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ABSTRACT 

Alcohol use disorder and anxiety disorders occur as comorbidities at a 

disproportionate rate. Stress and ethanol are two factors that can influence 

neurobiology and neurotransmitter signaling independently and have interacting 

effects. Their actions on the mesolimbic and nigrostriatal dopaminergic pathways 

of the central nervous system have been the focus of research but until recently 

not often viewed within the same model or experiment. The current thesis uses in 

vitro fast-scan cyclic voltammetry to examine the effects of social defeat stress 

and chronic ethanol exposure on ethanol-induced dopamine changes in key 

structures of these two dopaminergic pathways, the nucleus accumbens core 

and dorsolateral striatum. Experiments revealed an effect of stress through 

increasing dopamine release per stimulus pulse in the nucleus accumbens core 

of ethanol-naïve, and not ethanol-exposed, subjects. Furthermore, ethanol 

administration decreased terminal dopamine efflux universally in a concentration-

dependent manner. Additionally, we found evidence that prior ethanol experience 

might play a role in dopamine signal recovery. Together, these data suggest that 

stress influences the effects of ethanol on terminal dopamine signaling and prior 

ethanol experience plays a role in altering the effects of stress. 
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1. Introduction 

Alcohol is a widely consumed drug which has the potential to be abused and 

result in dependence. According to the National Institute on Alcohol Abuse and 

Alcoholism (NIAAA, 2017), alcohol use disorder (AUD) is diagnosed according to 

criteria set out in the current Diagnostic and Statistical Manual of Mental 

Disorders (DSM) which consider when the consequences of drinking become 

problematic (e.g. impaired work performance or troubled interpersonal 

relationship as result of drinking behavior). Many neurotransmitters are 

influenced by alcohol exposure including dopamine (DA; Phillips et al., 1998; 

Blanchard et al., 1993; Robinson et al., 2009), γ-aminobutyric acid (GABA; 

Davies, 2003; Kumar et al., 2004), glutamate (Carboni et al., 1993), and 

serotonin (Yoshimoto et al., 1992). Commonly comorbid with AUDs are anxiety 

disorders (Grant et al., 2004, Morris et al., 2005). Similar to alcohol, stress has 

been shown to alter the signaling of multiple neurotransmitters, including DA 

(Miczek et al., 2008). This thesis will elaborate on the individual and concomitant 

effects of stress and ethanol on DA in the brain. 

2. Dopamine in the central nervous system 

Dopamine signaling within the central nervous system was linked to addiction in 

the 1970s following successful acquisition of electrical self-stimulation of brain 

regions which were found to contain subsets of dopaminergic neurons. 

Subsequent microdialysis studies demonstrated multiple drugs of abuse resulted 
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in increased DA in certain brain regions (Nutt et al., 2015). As a result, DA has 

been examined as a potential therapeutic target for addiction treatment.  

The DA receptor is G-protein coupled and expressed as 5 subtypes (D1-D5). 

These 5 subtypes of DA receptors are divided into 2 subgroups: D1-like (D1, D5) 

and D2-like (D2, D3, D4). D1-like receptors are mainly linked to the GS family of 

G proteins while the D2-like receptors are associated primarily with the Gi/o family 

(Rankin et al., 2010). Therefore, D1- and D2-like receptors have opposing effects 

on cAMP cellular signaling pathways with D1-like receptor activation stimulating 

adenylyl cyclase and D2-like receptor activation inhibiting adenylyl cyclase 

(Fisone, 2010). 

Dopaminergic neurons can fire with two distinct activity patterns. Tonic activity is 

low frequency, asynchronous single-spike DA release and phasic activity is high 

frequency, multi-spike bursts of DA release (Juarez & Han, 2016). Experiments 

have demonstrated that both firing patterns can influence behaviors associated 

with addiction. Bass et al. (2013) showed using optogenetic stimulation of ventral 

tegmental area (VTA) dopamine neurons that tonic DA neuron activity impaired 

ethanol self-administration. Similarly, also using optogenetic stimulation of VTA 

dopamine neurons, Adamantidis et al. (2011) revealed phasic activation 

reinforces positive rewards. Taken together, these findings suggest unique roles 

for the two different firing patterns of DA neurons in addiction and addiction-

related behaviors. 
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3. Neuroanatomy of the dopamine system 

There are multiple pathways of dopaminergic signaling in the central nervous 

system associated with addiction and its corresponding behavior: 

mesocorticolimbic (mesolimbic and mesocortical) and nigrostriatal. The 

mesocorticolimbic pathway originates primarily in the VTA and terminates in 

multiple regions including the nucleus accumbens of the ventral striatum (NAc), 

prefrontal cortex (PFC), and amygdala (Stievenard et al., 2017). The nigrostriatal 

pathway originates primarily in the substantia nigra pars compacta and 

terminates in the dorsal striatum (Bjorklund & Dunnett, 2007). Though these 

pathways are not the only DA pathways in the central nervous system, they are 

the focus of this thesis as there is substantial evidence that they are key regions 

in addiction and addiction-like behavior (Gatto et al., 1994; Stuber et al., 2008; 

Blanchard et al., 1993; Koob & Volkow, 2016; Nutt et al., 2015). 

3.1. Mesocorticolimbic pathway 

The mesocorticolimbic pathway consists of dopaminergic projections coming 

mainly from the VTA and projecting to NAc, PFC, amygdala, and ventral 

hippocampus (Britt & Bonci, 2013). Neurotransmitter signaling in each of these 

regions has been shown to play a unique role in addiction and addiction-related 

behavior. Dopaminergic, GABAergic, and glutamatergic signaling from projecting 

efferents and interneurons interact within the regions of this pathway to influence 

behavior. 



6 
 

The VTA is a centralizing structure mainly sending dopaminergic signals to 

various regions and receiving GABAergic and glutamatergic inputs from multiple 

regions including the nucleus accumbens, ventral pallidum, and lateral 

hypothalamus (Britt & Bonci, 2013). Additionally, there are GABAergic 

interneurons within the VTA providing local inhibitory signals. Behaviorally, VTA 

phasic DA firing is able to drive mammalian behavioral conditioning (Tsai et al., 

2009). VTA GABAergic activity has been shown to augment learning through 

modulation of accumbal cholinergic interneurons (Brown et al., 2012). These 

data suggest a key role for VTA signaling, and thus mesocorticolimbic pathway 

involvement, in various forms of learning, leading to emergence of addiction 

behavior and addiction-associated cue learning behavior. 

