basal ganglia (Gunaydin and Kreitzer, 2016). The 

dorsomedial part of the striatum (DMS) controls voluntary behavior and has been strongly 

implicated in neurobiology of alcohol and substance use disorders (Wang et al., 2007; Gittis and 

Kreitzer, 2012; Volkow and Morales, 2015). Prenatal and adult exposure to alcohol has been 

shown to alter plasticity in DMS neurons (Yin et al., 2007; Rice et al., 2012; Wang et al., 2015; 

Cheng et al., 2017; Ma et al., 2018), though the cellular substrate for PAE in the DMS is unclear. 

The principal cells of the DMS, the medium spiny neurons (MSNs), can be divided into two 

neuronal populations with little overlap: D1 and D2-MSNs (Santana et al., 2009; Gerfen and 

Surmeier, 2011; Maia and Frank, 2011; Sippy et al., 2015). D1-MSNs are known to mediate 

“Go” actions (Gerfen and Surmeier, 2011; Maia and Frank, 2011; Sippy et al., 2015; Cheng et 

al., 2017) and overactivation of D1-MSNs in the dorsal striatum results in a hyperactivity in mice 

(Kravitz et al., 2010; Kravitz et al., 2012; Freeze et al., 2013). Previous studies have shown that 

PAE results in increased glutamatergic transmission in the basolateral amygdala (Baculis and 

Valenzuela, 2015) and medial prefrontal cortex (Louth et al., 2016), supporting the hypothesis 

that PAE facilitates excitatory neurotransmission in the DMS as well. Our previous studies found 

that excessive alcohol consumption in adult rodents selectively increased the activity of 

glutamatergic inputs onto D1-MSNs and altered the morphology of the D1-MSNs in the DMS 

(Wang et al., 2015; Cheng et al., 2017). We also found that interfering with the activity of D1-

MSNs in the adult DMS resulted in altered alcohol intake and preference (Wang et al., 2015; 

Cheng et al., 2017; Ma et al., 2018). Thus, we hypothesized that PAE would cause glutamatergic 

and morphological plasticity in DMS D1-MSNs.  
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Collectively, our data show that in a voluntary consumption model, prenatal alcohol 

exposure results in increased alcohol preference, and as predicted, hyperactivity in affected 

offspring. Moreover, PAE resulted in increased glutamatergic activity and significant 

augmentation of dendritic complexity in D1-MSNs of the DMS, a group of neurons that have 

been implicated previously in both locomotor and alcohol seeking behaviors in the adult. 

4.3 Results 

4.3.1. Characterization of maternal volunteer alcohol drinking using the two-bottle choice 

paradigm 

To model a natural human drinking pattern and establish high drinking level in mice, we 

initially trained adult female mice to drink 20% alcohol using the intermittent access two-bottle 

choice procedure for over 6 weeks (Ron and Barak, 2016; Cheng et al., 2017; Ma et al., 2018) 

(Figure 4.1A). Alcohol was not available during mating to prevent interruption of mating (Figure 

4.1A). During pregnancy, the alcohol concentration was decreased to 10% to avoid premature 

pregnancy termination, and alcohol was available until P10 (Kleiber et al., 2011) (Figure 4.1A). 

During the drinking session, both water and alcohol bottles were available. To assess whether 

adult female mice achieved a high level of alcohol drinking in the pre-pregnancy period, alcohol 

intake was measured at the end of the drinking session in last two weeks of the training period 

(week 5 and 6). We found that the alcohol consumption was maintained at a high level (~20 

g/kg/24 h) (Ron and Barak, 2016; Cheng et al., 2017), and did not change across weeks 5 and 6 

(Figure 4.1B; t(3) = -0.94, p = 0.42). Importantly, alcohol preference of pre-pregnant mice was 

more than 60%, and did not change across weeks 5 and 6 (Figure 4.1C; t(3) = 1.45, p = 0.24). To 

examine whether mice underwent dehydration or malnutrition during the training, which could 

also impact the development of the offspring, water intake and body weight were also measured 
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in weeks 5 and 6. We did not find any significant change in their water intake nor body weight 

(Figure 4.1D and 1E; for 1D: t(3) = -1.82, p = 0.17; for 1E: t(3) = -2.14, p = 0.12). These results 

demonstrate that excessive alcohol drinking using intermittent access to alcohol two-bottle 

choice establishes high alcohol intake and preference in adult female mice without causing 

dehydration or malnutrition. 

4.3.2. Prenatal exposure to alcohol elevates locomotor activity in childhood mice 

To examine hyperactivity in juvenile (P21) PAE mice, we measured locomotor activity in 

the open field for 30 min (Sanchez Vega et al., 2013). Compared to the age-matched water 

control, PAE mice exhibited a longer overall traveled distance (Figure 4.2A; main effect of time: 

F(5,90) = 2.65, p = 0.028; main effect of prenatal treatment: F(1,18) = 8.06, p = 0.011; time X 

prenatal treatment interaction: F(5,90) = 2.97, p = 0.016). For the first 10 min and the last 5 min, 

we observed a significant increase of travel distance in the PAE group than the age-matched 

control group (Figure 4.2A; 5 min: q = 6.3, p = 0.00015; 10 min: q = 3.13, p = 0.031; 30 min: q = 

3.13, p = 0.031). Also, the total 30-min traveled distance was significantly higher in the PAE 

group compared to the age-matched water group (Figure 4.2B; t(18) = -2.84, p = 0.011). 

Interestingly, the velocity of movement was lower in PAE mice than in their age-matched water 

controls (Figure 4.2C; t(18) = 2.22, p = 0.04). However, PAE mice moved for a longer time period 

than their age-matched water controls (Figure 4.2D; t(18) = -3.18, p = 0.0052). We also measured 

anxiety-liked behavior and found that PAE mice presented the periphery area of the open-field 

arena for significantly less time than control mice (Figure 4.2E; t(18) = 3.79, p = 0.0013). Taken 

together, these results suggest that prenatal exposure to alcohol causes hyperactivity in juvenile 