The NAc is a main target of VTA innervation, in addition to glutamatergic inputs 

from ventral hippocampus, basolateral amygdala, and prefrontal cortex 

(Friedman et al., 2002; Ikemoto, 2007; Phillipson & Griffiths, 1985). Whereas the 

VTA projects mainly dopaminergic outputs, the NAc consists primarily of 

GABAergic projection neurons called medium spiny neurons (MSNs; Britt & 

Bonci, 2013). These accumbal afferent projections reciprocally innervate non-

dopaminergic neurons in the VTA (Xia et al., 2011). The function of activity in the 

NAc is suggested to be encoding stimulus features associated with reward and 

the reinforcing effects of drugs. The NAc can be further broken down into two 

subregions: the nucleus accumbens core (NAcc) and shell (NAcsh). These 

subregions have distinct roles in mediating different aspects of addiction. The 

NAcc is suggested to play a role in responding to discrete drug cues (Ito et al., 
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2004), while the NAcsh is thought to be involved in the spatial cues associated 

with drug exposure (Ito et al., 2008). There is additional evidence that NAcc DA 

signaling in particular has a role in the reinforcing aspects of drugs, whereas 

glutamatergic NAcc signaling may be more important for the effects of the drug 

cue itself (Caine et al., 1995; Park et al., 2002). Further experiments showed 

alcohol seeking in response to context and cue associations also demonstrated 

these regional distinctions between NAcc and NAcsh (Chaudhri et al., 2010).  

3.2. Nigrostriatal pathway 

The nigrostriatal pathway is another dopaminergic pathway within the central 

nervous system. This dopaminergic projection begins in the substantia nigra pars 

compacta and terminates in the dorsal striatum (Bjorklund & Dunnett, 2007). 

Further connections between these two regions include dorsal striatal MSNs 

projecting to globus pallidus and GABAergic neurons in the substantia nigra pars 

reticulata (Chuhma et al., 2011). The VTA also has afferents to the substantia 

nigra indicating communication and interaction between these two dopaminergic 

pathways (Ferreira et al., 2008). Additional input from areas of input to the dorsal 

striatum include sensorimotor cortex, prelimbic cortex (to dorsomedial), and 

infralimbic cortex (to dorsolateral; Balleine et al., 2007). 

The dorsal striatum is believed to be involved with the habitual and goal-directed 

behavior associated with addiction (Balleine et al., 2007). Vanderschuren et al. 

(2005) showed DA signaling in the dorsal striatum plays a key role in established, 

or habitual, drug seeking. Thus it is possible that drug taking is reinforced initially 
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in the NAc and then once the behavior is established or habitual the dorsal 

striatum becomes the driving signal for the behavioral response. 

4. Effects of ethanol exposure 

Exposure to ethanol has been shown to have profound effects on various 

neurotransmitter systems, such as dopamine (Budygin & Weiner, 2015; Budygin 

et al., 2001a), kappa and delta opiod receptors (Rose et al., 2016; Patton et al., 

2016), GABA (Kumar et al., 2004, Roberto et al., 2004), and glutamate (Carboni 

et al., 1993). Ethanol exposure can be brief and acute or extended with repeated 

chronic exposure to ethanol access. There are differential effects of ethanol on 

DA signaling depending on the temporal exposure to the ethanol, acute or 

chronic. 

4.1. Acute ethanol exposure 

Acute exposure to ethanol is able to elicit changes in DA signaling in the NAc 

and dorsal striatum. Budygin et al. (2001b) used in vitro fast-scan cyclic 

voltammetry (FSCV) in NAc and measured significantly decreased electrically-

stimulated DA release during high concentrations with no change in DA release 

at low ethanol concentrations. There was no change in uptake rate when 

compared before and after ethanol administration. Similarly, Budygin et al. 

(2001a) used in vitro and in vivo FSCV in to measure DA activity in the dorsal 

striatum. The authors found a dose-dependent decrease in electrically-stimulated 

striatal DA release from and no change in uptake rate in vivo. Results for the in 

vitro experiments revealed a similar effect to what was seen in the NAc where 
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only high ethanol concentrations resulted in decreased DA release. Taken 

together, these data support the hypothesis that the effects of ethanol are 

primarily at the cell bodies. High concentrations locally inhibiting DA release 

could result in the sedative effects of ethanol. 

Microdialysis studies have shown increase in tonic NAc DA concentrations in rats 

consuming 1-2g/kg of ethanol (intravenous; Robinson et al., 2009). FSCV during 

ethanol exposure revealed spatial specificity within the NAcc and NAcsh where 

DA release was increased only in some of the recording sites within both regions. 

Notably, the changes were replicable at each recording site indicating within-

region cellular biological or chemical differences. Similarly, Mrejeru et al. (2015) 

found electrophysiological evidence that medial VTA DA neurons were sensitive 

to low concentrations of ethanol and showed significantly increased firing rates in 

response to ethanol. However, more lateral VTA DA neurons either did not 

respond or responded to high concentrations of ethanol. DA release was not 

quantified. These experiments demonstrate the effects of acute ethanol on 

dopaminergic signaling suggesting differences in sensitivity between the 

terminals and cell bodies, localization within regions of more and less sensitive 

neurons, and tonic and phasic DA release. 

4.2. Chronic ethanol exposure 

Chronic exposure to ethanol can be accomplished through multiple paradigms 

including chronic intermittent access to two-bottle choice (ethanol and water), 

continuous access to two-bottle choice, and chronic intermittent exposure (CIE) 
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to ethanol vapor. Karkhanis et al. (2015) showed that exposure to ethanol vapor, 

in order to induce physical dependence, results in decreased DA release and 

increased DA uptake. Similar results were demonstrated in a much more 

protracted study by Rothblat et al. (2001) who found lower levels of DA and 

tyrosine hydroxylase (TH), the rate-limiting enzyme in DA production, in both 

dorsal and ventral striatum following a one year exposure to an ethanol diet. 

Budygin et al. (2007) also found evidence in support of these conclusions by 

observing increased DA uptake in dorsal striatum and NAc. 

Chronic ethanol exposure has been shown to facilitate ethanol self-

administration. Rodd et al. (2005) found that chronic intermittent access to 15% 

ethanol through a two-bottle choice paradigm caused female subjects to self-

administer ethanol more consistently than control subjects, including low doses 

at which the control subjects did not readily self-administer. At the neuronal level, 

exposure to ethanol possibly enhances the excitability of VTA DA neurons by 

impairing their response to GABA and causing changes in the function of 

postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type 

glutamate receptors. These changes result in altered firing characteristics of the 

DA neuron and possibly contribute to the reinforcing effects of ethanol and its 

consumption (Stuber et al., 2008; Brodie, 2002). These data demonstrate a 

difference between acute and chronic ethanol exposure with the acute effects 

likely driving the chronic effects overtime with continual or increasing 

consumption. 
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5. Effects of stress 

Similar to ethanol, stress has also been shown to influence neurochemical 

signaling and behavior (Le et al., 1998; Lesscher et al., 2015, Montagud-Romero 

et al., 2016). Previous studies have demonstrated that multiple factors, such as 

age and gender, can alter the effects of stress (Butler et al., 2016; Bingham et 

al., 2011; Ver Hoeve et al., 2013, Varlinskaya et al., 2010). Stress can be elicited 

through numerous paradigms, including restraint (Chester et al., 2004), an 

aversive stimulus (e.g. footshock; see Brunell and Spear, 2005), and social 

stress (Miczek et al., 2008). Additionally, these stressors have been shown to 

alter dopaminergic system dynamics. For example, Imperato et al. (1991) found 

that initiation and termination of restraint increased DA levels in the medial 

prefrontal cortex and nucleus accumbens. Similarly, repeated social defeat stress 

resulted in increased phasic DA neuron activity in the VTA of mice (Razzoli et al., 

2011). Alternatively, social isolation has been shown to increase NAc and dorsal 

striatal DA release as well as uptake (Yorgason et al., 2016). Even mild stressors 

such as acute night-time illumination, damp bedding, periods of white noise, and 

periods of stroboscopic illumination have been shown to modulate ethanol 

consumption in rats based on the expression of dopamine D2 receptors (Delis et 

al., 2013).  