(P21) mice, but with decreased movement velocity and lower anxiety. 
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4.3.3. PAE mice exhibit higher alcohol conditional place preference and preserve hyper-

locomotor activity in adult age 

It has been reported that prenatal exposure to cocaine induces CPP to cocaine in adult 

mice (Malanga et al., 2007). To assess whether prenatal exposure to alcohol can induce CPP to 

alcohol in adulthood, we performed an alcohol CPP test in PAE adult mice (at P133), and 

compared performance to age-matched water control. Mice were tested in a customized CPP 

apparatus with a neutral chamber and two test chambers that have different visual and tactile 

cues (Figure 4.3A). All mice were permitted to freely explore all chambers in the CPP apparatus 

before the conditioning (pre-conditioning). Each mouse was then conditioned in the alcohol-

associated chamber and the saline-associated chamber for 8 days (conditioning). On the last day, 

the time that each mouse spent in both alcohol- and saline-chamber was recorded (post-

conditioning). The preferences for each chamber in both pre- and post-conditioning days were 

measured as the ratio of time in the alcohol- over the saline-chamber. We found that the PAE 

adult mice showed higher preference ratio than their age-matched water controls in post-

conditioning day, but not in the pre-conditioning day (Figure 4.3B; F(1,10) = 5.93, p = 0.035; for 

post-conditioning: q = 4.12, p = 0.013; for pre-conditioning: q = 1.96, p = 0.19). Additionally, 

the PAE adult mice presented higher preference ratio in their post- than pre-conditioning day (q 

= 4.35, p = 0.012). Next, we tested whether the PAE mice continued to exhibit hyper-locomotor 

activity in adulthood (P133). We found that the PAE mice exhibited higher overall total traveled 

distance than their water controls (Figure 4.3C; t(10) = -3.26, p = 0.0086). Additionally, the 

moving time of adult PAE mice is slightly longer than that of their age-matched water controls, 

but this difference is not significant (Figure 4.3D; t(10) = -1.52, p = 0.18). In summary, our results 
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suggest that prenatal exposure to alcohol produces a higher alcohol CPP and that hyperactivity is 

still preserved in adult age PAE mice. 

4.3.4. Prenatal exposure to alcohol produces an increase in AMPAR-mediated 

glutamatergic transmission in D1-MSNs 

Our recent study reveals that high alcohol preference in adult, non-PAE mice was 

strongly associated with enhancement of the glutamatergic activity selectively on DMS D1-

MSNs (Wang et al., 2015; Cheng et al., 2017). Also, excitation of D1-MSNs induced 

hyperactivity (Kravitz et al., 2010; Kravitz et al., 2012; Freeze et al., 2013). Thus, we reasoned 

that the alcohol CPP and hyperactivity observed in adult PAE mice is driven by the enhancement 

of glutamatergic activity on D1-MSNs. 

To investigate this possibility, we prepared brain slices from adult PAE and control D1-

Cre;Ai14 mice and performed whole-cell electrophysiology. We first measured AMPA-receptor 

(AMPAR) activity in D1-MSNs and found that bath application of AMPA (5 M) induced a 

significantly larger current in D1-MSNs of PAE mice than their age-matched water controls 

(Figure 4.4A and B; for 4B: t(15) = -3.28, p = 0.0051). Next, to examine whether the 

glutamatergic synaptic transmission was affected by PAE, we measured miniature excitatory 

postsynaptic currents (mEPSCs). The mPESCs recorded from PAE mice showed significantly 

higher frequency and amplitude than those in age-matched control mice (Figure 4.4C). This was 

demonstrated by a rightward shift of the cumulative probability distributions of mEPSC 

amplitudes recorded from PAE mice (Figure 4.4D), and a significant increase in the mean 

amplitude of mPESCs (Figure 4.4D, inset; t(30) = -2.07, p = 0.047). We also observed a leftward 

shift of cumulative probability distributions of mEPSC inter-event intervals (Figure 4.4E), and a 

significant increase in the mean frequency of mEPSCs from D1-MSNs of PAE mice compared to 
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age-matched controls (Figure 4.4E, inset; t(30) = -3.11, p = 0.0041). Taken together, these results 

suggest that PAE causes a long-term increase in glutamatergic afferents onto D1-MSNs.  

4.3.5. Prenatal exposure to alcohol increases dendritic complexity of D1-MSNs of the DMS 

Given that AMPAR-mediated glutamatergic plasticity has been associated with 

morphological changes in neurons (Kasai et al., 2010), we examined whether the complexity of 

dendritic arborization was altered by PAE in the DMS D1-MSNs. To visualize the overall 

dendritic branches and the soma of the D1-MSNs from above recording, the neuronal tracer 

biocytin was applied through the patching pipette into a patched D1-MSN, and biocytin-labeled 

D1-MSNs were imaged using confocal microscopy (Figure 4.5A). The number of dendritic 

processes was measured by Sholl analysis in concentric spheres centered on the soma (Wang et 

al., 2015). As shown in Figure 4.5B, dendrites that were 10-100 m from the soma exhibited 

more intersections in DMS D1-MSNs from PAE mice than that in their age-matched water 

controls (Figure 4.5B; F(16,231) = 3.79, p = 0.000003). Furthermore, the total length of DMS D1-

MSNs was significantly higher in PAE mice compared to their age-matched water controls 

(Figure 4.5C; t(16) = -3.16, p = 0.0061). We also observed the total number of dendritic branches 

of D1-MSNs was significantly increased in the PAE mice than that in their age-matched water 

controls (Figure 4.5D; t(16) = -3.67, p = 0.0021).  Taken together, our findings reveal that prenatal 

exposure to alcohol changes the dendritic complexity in the DMS D1-MSNs. 

4.5 Discussion 

The present study confirmed that adult female mice voluntarily and stably consume high 

levels of alcohol in a two-bottle choice paradigm and exhibit preference for alcohol. Thus, the 

two-bottle choice paradigm in mice can be used to model voluntary alcohol consumption during 

pregnancy in human populations. Using this paradigm, we show that, as reported by others (Shea 
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et al., 2012; Kim et al., 2013; Idrus et al., 2014), PAE results in hyperactivity in exposed 

offspring during the juvenile period, and that hyperactivity persists into adulthood. Adult PAE 

mice also exhibited higher conditioned place preference to alcohol, compared to non-PAE 

controls. Importantly, we discovered that PAE increased AMPAR activity in DMS D1-MSNs in 

adult offspring. Furthermore, we found that prenatal exposure to alcohol increased total length 

and number of branches of DMS D1-MSNs in adult offspring. Our findings suggest that PAE 

triggers a long-term functional and structural plasticity in DMS D1-MSNs, potentially 

contributing to hyperactivity in both juvenile and adult offspring.  

Hyperactivity is often a co-morbid condition in individuals diagnosed with a FASD 

(Lange et al., 2018). Consistent with data from human populations as well as with the results 

reported in a number of preclinical studies (Mantha et al., 2013; Sanchez Vega et al., 2013; 

Patten et al., 2014), we also observed an increase in locomotor activity in juvenile PAE 

offspring. Interestingly, despite the overall increase in the traveled distance, we also found that 

PAE juveniles exhibit decreased movement velocity. The latter data are consistent with 

preclinical evidence that PAE also disturbs musculoskeletal development and motor control 

circuits (Sylvain et al., 2010; Kleiber et al., 2011), and with clinical evidence for gait 

disturbances in FASD children (Taggart et al., 2017). More importantly, we found that PAE mice 

moved for a longer time, as compared with their water controls; this may account for the 

increased travel distance of PAE mice, despite their decreased speed of movement. An increase 

in the percentage of time spent moving by PAE juveniles is consistent with the hyperactivity 

component of ADHD. Although we observed a reduction of traveled distance over time in PAE 

group, habituation and fatigue in these mice could explain the data. In contrast, there was little 

decrement in distance traveled in the control mice, indicating that, as a group, control mice did 
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not exhibit significant habituation or fatigue during the test period. In our study, PAE offspring 

appeared to show less anxiety, since they spent less time in the periphery of the open-field arena 

compared to control offspring.  Our data are in contrast to a few studies which showed that 

prenatal exposure to alcohol increased anxiety-like behavior (Hausknecht et al., 2005; Hellemans 

et al., 2008; Kleiber et al., 2011). However, other studies have reported that PAE for more 

restricted 1st and 2nd trimester-equivalent exposure periods (Mantha et al., 2013; Fish et al., 2016) 

result in increased exploratory behavior in the central zone of the open field arena. Moreover, 

PAE reportedly impairs the development of serotonin neurons in fetal mice (Zhou et al., 2001), 

which contributes to the facilitation of anxiety-like behavior. The inconsistency in data between 

different research groups may be due in part, to the timing and dose of alcohol exposure. Other 

differences in outcome may be partly explained by contextual components of experimental 

design. For example, Hellemans and colleagues (2008) pre-exposed PAE mice to a stress 

paradigm, before evaluating anxiety behaviors. However, reduced anxiety may also be due to 

other developmental consequences of PAE. For example, children with FASD exhibit deficits in 

sensory processing (Franklin et al., 2008), which may impair adaptation to anxiogenic 

environments. 

It has been reported that the maternal 10% alcohol exposure procedure during pregnancy 

period can alter the epigenotype and the phenotype of offspring (Kaminen-Ahola et al., 2010). 

More importantly, this report indicated that this epigenotype change could be preserved in adult 

age. In line with this study, we found that the PAE adult offspring continued to exhibit indices of 

hyperactivity. We also found that adult PAE offspring demonstrated higher alcohol-induced CPP 

than their age-matched water controls. This finding is in line with previous reports which state 
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that prenatal exposure to cocaine results in a higher conditioned place preference (Malanga et al., 

2007; Pautassi et al., 2012).  

Previously, we reported that excessive alcohol drinking increases AMPAR and NMDAR 

activity in adult mice (Wang et al., 2015; Cheng et al., 2017). Here, we found that PAE enhanced 

the AMPAR-mEPSC amplitude in DMS D1-MSNs of adult offspring. In line with our results, 

others have also reported that PAE enhances AMPAR function in other basal forebrain regions 

as well (Hsiao and Frye, 2003). Moreover, another study reported that high-frequency 

stimulation induced an abnormal AMPAR-mediated LTP in the dorsal striatum of PAE adult 

mice and could be blocked by the application of D1R antagonist (Zhou et al., 2012). In our 

study, we also found that PAE resulted in an increase of the frequency of AMPAR-mediated 

mEPSCs in D1-MSNs in the DMS of adult offspring. These data suggest that PAE may result in 

increased glutamatergic release from presynaptic terminals onto D1-MSNs, and are consistent 

with previous research showing that, in alternate contexts, i.e., neurogenesis, PAE preferentially 

facilitates glutamatergic activity to facilitate an imbalance in excitatory signaling (Kim et al., 

2010).  

 Enhancement of mEPSC frequency may attribute to the increased complexity of dendritic 

branching, where glutamatergic synapses are located (Kerchner and Nicoll, 2008). Cycles of 

alcohol consumption and withdrawal increase arborizations, the total number, and the total 

length of dendrites of D1-MSNs (Wang et al., 2015). In this study, we found an increase of 

dendritic arborizations, as well as the total number and the total length of dendritic branches of 

D1-MSNs in PAE adult mice, which is likely to account for the enhanced mEPSC frequency in 

D1-MSNs in response to prenatal exposure to alcohol. It should be noted that another study 

which was not able to document changes in morphology of striatal MSNs (Rice et al., 2012), 
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achieved lower levels of PAE and did not discriminate between D1 and D2 sub-populations of 

MSNs. Additionally, Rice et al used a male rat model of PAE instead of our mixed-sex mouse 

model, and the blood alcohol concentration may have been lower in rats than in the mice. Further 

studies will be needed to define thresholds for PAE activation of D1-MSNs. Interestingly 

methylphenidate, the psychostimulant commonly used to treat ADHD has been shown to 

increase spine density on D1-MSNs (Kim et al., 2009), suggesting that PAE may 

developmentally program the excitability of a brain circuit important for controlling activity and 

attention, and perhaps, explain the decreased efficacy of anti-ADHD medications in managing 

FASD. Lastly, we note that one limitation of the current study is that while we used a mixed-sex 

study model, our study was not statistically powered to assess sex differences due to PAE.  

In summary, our results suggest that prenatal exposure to alcohol induced hyperactivity 

in both juvenile and adult offspring, and alcohol preference in adult offspring. More importantly, 

the PAE-induced hyperactivity and alcohol preference in adult offspring may be linked to 

functional and morphological change in D1-MSNs in the DMS. 

4.6 Methods and Materials 

4.6.1. Reagents 

-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) was obtained from 

Sigma (Saint Louis, MO). Cyclothiazide and Tetrodotoxin (TTX) were purchased from Tocris 

Bioscience (Minneapolis, MN). Alexa Fluor 594-conjugated streptavidin was purchased from 

Invitrogen (Carlsbad, CA). All other reagents were obtained from Sigma. 