5.1. Social defeat stress 

Social stress has been researched in relation to addiction and consumption of 

drugs due in part to its ability to enhance or depress drug-seeking and –taking 
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behavior, depending on the stress paradigm, age, and gender of the subject 

(Miczek et al., 2008). There are many forms of social stress used in the current 

literature, such as social isolation, social defeat, subordination (continuous social 

defeat), maternal separation, and social crowding (Karkhanis et al., 2014; 

Montagud-Romero et al., 2016; Rygula et al., 2005; Kawakami et al., 2007). 

Social defeat stress is a robust form of social stress that has been shown to alter 

neurotransmitter signaling. Even acute bouts of social defeat stress can induce 

changes at the neurobiological level (Miczek et al., 2008). Responses to 

amphetamine, cocaine, and ethanol have been shown to be altered with social 

defeat stress (Nikulina et al., 2004; Covington & Miczek, 2001; Hwa et al., 2016). 

The effect of social defeat stress on ethanol consumption is subject to multiple 

variables including severity of stressor, time interval between social defeat stress 

and ethanol availability, and age (Caldwell & Riccio, 2010; Funk et al,. 2005; 

Rodriguez-Arias et al., 2016). Using FSCV and electrophysiology, Anstrom et al. 

(2009) found that during the social defeat event there is an increase in phasic 

activity of VTA DA neurons. Furthermore, Razzoli et al. (2011) found a persistent 

increase in phasic activity of DA neurons in the VTA 3 weeks after repeated 

social defeat stress sessions. These findings are further supported by Tidey and 

Miczek (1996) using microdialysis to measure a significant increase in accumbal 

DA levels during a social defeat event. Taken together, these data show that 

social defeat stress influences behavioral and neurobiological events associated 

with ethanol consumption.  
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6. Concomitant effects of chronic ethanol and stress 

When an individual is exposed to both stress and chronic ethanol there can be 

significant effects on the neurobiology and consumatory behavior associated with 

ethanol seeking and consumption (Rodriguez-Arias et al., 2016; Watt et al., 

2009). The age at which the exposure occurs is also a factor to consider. 

Siegmund et al. (2005) found that rats consuming ethanol during adolescence 

were more vulnerable to stress-induced changes in ethanol consumption. 

Additionally, Lesscher et al. (2015) showed that rats that consume as 

adolescents exhibit increased consumption as adults.  Additionally, stress-

induced reinstatement following extinction of chronic ethanol exposure has been 

shown to be more potent than a priming injection of ethanol (Le et al., 1998). 

These data demonstrate that stress and ethanol exposure are able to exert 

differential effects on acute ethanol behavior from onset to extinction and 

reinstatement. 

Van Erp and Miczek (2001) found that acute social defeat stress resulted in a 

decrease in alcohol self-administration and consumption in adult male rats. 

Similarly, Funk et al. (2005) found a decrease in 12% ethanol self-administration 

by adult male rats following social defeat stress sessions. Conversely, Caldwell 

found that an increase in 6% ethanol self-administration following bouts of mild 

social defeat stress. It is likely that the concentration of ethanol and intensity of 

stressor drove the different results found. Nevertheless, stress events do appear 

to alter established consumption of ethanol.  
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At the neuronal level, microdialysis determined that medial prefrontal cortex DA 

levels in group-housed controls rose in prior to ethanol exposure and sustained 

this increase during exposure. However, DA concentration did not change in 

socially isolated subjects in response to ethanol exposure (Lallai et al., 2016). 

Additionally, the mesocortical DA neurons of the socially isolated subjects 

showed diminished response to an acute ethanol challenge.  

7. Conclusion 

Ethanol exposure and social stress are able to exert a modulating role in 

dopamine signaling. Age of stress and ethanol exposure, gender, stressor type 

and severity, and length of prior ethanol exposure have been shown to be factors 

in determining the effects acute ethanol will have on dopamine signaling. 

However, research is still lacking in understanding their combined effects on DA 

signaling.  The following chapters will attempt to examine the individual and 

concomitant roles of social defeat stress and chronic ethanol exposure on 

ethanol-induced DA changes in rat mesolimbic and nigrostriatal pathways.  
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Abstract 

Stress and ethanol are two factors capable of influencing behavior and 

neurobiology independently. It is less understood their effects when they act 

concomitantly, specifically their interacting effects on the dopaminergic pathways 

of the brain, the mesolimbic and nigrostriatal paths. The current study first 

examines the effects of stress on ethanol-induced dopamine changes in the 

nucleus accumbens core and dorsolateral striatum of ethanol-naïve subjects. 

The influence of prior ethanol experience on the effects of stress is then 

observed in stressed subjects with chronic intermittent ethanol access. Results 

suggest an effect of stress through increasing dopamine release per stimulus 

pulse in the nucleus accumbens core of ethanol-naïve subjects. Furthermore, 

ethanol administration decreased dopamine efflux universally in a dose-

dependent manner. Interestingly, prior ethanol experience might play a role in 

dopamine signal recovery following the removal of ethanol administration, though 

further data are needed. With these data, it is clear that stress does influence the 

effects of ethanol on dopamine signaling and prior ethanol experience likely plays 

a role in altering the effects of stress. 

 

 

 

 

Keywords: Dopamine, dorsal striatum, nucleus accumbens, mesolimbic 

pathway, ethanol, social stress, fast-scan cyclic voltammetry  
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1. Introduction 

Stress can result in a multitude of changes in an organism. In particular, 

neurological changes have been observed following various types of stress and 

stressors (Miczek, Yap, & Covington, 2008; Nikulina et al., 2004; Kawakami et 

al., 2007). One typical coping method for stress is alcohol consumption. Studies 

have suggested a strong association between anxiety disorders and alcohol 

dependence and abuse (Grant et al., 2004; Kessler et al., 1997). Therefore, 

understanding the ways in which alcohol and stress interact to influence behavior 

and neurobiology is of great importance. 

Alcohol and stress both have been demonstrated to influence behavioral and 

neurochemical signaling (Lesscher et al., 2015; Mrejeru, Martii-prats, Avegno, 

Harrison, & Sulzer, 2015; Volkow et al., 1996; Le et al., 1998). Social stress in 

particular has been studied in many different forms, such as maternal separation, 

social-defeat stress, subordination stress, and social isolation/crowding, 

demonstrating varying neurobiological and behavioral effects in multiple species 

(Miczek et al., 2008; Rygula et al., 2005; Kawakami et al., 2007; Nikulina et al., 

2004; Tamashiro, Nguyen, & Sakai, 2005). A robust model of inducing stress in 

rodents is social-defeat stress. In this procedure, one rodent becomes 

submissive to another rodent who takes a dominant role. This can be 

accomplished by constraining one subject to a small area of a cage and allowing 

the dominant subject to freely roam. Experiencing single as well as recurring 

social defeat stress events has been shown to induce behavioral and 

neurochemical changes in rodents (Miczek et al., 2008; Covington & Miczek, 
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2001). For example, dopamine (DA) signaling in mesocorticolimbic structures is 

altered during events of social-defeat stress (Tidey & Miczek, 1996).  