4.6.2. Animals 

Drd1a-Cre (D1-Cre) mice were obtained from the Mutant Mouse Regional Resource 

Center. Ai14 mice were purchased from the Jackson Laboratory. Mouse genotypes were 
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determined by PCR analysis of tail DNA (Cheng et al., 2017; Wei et al., 2018). Before breeding, 

mice were housed in the same-sex colonies under a 12 h light/dark cycle with lights on at 11:00 

P.M. and food and water available ad libitum. The light/dark cycle we used for all behavioral 

tests was the same as that of the breeding conditions. All behavioral tests were conducted during 

the dark phase of the light/dark cycle. All animal procedures in this study were approved by 

Texas A&M University Institutional Animal Care and Use Committee. All the procedures were 

conducted in agreement with the Guide for the Care and Use of Laboratory Animals, National 

Research Council, 1996. 

4.6.3. Intermittent-Access to Alcohol 2-Bottle-Choice Drinking Procedure and Breeding 

Individually housed, ~8-week old female Ai14 mice were randomly assigned and 

counterbalanced based on weight, to one of two drinking groups: a control group with free access 

to tap water only, or an alcohol drinking group with free access to both water and a 20% alcohol 

solution (vol/vol in tap water). The alcohol group was housed in the same room with controls.  

To establish high levels of alcohol consumption in alcohol group mice, we employed an 

intermittent alcohol access, two-bottle choice drinking procedure as described previously (Wang 

et al., 2015; Cheng et al., 2017; Wei et al., 2018). Briefly, female mice were given 24-h 

concurrent access to one bottle of 20% alcohol in water (vol/vol) and one bottle of water starting 

at 1:30 P.M. on every other day, with 24-hr periods of alcohol deprivation between the alcohol-

drinking sessions. Alcohol solutions were prepared by mixing alcohol (190 proof pure alcohol, 

KOPTEC) with tap water. The placement (left or right) of the bottles was alternated between 

each session to prevent side preference. The weight of water and alcohol bottles was measured 

24 h after the start of each drinking session. This paradigm has been reported by others to induce 
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high levels of alcohol intake, up to 30 g/kg/day at 20% vol/vol in female mice (Hwa et al., 2011), 

reaching peak blood alcohol concentrations above 100 mg/dl. 

Following the 6-week excessive alcohol drinking and withdrawal period, female Ai14 

mice were mated overnight with 8-12-week-old D1-Cre males. During mating, only water was 

available to prevent males from consuming alcohol. Females were examined for the presence of 

a vaginal plug at the end of the mating period, indicating gestational day 0, and males were 

removed. If no vaginal plug was found in the cage, we allowed the females a maximum of 2 

additional overnight mating sessions to ensure the pregnancy. For other experiments in this 

study, we did not assess estrous cycle stages of female mice. Successfully impregnated females 

were re-exposed to 10% alcohol (commonly used during pregnancy) in the two-bottle choice 

paradigm outlined above to decrease the potential toxicity to the infants (Kleiber et al., 2011; 

Sanchez Vega et al., 2013; Patten et al., 2014), through gestation and into the early postpartum 

period, corresponding to the 3rd trimester equivalent period of human fetal development, to 

postnatal day (P) 10 of pup development. After P10, alcohol was removed, and only water was 

provided to the female. Pups were weaned at P21 and housed with a maximum of five same-sex 

littermates for the duration of testing.  

4.6.4. Locomotor activity 

All pups were tested for locomotor activity in an open field box (16 inches x 16 inches x 

15 inches, Hamilton Kinder) (Cheng et al., 2017). The traveled distance was detected as infrared 

beam crosses (16 beams per side per box) using activity monitors (Hamilton Kinder). 

Locomotion was tested for 30 min. At the end of testing, the mouse was removed and returned to 

its home cage. The surface and walls of the open field box were wiped clean with water and 30% 

isopropanol. Female and male mice were tested in different open field boxes. 
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4.6.5. Conditioned Place Preference 

The conditioned place preference method was reported in our previous study (Cheng et 

al., 2017). Briefly, different visual and tactile cues distinguish the two chambers: black/white 

stripes with a “rod” flooring in the first chamber, and black/white dots with a metal plate flooring 

with holes in the second chamber. Each experiment consisted of three steps. For the first step 

(day 1, preconditioning), each mouse was placed in the neutral hall and was permitted to explore 

both chambers for 30 min. For the second step (days 2 to 9, conditioning), the mice were 

administered 20% alcohol (i.p.,2 g/kg) and immediately placed into one of the given chambers 

and confined for 5 min on days 3, 5, 7, and 9. On alternate days (conditioning days 2, 4, 6, and 

8), mice were administered saline and immediately placed into the opposite chamber and 

confined for 5 min. For the third step (day 10, post-conditioning test), mice were placed in the 

center of the neutral hall and allowed free access to both chambers for 30 min. The total time 

spent in each chamber and the locomotion activity was recorded. 

4.6.6. Preparation of Acute Striatal Slices and Electrophysiology Recordings 

Slice preparation. Slice preparation was described previously (Wang et al., 2015; Cheng 

et al., 2017; Ma et al., 2018). For the present study, we usually prepared slices from two mouse 

brains per day, one in the late morning and the other one in the late afternoon. Briefly, coronal 

sections of the striatum (250 m) were sliced using a vibratome (VT1200s, Leica) in an ice-cold 

cutting solution containing the following (in mM): 40 NaCl, 143.5 sucrose, 4 KCl, 1.25 

NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 7 MgCl2, 10 glucose, 1 sodium ascorbate, and 3 sodium 

pyruvate, saturated with 95% O2 and 5% CO2. Slices were then incubated in a 1:1 mixture of 

cutting solution and an external solution at 32°C for 45 min before being transferred to a 

chamber that contained the external solution. The external solution was composed of the 
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following (in mM): 125 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 

10 glucose, saturated with 95% O2 and 5% CO2. Slices were stored in the external solution at 

room temperature until use. 

Whole-cell recording. Individual slices were placed in a recording chamber, and cells in 

the DMS were visualized using epifluorescence microscopy (Examiner A1; Zeiss). Whole-cell 

recordings were made using a Multiclamp 700A amplifier (Molecular Devices). Electrodes (4-6 

M) contained the following (in mM): 115 cesium methanesulfonate, 15 HEPES, 0.6 EGTA, 8 

TEA-Cl, 4 MgATP, 0.3 NaGTP, 7 Na2CrPO4, Ph 7.2–7.3, and 0.5% biocytin with an osmolarity 

of 270–280 mOsm. AMPA induced currents and AMPAR-mediated mEPSCs were measured as 

described previously (Wang et al., 2010b, 2012). Specifically, AMPA (5 M) was bath-applied 

for 30 s. mEPSCs were recorded in the presence of 1 M TTX, 100 M picrotoxin, and 1.3 

mM external Mg2+ with neurons clamped at -70 mV. 

4.6.7. Histology 

Post-recording biocytin-staining and confocal imaging have been described previously 

(Wang et al., 2015). Briefly, immediately after electrophysiology recording, DMS sections 

containing biocytin-filled neurons were fixed in 4% paraformaldehyde at 4°C overnight. Sections 

were then incubated with Alexa Fluor 594-conjugated streptavidin for 72 h. Micrographs of 

overall dendritic branches and the soma of biocytin-filled neurons were acquired with a 40 X oil 

immersion objective at the vertical interval of 1 m. A confocal microscope (Fluorview-1200, 

Olympus) was used to image fluorescent sections. EGFP was excited by the 470 nm laser. 

4.6.8. Morphological Analysis 

Biocytin-filled neurons were traced using Simple Neurite Tracer module in ImageJ (Fiji) 

(Longair et al., 2011; Ferreira et al., 2014). Dendritic branches were quantified with Sholl 
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analysis (Sholl, 1953). The center of each concentric spheres was defined as the center of the 

soma. The starting radius was 10 m, and the ending radius was 160 m from the center with an 

interval of 10 m between radii. 

4.6.9. Statistical Analysis 

Data from male and female mice were combined for analysis and not assessed for sex 

differences. All data were analyzed using unpaired t tests and two-way ANOVA with repeated 

measures (two-way RM ANOVA), followed by the Student-Newman-Keuls (SNK) post hoc test. 

Statistical analysis was conducted by OriginLab and SigmaPlot programs. mIPSCs were 

analyzed using Mini Analysis software (Synaptosoft Inc.). All data were expressed as the Mean 

± SEM. 
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Figure 4.1. A voluntary, intermittent access alcohol-drinking paradigm established a high 

level of alcohol consumption and preference. 

(A) Schematic of experimental design. Female Ai14 mice were trained to establish a high level 

of alcohol drinking with the intermittent access to 20% alcohol (20% E) two-bottle choice 

paradigm (IA2BC). To avoid fetal effects due to paternal alcohol consumption, no alcohol (no E) 

was available during the mating period. After that, IA2BC was reinstated, with 10% alcohol 

(10% E) through the period of pregnancy and into the post-partum period, until postnatal day 10 

(P10). (B, C) Female mice achieved a high level of alcohol intake (B) and preference (C) in 24 h, 

which were remained at the same level in the last two weeks, week 5 and 6. Not significant 

(N.S.), p > 0.05, unpaired t test. (D, E) Water intake and the body weight of female mice did not 

change in the last 2 weeks, i.e., week 5 and 6 of the IA2BC paradigm. Not significant (N.S.), p > 

0.05, unpaired t test. n = 4 female mice for B-E. 
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Figure 4.2. Prenatal exposure to alcohol increases locomotor activity. 

(A) Time course of locomotor activity demonstrated that prenatal alcohol exposure (PAE) mice 

traveled more distance than their age-matched water controls at 5, 10 and 30 min. #p < 0.05, two-

way RM ANOVA; *p < 0.05 and ***p < 0.001 versus the water group at the same time points, 

post-hoc SNK test. (B) The cumulative distance traveled during the 30 min period was higher in 

PAE mice compared to water controls. *p < 0.05 by unpaired t test. (C) PAE mice demonstrated 

a decreased velocity of movement compared to age-matched water controls. *p < 0.05, unpaired 

t test. (D) PAE mice demonstrated a greater moving time than age-matched water controls. **p < 

0.01, unpaired t test. (E) PAE mice spent less time at the periphery of the open field arena than 

their age-matched water controls. **p < 0.01, unpaired t test. n = 10 mice (7 males and 3 

females) from 3 litters (Water); 10 mice (8 males and 2 females) from 4 litters (PAE) in A-E. 
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Figure 4.3. Prenatal alcohol exposure results in conditioned place preference for alcohol, 

and increased locomotor activity in adult (P133) offspring. 

(A) Schematic of experimental procedures. The diagram illustrates the design of the customized 

CPP chambers and the timeline for the CPP experimental protocol.  (B) Adult PAE mice 

exhibited a higher preference ratio on the post-conditioning test, compared to the pre-

conditioning test. PAE mice also demonstrated a higher preference ratio on the post-conditioning 

test compared to age-matched water controls. Preference ratio = time spent in alcohol 

chamber/time spent in the saline chamber. *p < 0.05, two-way RM ANOVA; *p < 0.05, post-hoc 

SNK test. (C) Adult PAE mice showed a higher cumulative distance traveled in a 30-min testing 

session compared to their age-matched water controls. **p < 0.01, unpaired t test. (D) Adult 

PAE mice showed a slightly (but not significant) higher moving time, as compared with their 

age-matched water controls. p > 0.05, unpaired t test. n = 5 mice (3 males and 2 females) from 3 

litters (Water); 7 mice (5 males and 2 females) from 4 litters (PAE) in B-D. 
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Figure 4.4. Prenatal exposure to alcohol increases AMPAR-mediated glutamatergic 

transmission in DMS D1-MSNs of adult offspring. 

(A) PAE produced a long-lasting increase in the peak amplitude of the AMPA-induced current. 

AMPA (5 m) was bath-applied. (B) The peak amplitude of AMPA-induced current was higher 

in PAE groups compared to age-matched controls. **p < 0.01, unpaired t test. n = 6 neurons 

from 5 mice (4 males and 1 female) that were derived from 3 litters (Water); 11 neurons from 7 

mice (6 males and 1 female) that were derived from 4 litters (PAE) in A and B. (C) 

Representative mEPSC traces of D1-MSNs from water and PAE groups. (D) PAE increased the 

amplitude of mPESCs as shown in cumulative probability plots for the mEPSC inter-event 

interval from water and PAE mice. Inset, bar graph represents the mean mEPSC amplitude in 

control and PAE groups. *p < 0.01, unpaired t test. (E) Prenatal exposure to alcohol increased 

the frequency of mEPSCs as shown in the cumulative probability plots for mEPSC amplitude 

from control and PAE mice. Inset, bar graph represents the mean mEPSC frequency in control 

and PAE groups. **p < 0.01, unpaired t test. n = 11 neurons from 5 mice (2 males and 3 females) 

that were derived from 3 litters (Water); 21 neurons from 7 mice (5 males and 2 females) that 

were derived from 4 litters (PAE) in D-E.  
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Figure 4.5. Prenatal exposure to alcohol results in increased dendritic length and branching 

in DMS D1-MSNs of adult offspring. 