Similarly, alcohol is shown to influence DA signaling in mesocorticolimbic 

structures, including the ventral tegmental area (VTA) and nucleus accumbens 

(Mrejeru et al., 2015; Blanchard et al., 1993; Engleman et al., 2003). The nucleus 

accumbens receives key dopaminergic input from the VTA and is divided into 2 

functionally and anatomically distinct regions, the nucleus accumbens core 

(NAcc) and nucleus accumbens shell (NAcsh) (Corbit, Muir, & Balleine, 2001). 

The NAcc is suggested to play a greater role in learned associations and the 

related motor control than shell, while the NAcsh is believed to be involved with 

more unconditioned behavioral output (Baldo & Andrzejewski, 2010). NAcc 

response to ethanol has varied between studies. Blanchard et al. (1993) found 

an increase in DA following low doses of ethanol and decreased DA at higher 

doses. Conversely, chronic intermittent ethanol exposure was shown to decrease 

NAcc DA release (Karkhanis et al., 2015). In addition to the mesolimbic pathway, 

which is thought to play a role in the reinforcing aspect of addiction, the 

nigrostriatal dopaminergic pathway is suggested to be another component in 

addiction behavior and motor output (Souza-Formigoni et al., 1999). Striatal 

neurons have been shown to decrease in DA release in a dose-dependent 

manner to ethanol administration (Budygin et al., 2001a).  

It is less well understood if stress and prior alcohol exposure can interact to 

influence further DA signaling changes induced by ethanol (EtOH) consumption 

in these two pathways of addiction, the mesolimbic and nigrostriatal 
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dopaminergic paths. Therefore, the current experiments examine the role of 

stress on EtOH-induced changes in DA signaling in the NAcc and dorsolateral 

striatum (dlS) of subjects with and without prior EtOH exposure. Our data 

suggest a role for stress in DA release per stimulus pulse as well as a role for 

prior ethanol exposure on DA signal recovery following EtOH-induced impairment 

in both regions. 

2. Methods 

2.1. Subjects 

Ethanol-naïve (EN) and ethanol-exposed (EE) adult male Long Evans rats were 

used in this study. Subjects were kept on a 12-hr light/dark cycle (lights off at 6 

pm). Food and water were available ad libitum. For the EE subjects, 10% ethanol 

and water were available through a two-bottle choice paradigm on each Monday, 

Wednesday, and Friday for 5-6 weeks. Water and ethanol bottle weights were 

measured to quantify consumption for each day. Animal handling and procedures 

were conducted in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. 

2.2. Social defeat stress 

Ethanol-naïve (n=10) and ethanol-exposed (n=6) subjects were stressed three 

times for 30-min each via a social defeat procedure. The apparatus is an open 

top, clear Plexiglas container (h=18”; l=54”; w=24”) divided into two equal 

chambers with an opening (7”x7”) in the dividing wall connecting the two halves. 

“Intruder” rats were confined within an immobile cylindrical metal cage (h=8.25”; 
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diameter=10.75”) in the middle of one of the chambers while the “aggressor” rat 

was placed in the empty chamber. The chambers were cleaned with a mild 

detergent and bleach solution between each stress procedure. 

2.3. In vitro electrical voltammetry 

Following the third stress event, the intruder rat was taken and sacrificed. 

Subjects not exposed to ethanol or to the stress paradigm were used in the 

control group. Nonstressed, control subjects were taken at the same time of day 

when they were sacrificed. Briefly, decapitation occurred after anesthetization via 

isoflurane, the brain was removed, and immediately placed in ice-cold 

oxygenated artificial cerebrospinal fluid (aCSF: 0.007% (w/v) ascorbic acid, 

0.198% (w/v) glucose, 0.21% (w/v) sodium bicarbonate, 10% (v/v) 10X Krebs 

solution; pH=7.40). Slices 400 µm thick were obtained using a vibratome and 

then placed in oxygenated aCSF at room temperature. The slices were taken 

and placed on a flow-through stage with oxygenated aCSF flowing at a rate of 1 

mL/min. Fast-scan cyclic voltammetry was used to record extracellular dopamine 

characteristics in the dlS and NAcc, stimulating every 5 min. Following 

acquisition of a stable baseline DA signal (remained within a 10% range for at 

least 15 min after 60 min of recording), EtOH was washed over the slice at 

varying concentrations (20mM, 80mM, 160mM, and 220mM EtOH in oxygenated 

aCSF) for 30 min (6 stimulations per concentration). Oxygenated aCSF was 

washed over the slice at the conclusion of the 220mM exposure to measure DA 

signal recovery for 40 min (8 stimulations). An Ag/AgCl reference electrode was 

submerged in the dish and connected to a voltammetric amplifier (UNC 
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Electronics Design Facility, Chapel Hill, NC). A bipolar stimulating electrode was 

placed on the tissue within the region of interest and connected to a voltage 

output box. Electrical stimulation was obtained using one 5.0 V rectangular 0.1 

ms pulse at 10 Hz occurring 4.9 ms into each recording. The recording electrode 

was a carbon fiber microelectrode (exposed fiber length: 90-145 µm; diameter: 6 

µm) connected to the voltage amplifier. Recordings at the carbon fiber were 

taken every 100 ms for 15 seconds by applying a triangular waveform (-0.4 to 

+1.3 V, 400 V/s). Dopamine was identified by observing characterized oxidation 

and reduction peaks occurring at +0.6 and -0.2 V respectively (vs. Ag/AgCl 

reference). The recording microelectrode was calibrated to a known 

concentration of dopamine (10 µM) in vitro (Budygin et al., 2001b; Phillips et al., 

2003). 

2.4. Dopamine Signal Characterization 

Dopamine signaling characteristics (i.e. DA release per stimulus pulse ([DA]p) 

and uptake (Vmax)) were calculated using kinetic modeling (LabVIEW software 

ver6.1, National Instruments) of baseline signals prior to EtOH administration. 

2.5. Data Analysis 

Data were analyzed using GraphPad Prism (GraphPad Software ver6.05, San 

Diego, CA). DA signals were analyzed using multiple 2-way repeated measures 

analysis of variance (RM ANOVAs) and Sidak’s multiple comparisons tests 

(where appropriate). DA release and uptake data were analyzed with two-tailed 

unpaired t tests. Data are presented as mean ± SEM with an alpha value of 0.05. 
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3. Results 

Adult male Long Evans rats underwent a social defeat stress paradigm with 

some subjects exposed to EtOH prior to the stress procedure while others 

remained EtOH naïve. A separate group remained stress- and EtOH-naïve to 

serve as a control group. Once the subject had been stressed on the third day, 

their brain was collected and sliced. Brain slices were then used for in vitro 

voltammetry measuring DA signaling characteristics following electrical 

stimulation. EtOH was washed over the slice at varying concentrations 

throughout the experiment and then removed to observe any recovery to 

baseline DA signaling. 

The effects of stress on EtOH-induced DA signaling changes in NAcc and dlS of 

EtOH-naïve subjects can be seen in Figure 1. A 2-way RM ANOVA showed a 

main effect of time (F(34,952)=55.65; p<0.0001) and trended towards a main 

effect of condition (F(3,28)=2.599; p=0.0720) with a significant interaction 

(F(102,952)=2.234; p<0.0001). A post-hoc Tukey’s multiple comparisons showed 

a difference between DA signaling in NAcc and dlS of stressed subjects during 

the post220mM aCSF wash. Recovery of the DA signal in NAcc was significantly 

higher when compared to dlS recovery. This indicates that while there was no 

difference in DA signaling of either region when compared between stressed and 

non-stressed subjects, stressed subjects showed a significant difference in DA 

signal recovery following EtOH exposure between NAcc and dlS. Taken together 

these data suggest that there is a significant negative effect on DA signaling by 



30 
 

EtOH exposure over time with increasing concentrations and stress possibly 

plays a role in DA signal recovery. 

 

 

Figure 1. Ethanol (EtOH) significantly decreases nucleus accumbens (NAcc) and 
dorsolateral striatum (dlS) dopamine (DA) signaling in a concentration-dependent manner 
and stressed, but not nonstressed, ethanol-naïve (EN) subjects demonstrate significantly 
different signal recovery rates between the two regions. EN subjects were exposed to social-
defeat stress or served as a nonstressed control prior to in vitro fast-scan cyclic voltammetry. In 
vitro EtOH administration significantly impaired electrically-evoked DA signaling in all subjects 
and regions in a concentration-dependent manner. Significant differences were found between 
the NAcc and dlS in stressed subjects during the post-EtOH aCSF wash but no difference was 
calculated in nonstressed subjects. NAcc_EN_Stress: n=10; dlS_EN_Stress: n=10; 
NAcc_EN_Nonstress: n=9; dlS_EN_Nonstress: n=6. *significant difference between 
NAcc_EN_Stress and dlS_EN_Stress; p<0.05 
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We then analyzed the effects of stress in EE subjects compared to non-stressed 

EE controls (Fig 2). A 2-way RM ANOVA showed a main effect of time 

(F(34,612)=12.33; p<0.0001) but no main effect of condition (F(3,18)=0.9221; 

p=0.450) and no interaction (F(102,612)=0.8324; p=0.875). These data indicate 

that there is no significant difference between NAcc and dlS DA signaling during 

the experiment in EE stressed and non-stressed subjects, including the 

post220mM aCSF wash, leading to results similar to non-stressed EN control 

subjects. Additionally, all groups showed ethanol diminished electrically-evoked 

DA release in a concentration-dependent manner. 
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Figure 2. Significant reduction in stimulated dopamine (DA) release following ethanol 
(EtOH) administration in a concentration-dependent manner in stressed and nonstressed 
subjects with chronic ethanol exposure (EE). EtOH-exposed subjects were exposed to a 
social-defeat stress paradigm or taken from their home cage for in vitro fast-scan cyclic 
voltammetry. In vitro EtOH administration significantly impaired electrically-evoked DA signaling 
in all subjects and regions in a concentration-dependent manner. There were no significant 
differences calculated between stressed and nonstressed subjects. NAcc_EE_Nonstress: n=6; 
dlS_EE_Nonstress: n=6; NAcc_EE_Stress: n=5; dlS_EE_Stress: n=5 
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Finally, we analyzed DA signaling characteristics, DA release per stimulus pulse 

and Vmax (uptake), between stressed and non-stressed subject groups prior to 

EtOH administration (Fig 3). A one-way ANOVA showed a significant difference 

in DA release per pulse in NAcc (F(2,19)=4.357; p=0.0277) but not dlS 

(F(2,17)=1.873; p>0.05). A multiple comparisons test showed significantly 

greater DA release per pulse in stressed EN subjects compared to nonstressed 

EN controls (Fig 3A). Additionally, a separate one-way ANOVA indicated a 

significant in the Vmax of dlS (F(2,17)=6.276; p=0.0091) but not NAcc 

(F(2,19)=2.369; p>0.05). A multiple comparisons test demonstrated a significant 

decrease in Vmax following stress in EE subjects compared to non-stressed EN 

subjects (Fig 3B). These data suggest a regional-specific influence of stress on 

baseline DA release and uptake. 
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Figure 3. Prior ethanol exposure (EE) attenuates social-defeat stress-induced increase in 
nucleus accumbens (NAcc) dopamine (DA) release. Dopamine release kinetics were analyzed 
for in vitro baseline DA signaling in NAcc and dorsolateral striatum (dlS) of EN and EE rats 
following social-defeat stress. (A) Stressed EN subjects showed significantly higher DA release 
per stimulus pulse in the NAcc compared to non-stress EN subjects. Prior ethanol exposure in 
stressed subjects attenuates this stress-induced DA release increase. (B) Stress and ethanol 
exposure had no change on DA uptake measures in either region. Nonstress_EN_NAcc: n=8; 
Stress_EN_NAcc: n=9; Stress_EE_NAcc: n=5; Nonstress_EN_dlS: n=7; Stress_EN_dlS: n=8; 
Stress_EE_dlS: n=5. *p<0.05 
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4. Discussion 

The current experiments examine the effects of stress and prior EtOH exposure 

on EtOH-induced changes in DA signaling in the NAcc and dlS of adult male rats. 

The results indicate stress increased DA release per stimulus pulse in the NAcc 

but not dlS of stressed EN subjects when compared to non-stressed EN controls. 

This increase in accumbal DA release is attenuated when subjects have prior 

ethanol exposure. Additionally, stressed EE subjects showed significantly slower 

striatal DA uptake compared to nonstressed EN subjects. Stressed EN subjects 

also demonstrated significantly greater recovery of DA signaling during the 

post220mM aCSF wash in NAcc than dlS, a difference not observed in non-

stressed EN animals. Interestingly, when stressed subjects are pre-exposed to 

EtOH, the recovery difference between NAcc and dlS seen in stressed EN 

subjects is eliminated and the recovery data are similar to non-stressed subjects. 

These data suggest a role for stress in baseline DA release and a possible role 

for prior EtOH exposure in DA signal recovery. 

The effect that prior EtOH exposure returns DA signal recovery to non-

significance between NAcc and dlS of stressed EE subjects, where there was a 

significant difference in stressed EN subjects, provides a possible explanation for 

the coping mechanism of ethanol experience and stress. Without ethanol 

experience, the difference between accumbal and striatal DA signal recovery 

significantly changes in stressed subjects. With ethanol experience, stressed 

subjects do not experience the same significant change between accumbal and 

striatal DA signal recovery and instead respond with a similar signal recovery just 
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as the non-stressed subjects. Previous studies have demonstrated an increase in 

accumbal, and not lateral striatal, DA signaling following social-defeat stress 

(Tidey & Miczek, 1996). It is possible that the current data reflect these data with 

the added influence of prior ethanol experience. Stressed, EtOH-naïve subjects 

in the current study showed significantly better recovery in the wash following the 

ethanol administration in the NAcc compared to dlS. This difference could be 

attributable to selectively increased NAcc DA due to the social-defeat stress. 