(A) Representative confocal images illustrate dendritic branches and soma of D1-MSNs from 

PAE mice and their water controls. Scale bar: 30 m. (B) A three-dimensional Sholl analysis 

revealed significantly more intersections of the dendritic process at 10 - 100 µm from soma of 

D1-MSNs in PAE mice, compared to their age-matched controls. ##p < 0.01, two-way RM 

ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, SNK test. (C) D1-MSNs from PAE mice 

exhibited increased lengths of dendritic branches compared to controls. **p < 0.01, unpaired t 

test. (D) The total number of branches was increased in D1-MSNs of PAE mice compared to 

water controls. **p < 0.01, unpaired t test. n = 8 neurons from 5 mice (3 males and 2 females) 

that were derived from 3 litters (Water); 10 neurons from 7 mice (6 males and 1 female) that 

were derived from 4 litters (PAE) (B-D).  
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CHAPTER V 

CONCLUSION AND FUTURE STUDY 

In this chapter, I list some conclusions that result from chapters II, III, and IV. I also 

propose potential future experiments to further test these conclusions.  

One major finding of chapters II is that synaptic NMDAR-mediated transmission is 

enhanced selectively in D1-MSNs, while the synaptic GABAergic transmission is enhanced 

exclusively in D2-MSNs, after repeated alcohol consumption and withdrawal. It has been 

reported that both the AMPAR (Wang et al., 2015) and NMDAR activities are increased in D1-

neurons following alcohol consumption and withdrawal. In chapter II, I observed an increased 

NMDA/AMPA ratio, which suggests a greater potentiation of NMDAR activity than of AMPAR 

activity following cycles of alcohol consumption and withdrawal. This finding could due to that 

the NMDAR, rather than the AMPAR, is the direct target of alcohol (Lovinger et al., 1989; 

Wang et al., 2012). Similarly, chronic cocaine exposure also causes an increase of 

NMDA/AMPA ratio at the corticostriatal synapses in D1-MSNs (Pascoli et al., 2014). The 

increased NMDAR activity may also suggest that repeated cycles of alcohol exposure and 

withdrawal induce silent synapses (only contain NMDARs but not AMPARs) on D1-MSNs 

(Huang et al., 2009). Given that activation of D1Rs can enhance NMDAR activity (Beaulieu and 

Gainetdinov, 2011; Gerfen and Surmeier, 2011), this selective potentiation of NMDARs in D1-

MSNs may result from on-set of alcohol-induced phasic striatal dopamine release (Sulzer, 2011). 

This on-set alcohol-induced dopamine phasic release activates D2Rs that may result in a 

decrease of NMDAR activity in D2-MSNs (Li et al., 2009). A previous study showed that 

withdrawal from repeated exposure (off-set alcohol) decreased the basal level of dopamine 

(allostatic state) in the striatum (Koob and Le Moal, 2008; Barak et al., 2011; George et al., 
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2012), and this hypodopaminergic basal level of dopamine was reported to increase synaptic 

strengthen of GABAergic interneuron onto D2-MSNs (Gittis et al., 2011). Alcohol-induced 

potentiation of GABAergic on D2-MSNs could result from the alternation of D2Rs signaling. 

One mediator of the downstream signaling of D2Rs is GSK3β. The protein levels of D2Rs and 

GSK3β activity in the striatum is decreased following chronic alcohol consumption  (Neasta et 

al., 2011; Volkow and Morales, 2015). Given that GSK3β inhibit GABAAR trafficking and 

thereby GABAergic transmission (Li et al., 2012; Rui et al., 2013; Tyagarajan and Fritschy, 

2014), alcohol-mediated decreased D2R-GSK3β signaling causes an enhancement of 

GABAergic activity. Consistent with this notion, in chapter II, I found that excessive alcohol 

drinking and withdrawal suppress GSK3β activity and consequently enhances β3-containing 

GABAAR expression. The β3-containing GABAAR regulates tonic inhibition (Janssen et al., 

2009; Janssen et al., 2011) and the tonic GABA is likely released from GABAergic interneurons 

(Brickley and Mody, 2012). Thus, a future investigation on the role of GABAergic interneurons 

in alcohol-drinking behavior is needed. Others have reported that GABAergic inhibition or 

GABA receptor knockdown in the striatum reduced alcohol intake (Hyytia and Koob, 1995; Nie 

et al., 2011). Another major finding of chapter II is that bidirectional chemogenetic manipulation 

of D1- and D2-MSNs produced distinct changes in alcohol-drinking behavior, suggesting the 

opposing roles of D1- and D2-MSNs in alcohol consumption and preference in mice. 

Specifically, chemogenetic activation of D1-MSNs promoted alcohol consumption and 

preference, whereas inhibition of their activity attenuated alcohol consumption and preference. 

This indicated a positive role of D1-MSNs in controlling alcohol consumption and expression of 

alcohol preference. These results are in line with previous pharmacological and genetic studies 

(Hodge et al., 1997; El-Ghundi et al., 1998; D'Souza, 2003; Wang et al., 2015). Importantly, our 
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findings in chapter II also advance understanding of D2-MSNs negative gating alcohol 

consumption and alcohol preference. However, due to complex expression pattern of striatal 

D2Rs (Beaulieu and Gainetdinov, 2011), previous pharmacological studies using D2R 

agonists/antagonists reveals different effect on alcohol consumption and preference (Dyr et al., 

1993; Hodge et al., 1997; Phillips et al., 1998; Thanos et al., 2001; Wang et al., 2015).  

In chapter III, we developed in vivo optogenetic induction protocol and provided a direct 

causal link between long-term synaptic plasticity within mPFC-DMS D1-MSNs and alcohol-

seeking behavior. It has long been known that the difficulty of induction of dorsostriatal LTP is 

probably due to insufficient depolarization of striatal neurons (Calabresi et al., 1992; Surmeier et 

al., 2009). In chapter III, I optogenetically depolarize the distal dendrites of MSNs thereby 

enhancing NMDAR channel opening and calcium influx, which could facilitate dorsostriatal 

LTP induction (Calabresi et al., 1992; Surmeier et al., 2009). Similar to other reports, blockade 

of LTP by NMDAR antagonists (memantine) leads to LTD (Mancini et al., 2016). However, 

APV or MK801 that we used to induce LTD were not found to shift the plasticity in a study by 

Mancini et al. (Mancini et al., 2016). This discrepancy may be due to the fact that optogenetic 

postsynaptic depolarization induces eCB-LTD in the presence of a D2R antagonist in chapter III. 