When the subject is pre-exposed to EtOH, the effect social-defeat stress would 

have on NAcc or dlS DA signaling is altered. Though not significant, the current 

data suggest that prior EtOH-exposure might result in increased dlS recovery 

rather than attenuated NAcc DA recovery. Future studies will look to increase 

group sample sizes as well as explore the direction of effect prior ethanol 

exposure has on DA signal recovery in the NAcc and dlS. 

As noted in the introduction, there is conflicting evidence that NAcc DA efflux 

following EtOH increases at low doses but decreases at higher doses (Blanchard 

et al., 1993). While we did not see any evidence of DA increase even at low 

doses, there is an important difference in sampling methodologies. Blanchard et 

al. (1993) used in vivo microdialysis while the current study utilized in vitro fast 

scan cyclic voltammetry. Differences in collection time, sensitivity, and temporal 

resolution are all variables that could account for the difference in outcomes at 

low doses. Additionally, EtOH availability and intake levels are likely to influence 

results as well. It should be noted that ethanol intake levels in the present 

experiments did not show a correlation with regional variability when responding 
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to EtOH administration. Similar to the current data, Karkhanis et al. (2015) found 

that chronic intermittent ethanol exposure resulted in EtOH-induced DA 

transmission decrease in the nucleus accumbens.  

Many studies have attempted to examine the cellular changes induced by EtOH 

experience with interesting and at times conflicting results. Engleman et al. 

(2003) provided evidence that D2 autoreceptors are changed with EtOH 

experience. Similarly, Volkow et al. (1996) found that D2 receptor levels were 

decreased in human alcoholics but no difference in dopamine transport levels. 

Additionally, Bahi and Dreyer (2012) showed that changes in D1 receptor 

expression levels altered ethanol consumption suggesting a role for the D1 

receptor pathway.  With both D1 and D2 pathways implicated in EtOH 

consumption, optogenetic techniques should be used to examine the specific role 

each receptor type plays. Indeed, some studies have begun to utilize optogenetic 

techniques to look individually at D1 or D2 receptor activity and its role in 

addiction (Chandra et al., 2013; Stuber, Britt, & Bonci, 2012). 

4.1. Future experiments 

It will be important to consider nonstressed subjects with prior EtOH experience. 

EE resulted in stressed subjects showing DA signal recovery similar to non-

stressed, EtOH-naïve subjects. Additionally, uptake rates were significantly lower 

in EE stressed subjects compared to EN nonstressed subjects. Future 

experiments should observe non-stressed subjects with prior EtOH exposure in 

order to observe the influence of EtOH pre-exposure on recovery rates and DA 
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release kinetics without stress. This additional group will help elucidate the roles 

of stress and ethanol experience on DA signal recovery following impairment via 

EtOH administration. 

Additional experiments should also analyze the effects of EtOH pre-exposure on 

other types of stress. As previously listed, there are other types of social stress 

(e.g. maternal separation, isolation) that can be studied with the current paradigm 

to further understand the role of ethanol consumption prior to and during stressful 

events. Other stress experiments could also examine the role age plays in EtOH-

induced DA signaling changes and whether prior EtOH exposure at different 

stages in life affects the stress/EtOH interplay observed in the present data. 

Stress and ethanol can both influence DA signaling through neurochemical and 

neurobiological changes.  Organisms experience stress on a daily basis and 

respond in various ways, some by coping with drugs or substances. It is 

important to understand how stress can influence biological responses to these 

substances and how these substances can influence biological responses to 

stress. With studies examining the interactions between substances and 

environmental cues as well as optogenetics and increasingly accurate measuring 

tools, the elucidation of these intertwined paths can lead to the development of 

more effective treatments. 
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1. Introduction 

The abuse of alcohol has led to considerable economic and societal costs across 

the globe. According to the World Health Organization (2014), 7.4 percent of 

Americans over the age of 15 either abuse alcohol or have become dependent 

upon it. Within that subpopulation, there are a disproportionate number of those 

with an AUD also suffering from a form of anxiety (Gilpin & Weiner, 2017; Grant 

et al., 2004). As more data is collected regarding disease comorbidities, it 

becomes clear that additional considerations are needed in researching 

neurological disorders, such as alcohol use disorder (AUD). In this light, this 

thesis examines the concomitant roles of anxiety and chronic ethanol 

consumption on the effects of acute ethanol challenges to DA signaling in the rat 

brain. 

2. Major findings of thesis 

The previous chapters have demonstrated data suggesting modulating roles for 

stress and prior ethanol exposure in dopamine signaling changes in response to 

an acute ethanol challenge. Social defeat stress induces a significant increase in 

electrically-stimulated DA release in the NAcc but not in the dlS of ethanol-naïve 

subjects. This increased DA release is attenuated in subjects with chronic 

ethanol exposure. Additionally, supported by previous literature, there is a 

concentration-dependent decrease in electrically-stimulated DA in both the NAcc 

and dlS (Budygin et al., 2007, Rothblat et al., 2001; Karkhanis et al., 2015). 
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3. Chronic intermittent ethanol exposure 

Chronic exposure to ethanol can be accomplished through multiple paradigms 

including chronic intermittent access to two-bottle choice (ethanol and water), 

continuous access to two-bottle choice, and chronic intermittent exposure (CIE) 

to ethanol vapor. There are advantages and disadvantages to these procedures. 

The two-bottle choice designs allow for voluntary consumption and augmented 

consumption is obtained through the chronic intermittent access model which 

does not occur with continuous access (Hwa et al., 2011). However, the subjects 

will not exhibit withdrawal symptoms following these two-bottle choice paradigms. 

CIE vapor exposure leads to physical dependence and signs of withdrawal 

following multiple sessions, though the consumption of the ethanol is 

noncontingent (Gilpin et al., 2008). Chronic intermittent access to a 2-bottle 

choice paradigm was used as the model for this thesis because it allows for a 

contingent administration of the ethanol, ethanol consumption is increased 

(compared to continuous access), and there are no confounding variables from 

withdrawal symptoms. A limitation of the intermittent access design, however, is 

that the amount of time needed to establish a baseline of high consumption is a 

minimum of around 3 weeks (Simms et al., 2008) compared to about a week for 

CIE vapor exposure (Budygin et al. 2007). 

4. Fast-scan cyclic voltammetry 

The experiments conducted for this thesis centered on the use of in vitro fast-

scan cyclic voltammetry (FSCV). This technique offers high temporal and spatial 
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resolution, allowing subsecond neurotransmitter release characteristics and 

placement of the recording carbon fiber microelectrode to be located in close 

proximity to the neurotransmitter release site. Alternatively, microdialysis can 

measure extracellular DA levels with more precision and accuracy, providing an 

absolute value for expression levels rather than relative fluctuations from 

background. FSCV was used for these experiments because of the nature of our 

question: to examine changes in DA release and reuptake in response to acute 

ethanol challenges. When interpreting voltammetry results, the ability to 

determine real-time changes in release and reuptake provides valuable 

information for the topic of this thesis and deepens the conclusions drawn. 

5. Future Directions 

Due to social differences in adults and adolescents, it is important to determine 

further how stress and prior ethanol exposure alter the effects of ethanol. 

Younger rats are more social and during adolescence play and social 

interactions occur at higher frequency than in older rats (Miczek et al., 2008). As 

stated previously, research supports the hypothesis that adolescent rats will be 

impacted differently by social stressors (Butler et al., 2016; Bingham et al., 2011). 

Therefore, a future direction of this thesis is to examine the impact of social 

defeat stress on dopamine signaling in adolescent subjects. Additionally, I 

believe it is important to explore social defeat in addition to social isolation due in 

part to adolescents’ more social lifestyle compared to adults. Social isolation in 

young rats results in preventing the subjects from social interaction whereas 

social defeat results in an aversive social event. Isolation and defeat likely result 
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in unique neurochemical and biological changes which can be used together in 

examining the impact of negative social episodes on an organism’s propensity to 

develop drug-abusive behavior.  

Another direction for this thesis explores the cellular and subregional disparities 

in function. For example, Mrjeru et al. (2015) found ethanol-responsive medial 

VTA DA neurons which were not responsive to quinpirole while lateral VTA DA 

neurons were sensitive to quinpirole though not responsive to low levels of 

ethanol. Similarly, D2 receptor levels have been suggested to be a factor in 

determining the effects of stress on ethanol consumption (Delis et al., 2013). 

Understanding and elucidating these types of receptor and regional differences 

will be important in determining the best approach to developing therapeutics.  

6. Conclusion 

The high comorbidity of AUD and anxiety is an issue that needs attention. This 

problem is compounded by the fact that we do not have cures for either health 

concern, only options to manage the symptoms. Research into how stress and 

chronic ethanol use independently and co-dependently influence the way in 

which a person consumes or seeks a drug will result in better therapies and 

therapeutic approaches to treating addiction. 
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Abstract 

Recent optogenetic studies demonstrated that phasic dopamine release in the 

nucleus accumbens may play a causal role in multiple aspects of natural and 

drug reward-related behaviors. The role of tonic dopamine release in reward 

consummatory behavior remains unclear. The current study used a combinatorial 

viral-mediated gene delivery approach to express ChR2 on mesolimbic 

dopamine neurons in rats. We used optical activation of this dopamine circuit to 

mimic tonic dopamine release in the nucleus accumbens and to explore the 

causal relationship between this form of dopamine signaling within the ventral 

tegmental area (VTA)-nucleus accumbens projection and consumption of a 

natural reward. Using a two bottle choice paradigm (sucrose vs. water), the 

experiments revealed that tonic optogenetic stimulation of mesolimbic dopamine 

transmission significantly decreased reward consummatory behaviors. 

Specifically, there was a significant decrease in the number of bouts, licks and 

amount of sucrose obtained during the drinking session. Notably, activation of 

VTA dopamine cell bodies or dopamine terminals in the nucleus accumbens 

resulted in identical behavioral consequences. No changes in water intake were 

evident under the same experimental conditions. Collectively, these data 

demonstrate that tonic optogenetic stimulation of VTA-nucleus accumbens 

dopamine release is sufficient to inhibit reward consummatory behavior, possibly 

by preventing this circuit from engaging in phasic activity that is thought to be 

essential for reward-based behaviors. 

Keywords: optogenetics; tonic dopamine; VTA; nucleus accumbens; reward  
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Introduction 

Dopamine release in the nucleus accumbens is involved in all types of reward-

related behaviors, including reward learning, seeking and intake (Schultz et al., 

1997; Hyland et al., 2002; Phillips et al., 2003b; Roitman et al., 2004; Wise, 2004; 

Stuber et al., 2005). This neurotransmitter can be released naturally with two 

main patterns: phasic and tonic (Grace, 1991; Grace, 2000; Schultz, 1998; 

Wightman and Robinson, 2002). Tonic dopamine firing occurs at a low frequency 

of ∼5 Hz and results in steady-state dopamine concentrations that are lower than 

50 nM (Parsons and Justice, 1992; Justice, 1993). In contrast, burst firing of 

dopaminergic neurons, at frequencies of more than 30 Hz, leads to large, 

transient increases in dopamine concentrations, which may significantly exceed 

50 nM (Grace and Bunney, 1983; Grace and Bunney, 1984; Freeman et al., 

1985; Wightman and Zimmerman, 1990; Hyland et al., 2002; Wightman and 

Robinson, 2002; Aragona et al., 2008). These distinct characteristics of phasic 

and tonic dopamine release suggest divergent roles for each pattern in the 

control of dopamine-related behaviors. 

It is well documented that accumbal dopamine is released in a phasic fashion in 

response to reward presentation (Day et al., 2007; Brown et al., 2011; Flagel et 

al., 2011) or cues that signal reinforcement availability (Roitman et al., 2004; 

Owesson-White et al., 2008; Beyene et al., 2010 ;  Jones et al., 2010). Phasic 

dopamine release was also found to be temporally related to lever-pressing for 

reward delivery (Phillips et al., 2003b; Wassum et al., 2013). Remarkably, the 

propensity of a reward-paired cue to increase lever pressing can be predicted by 



53 
 

the amplitude of phasic dopamine release, suggesting a possible mechanism 

through which cues initiate reward-seeking behavior (Wassum et al., 2013). 

Several other studies support this notion. For example, it has been shown that 

evoked dopamine transients can trigger a lever-press for cocaine (Phillips et al., 

2003b). Additionally, alterations in conditioning-associated tonic dopamine 

release were negatively correlated with changes in the effort needed to obtain a 

reward (Ostlund et al., 2011). Other findings suggest that phasic dopamine 

release encodes the full range of reward prediction error necessary for 

reinforcement learning (Bayer and Glimcher, 2005; Hart et al., 2014). Altogether, 

multiple studies have revealed strong associations between changes in 

subsecond dopamine release in the nucleus accumbens and different types of 

reward-related behaviors. 

Recently, the emergence of optogenetics has allowed us to better explore the 

causal relationship between accumbal dopamine and behavior. Indeed, 

optogenetic activation of ventral tegmental area (VTA) dopamine neurons can 

selectively induce dopamine release in accumbal terminal fields with very high 

temporal and spatial precision. Moreover, optical stimulation of the VTA was 

shown to mimic phasic and tonic dopamine release (Tsai et al., 2009; Bass et al., 

2013). Using this approach, it was shown that phasic, but not tonic, dopamine 

release is solely responsible for the development of conditioned place preference 

(Tsai et al., 2009). Furthermore, phasic activation of dopaminergic neurons 

causally enhances positive reinforcing actions in a food-seeking task 

(Adamantidis et al., 2011). Moreover, phasic activation was sufficient to 
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reactivate previously extinguished food-seeking behavior in the absence of 

external cues (Adamantidis et al., 2011) and to enhance the initiation of approach 

behavior without long-term motivational regulation (Ilango et al., 2014). 