The precise control of the presynaptic release of glutamate and depolarization of postsynaptic 

MSNs allowed us to reliably induce LTP and LTD in the dorsostriatum for the first time. The 

expression of an immediate early gene, Npas4, which has been associated with drug addiction, 

also support the successful LTP induction in the dorsostriatum (Sun and Lin, 2016; Ye et al., 

2016). The mPFC-DMS circuit is believed to control goal-directed behaviors and associated with 

drug-seeking behavior (Yin and Knowlton, 2006; Balleine and O'Doherty, 2010; Lovinger, 2010; 

Everitt and Robbins, 2016). In chapter III, I found that operant self-administration of alcohol, but 
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not sucrose, enhanced NMDAR activity and facilitate ex vivo and in vivo induction of LTP on 

mPFC-DMS. This finding is in line with previous reports that ex vivo or in vivo alcohol exposure 

caused long-term facilitation of NMDAR activity (Wang et al., 2007; Kash et al., 2009; 

Lovinger, 2010; Wang et al., 2010), which is essential for LTP induction in the dorsal striatum 

(Lovinger, 2010). The extent of in vivo LTP induction likely depends on the degree of saturation 

of the drug-evoked plasticity. Chapter III reveals that operant alcohol self-administration using 

the FR3 schedule-induced unsaturated glutamatergic plasticity (indicated by AMPAR/NMDAR 

ratio) because the AMPAR/NMDAR ratio was further potentiated by in vivo LTP induction. 

Previous studies have shown that 1-2 day(s) withdrawal from cocaine exposure induces silent 

synapses (Huang et al., 2009; Lee et al., 2013; Dong and Nestler, 2014; Ma et al., 2014) and can 

mature over time (e.g., at 45 days) (Lee et al., 2013; Ma et al., 2014; Ma et al., 2016), which 

potentially occlude subsequent LTP (Creed et al., 2015; Creed et al., 2016). Taken together, this 

evidence suggests that short-term withdrawal from alcohol exposure induces unsaturated 

plasticity and allow us to further induce plasticity in vivo (Wang et al., 2012; Wills et al., 2012). 

In chapter II, I used pharmacological and chemogenetic intervention to inhibit alcohol-

evoked glutamatergic strengthening in the DMS, which attenuates alcohol consumption (Wang et 

al., 2012). However, this inhibitory effect is transient and disappears normally in 24 hrs. In 

chapter III, I induced in vivo eCB-LTD, and this LTD resulted in a long-term decrease (last for > 

7d) in alcohol-seeking behavior, indicating that this eCB-LTD may mediate more sustained 

behavior changes (Sidhpura and Parsons, 2011). Although in chapter III and many other studies 

demonstrated that LTP could be induced in both D1- and D2-MSNs in slices (Shen et al., 2008; 

Surmeier et al., 2009), delivery of our LTP-inducing protocol in vivo selectively causes LTP of 

mPFC glutamatergic transmission in D1-MSNs of alcohol-drinking rats. This specificity of 
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induction may be attributed to the finding in chapter II that excessive alcohol consumption 

facilitates NMDAR activity in D1-, but not D2-, MSNs (Cheng et al., 2017). The chapter III 

further identified that operant self-administration of alcohol specifically increased GluN2B-

containing NMDAR activity at the mPFC input onto D1-MSNs. This potentiation was reported 

to facilitate LTP induction (Wang et al., 2012; Wills et al., 2012). Similar to LTP induction 

protocol, our in vivo LTD-inducing protocol also exclusively produced LTD in D1-MSNs 

because I included a D2R antagonist during the induction, which blocks LTD induction in D2-

MSNs (Kreitzer and Malenka, 2007; Shen et al., 2008). This selectivity has also been shown in 

Wu et al. (2015) that eCB-LTD was induced at corticostriatal inputs to D1-, but not D2-, MSNs. 

Since in chapter II, I found that D1-MSNs positively control alcohol consumption (Cheng et al., 

2017), thus inducing LTP on D1-MSNs produces long-lasting enhancement of alcohol-seeking 

behavior, while inducing LTD on D1-MSNs reduces the same behavior. Although optogenetic 

stimulation cannot be immediately applied in clinical treatment, deep brain stimulation (DBS), 

an FDA-approved treatment, has the potential to induce in vivo LTP (Creed et al., 2015), and 

probably also LTD. Thus, it would be of great interest to explore the possibility to DBS together 

with a cocktail of antagonists of NMDAR (e.g., memantine) and D2R as a novel clinical 

treatment for alcohol use disorder.  

In chapter IV, I confirmed that prenatal alcohol exposure (PAE), as reported by others 

(Shea et al., 2012; Kim et al., 2013; Idrus et al., 2014), results in hyperactivity in the PAE 

offspring during the juvenile period, and this hyperactivity persists into adulthood. Hyperactivity 

is diagnosed together with an FASD (Lange et al., 2018), which is consistent with data from 

human populations and the results reported in a number of preclinical studies (Mantha et al., 

2013; Sanchez Vega et al., 2013; Patten et al., 2014). In chapter IV, I also observed hyperactivity 
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in juvenile PAE offspring. Interestingly, although the total traveled distance is increased, the 

movement velocity was decreased in PAE juveniles. The decrease of movement velocity may 

due to that PAE cause deficiency of musculoskeletal development and motor control circuits 

(Sylvain et al., 2010; Kleiber et al., 2011), and in line with clinical evidence for gait disturbance 

in FASD children (Taggart et al., 2017). Thus, one explanation of increased travel distance in 

PAE mice may be attributed to the increased travel time of PAE mice as I found in chapter IV. 

Another possibility of the decreased travel distance could be habituation or fatigue in these mice. 

Less time in the periphery of the open-field arena indicates PAE offspring express less anxiety. 

In contrast, other studies showed that PAE increased anxiety-like behavior (Hausknecht et al., 

2005; Hellemans et al., 2008; Kleiber et al., 2011). Also, it has been reported that PAE impairs 

the development of serotonin neurons in fetal mice (Zhou et al., 2001), which could also 

contribute to the facilitation of anxiety-like behavior. This discrepancy could be attributed to that 

these studies restrict alcohol exposure to 1st and 2nd trimester of pregnancy and use a lower dose 

of alcohol before and after pregnancy (Mantha et al., 2013; Fish et al., 2016).  

It has been reported that PAE can alter the epigenotype in the offspring (Kaminen-Ahola 

et al., 2010), which could be preserved in adult age. This probably can explain that the PAE adult 

offsprings continue to exhibit indices of hyperactivity. In addition, I found that adult PAE 

offspring exhibited higher alcohol CPP than water controls, which is in line with previous reports 

that prenatal exposure to cocaine results in a higher conditioned place preference (Malanga et al., 

2007; Pautassi et al., 2012).  

In chapter II and our previous study showed that excessive alcohol intake and withdrawal 

increases AMPAR and NMDAR activity in adult mice (Wang et al., 2015; Cheng et al., 2017). 

Similarly, in chapter IV, I found that PAE also enhanced the AMPAR-mediated glutamatergic 
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transmission in D1-MSNs of adult offspring. In line with our results, others have also reported 

that PAE enhances AMPAR function in other basal forebrain regions as well (Hsiao and Frye, 

2003; Zhou et al., 2012). I further found that PAE resulted in an increase of the frequency of 

AMPAR-mediated mEPSCs in D1-MSNs of adult offspring, which suggest that an increased 

presynaptic glutamate release, and are consistent with previous findings that PAE preferentially 

facilitates glutamatergic release (Kim et al., 2010). This enhancement of mEPSC frequency may 

result from the increased arborization of dendritic (Kerchner and Nicoll, 2008). Our previous 

study found that repeated alcohol exposure and withdrawal increase arborizations of dendrites of 

D1-MSNs (Wang et al., 2015). In chapter IV, I found a similar result, which is in line with the 

enhanced mEPSC frequency in D1-MSNs after PAE. Although Rice et al. (2012) was not able to 

observe the same changes in morphology of striatal MSNs, this could be due to serval reasons: 1, 

they did not discriminate between D1 and D2 sub-populations of MSNs; 2, they used a male rat 

model of PAE instead of our mixed-sex mouse model; 3, the blood alcohol concentration may 

have been lower in rats than in the mice . Further studies are needed to define maternal blood 

alcohol concentration thresholds for PAE activation of D1-MSNs.  

In summary, I found that excessive alcohol drinking in adults potentiated glutamatergic 

activity in D1-MSNs and GABAergic activity in D2-MSNs of the DMS (Figure 5.1). 

Consequently, alcohol-induced changes increased D1-MSN-mediated selection of “Go” actions 

and decreased D2-MSN-mediated selection of “NoGo” actions, controlling alcohol-related 

behaviors (Figure 5.1). This potentiation of glutamatergic inputs may occur at the corticostriatal 

synapses in the DMS, which has been reported that in other drugs of abuse (Pascoli et al., 2014). 

Then, we established causality between corticostriatal plasticity in the DMS and alcohol-seeking 

and -taking behaviors. I demonstrated that the plasticity of mPFC→D1-MSNs in the DMS 
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controlled alcohol-seeking and -taking behavior (Figure 5.1). Furthermore, alcohol-evoked 

glutamatergic plasticity of DMS D1-MSNs was found not only in adult alcohol-drinking animals 

but also in PAE-induced offspring (Figure 5.1). The PAE-induced increased D1-MSN activity 

potentially contributes to the formation of hyperactivity in the offspring (Figure 5.1). Because 

the DMS is part of the cortico-striato-thalamo-cortex circuit, which is known to control the 

acquisition of action-outcome association and goal-directed behavior. Thus, adult and prenatal 

alcohol exposure-evoked synaptic plasticity presumably enhances the process of goal-direct 

information. In adult alcohol-drinking animal, the alcohol-mediated enhancement of goal-direct 

behavior may facilitate the reinforcement of alcohol, leading to the pathological chronic use of 

alcohol. In PAE offspring, this enhancement of goal-direct process may contribute to the 

maladaptive behavior observed in PAE offspring (Pautassi et al., 2012). My research provides an 

insight into the detailed mechanisms underlying the control of alcohol consumption, establishes a 

causal link between corticostriatal synaptic potentiation and alcohol-seeking behavior, and also 

linked the activity of DMS D1-MSNs to the PAE-induced hyperactivity. These findings provide 

an evidence base for therapeutic strategies to reduce excessive alcohol consumption and PAE-

induced hyperactivity. 
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Figure 5.1 Hypothetical model of alcohol-induced changes in glutamatergic and gamma-

aminobutyric acidergic (GABAergic) strength in D1- and D2-medium spiny neurons 

(MSNs) of the dorsomedial striatum leading to pathological alcohol-related behaviors.  

(Left) In a normal brain, both D1-MSNs and D2-MSNs receives presynaptic glutamatergic 

inputs from a critical brain region, the medial prefrontal cortex (mPFC). The yellow dots 

represent releasing of glutamate from presynaptic terminal. At the postsynaptic site, D1-MSN 

and D2-MSN express glutamatergic NMDARs and GABAARs. In addition to these two 

receptors, D2-MSN also express dopamine D2Rs and glycogen synthase kinase-3 

(GSK3) D2R activation stimulates GSK3 signaling, which negatively regulates GABAAR 

activity. D1-MSN and D2-MSN excitation respectively facilitate selection of “Go” and “NoGo” 

actions in normal rewarding behavior and normal motor activity. (Right) In the alcoholism 

condition, adult or prenatal alcohol exposure (PAE) enhances glutamatergic release. Specifically, 

adult alcohol drinking enhances glutamatergic release from mPFC terminals onto D1-MSNs, 

which results in enhanced D1-MSN activity. In addition, adult alcohol exposure selectively 

enhances NMDAR activity in D1-MSN, which facilitates “Go” action towards alcohol-seeking 

and -taking behavior. In contrast, adult alcohol drinking increases GABAAR activity in D2-MSN 

by decreasing D2R-GSK3 signaling. This suppression of “NoGo” actions also contribute to 

alcohol drinking behavior. Note that PAE-mediated facilitation of D1-MSN activity may 

contribute to the hyperactivity induced by PAE. Changes in activities of receptors, signaling, and 

behaviors are indicated by “+” or “-” symbols as well as alterations of their sizes. 
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