Optogenetic activation of dopamine neurons, mimicking a prediction error, was 

sufficient to cause long-lasting increases in cue-elicited, reward-seeking behavior 

(Steinberg et al., 2013). These findings establish a causal role for fast dopamine 

signaling in reward learning. 

While phasic dopamine release in the nucleus accumbens plays a causal role in 

multiple aspects of reward-learning, -seeking and -intake behavior, the role of 

tonic dopamine release in reward-related activities is still unclear. In our previous 

optogenetic study, we revealed that tonic, but not phasic, activation of the VTA 

attenuated alcohol intake in an intermittent drinking procedure (Bass et al., 

2013). The aim of the present study was to explore whether driving mesolimbic 

dopamine transmission into the tonic mode affects natural reward consumption in 

a similar fashion. 

Experimental procedures 

Animals 

Adult (90–150 days old) male Long-Evans rats, weighing 300–380 g, were 

housed in a temperature-controlled vivarium in acrylic cages on a 12/12 h 

light/dark cycle (lights out at 6:00 PM). Food and water were available ad libitum, 

though food was withheld during experimental sessions (30 min), conducted 

during the light cycle. Prior to surgery, rats were group-housed and then 
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individually housed following viral infusion and optical cannula implantation. All 

animal procedures were conducted in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. 

Viral constructs and packaging 

Virus packaging and titering were previously described (Bass et al., 2010; Bass 

et al., 2013). A standard triple transfection packaging protocol was used to 

package viruses to generate pseudotyped AAV2/10 (Xiao et al., 1998). The three 

plasmids were an AAV2 plasmid, which contained the transgene to be packaged, 

pHelper (Stratagene, La Jolla, CA, USA) provided adenoviral helper functions, 

and an AAV2/10 rep/cap plasmid containing the AAV2 replicase and AAV10 

capsid genes (Gao et al., 2002; De et al., 2006). The EF1α-DIO-ChR2-EYFP-

pAAV and TH-iCRE-pACP plasmids were previously described (Gompf et al., 

2015). Briefly, Cre recombinase expression is driven by a rat tyrosine 

hydroxylase (TH) promoter, which restricts expression to TH+ neurons (Oh et al., 

2008; Gompf et al., 2015). In the second construct ChR2-EYFP is driven by a 

strong, generalized promoter (EF1α), but this transgene is oriented in a DIO 

configuration which requires Cre recombinase to reorient it to an active, drivable 

position in relation to the EF1α promoter. When co-infused into the VTA, the Cre 

is expressed only in TH+ (dopaminergic) neurons which are then the only cells 

that express ChR2-EYFP. 
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Stereotaxic virus injection 

Naïve subjects were anesthetized using ketamine hydrochloride (100 mg/kg, i.p.) 

and xylazine hydrochloride (20 mg/kg, i.p.). Once placed in a stereotaxic frame, 

the scalp was shaved and wiped with iodine. The skull was uncovered by making 

an incision centrally along the scalp. Two small drill holes were fashioned for two 

skull screws to stabilize a cement cap. A final hole was drilled on the right side 

above either the VTA (from bregma: anterior 5.8 mm; lateral, 0.7 mm) or nucleus 

accumbens (from bregma: anterior 1.3 mm; lateral, 1.3 mm) into which an optic-

fluid cannula (OFC) (Doric Lenses, Canada) was implanted (DV, 7.3 mm) (Fig. 

1). Next, a combination of DIO-ChR2-EYFP-AAV2/10 and TH-iCRE-AAV2/10 

was coinjected (X:X, 1:3 μl total) gradually into the VTA (DV, 7.3 mm) over 13 

min through the OFC via a Hamilton syringe. Previously we have shown that this 

combinatorial system restricts ChR2 expression to dopaminergic neurons in the 

VTA (Gompf et al., 2015). Dental cement stabilized by skull screws was used to 

cover the exposed skull. Subjects were returned to their home cages for recovery 

once the cement was dry. 

Sucrose drinking behavior 

Sucrose (3%) and water preference was measured using a two-bottle drinking 

procedure (Bass et al., 2013; Chaudhury et al., 2013 ;  Tye et al., 2013). Two 

groups of rats (6–7 rats per group) with ChR2 expression in the mesolimbic 

pathway and OFCs (Doric Lenses, Canada) implanted into the VTA or nucleus 

accumbens were prepared for these experiments. Subjects were placed in a 
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cage (MED Associates, St. Albans, VT, USA) and given access to sucrose and 

water during 30 min testing periods every Monday, Wednesday, and Friday, 

having access only to water on other days (Fig. 1A). Sucrose and water were 

given in graduated drinking tubes (MED Associates, St. Albans, VT, USA) and 

the position of the bottles was alternated on each drinking day to control for 

potential side preference. Using custom-made lickometers, sucrose and water 

consumption was measured as the number of licks, bouts and total intake (g/kg) 

after each drinking session. In addition, the latency to the first lick was also 

measured for both sucrose and water. 

The control (no stimulation) and experimental (with optical stimulation) set for 

both experimental groups (targeted the VTA or nucleus accumbens) consisted of 

the same animals tested on different days in a balanced manner in order to 

provide a within-subject control design for sucrose and water consumption. This 

design allowed us to avoid the influence of multiple factors, including individual 

differences, and therefore, more clearly dissect effects of tonic stimulation on 

drinking behavior. Rats were habituated to the optical cable two weeks before 

stimulations. The stimulation was applied for the first 10 min of the drinking 

session only. Therefore, sucrose still remained accessible for the last 20 min of 

each session, providing rats with the opportunity to compensate for the amount 

of sucrose that was not obtained during the stimulation. No aversive effects of 

optical activation of the VTA or nucleus accumbens were observed. 
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Fig 1. Schematic of the behavioral set-up designed to evaluate the effect of optogenetic 
stimulation of the VTA-nucleus accumbens dopamine circuit on consummatory behaviors. 
Panel A represents a schematic picture of a rodent cage that was optimized to allow stimulation 
of targeted brain areas through implantable optical cannulas, which were connected to a laser via 
the patch cord, during 30-min drinking sessions. A counter-balanced lever arm with attached 
optical commutator allowed rats to move freely in the drinking chamber. Panels B and C 
represent schematic pictures of rat brains with the optical activation of the ventral tegmental area 
(VTA) and nucleus accumbens (NAcc) through implanted cannulas, respectively. 

Fast-scan cyclic voltammetry recordings 

Extracellular dopamine concentrations, before and following optical (seven rats 

per group) and electrical (six rats per group) stimulation of the VTA, were 

measured using fast-scan cyclic voltammetry (FSCV). The experiments with 

optical stimulation were performed at different time points following viral infusion, 

specifically at 4 weeks (four rats) and 8 weeks (three rats). No doubt, a greater 

spread of ChR2 expression can be observed with a longer incubation period. 

However, light penetration is always restricted to the same distance (≈1 mm) 

below the end of the optical fiber, and therefore, the signal is relatively the same 

at these two time periods. Since there was no difference in dopamine response 
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between these two time points, data were analyzed together. Experiments with 

electrical stimulation were performed on rats matched to the same strain, age 

and weight as the ones on which optical stimulation was performed. 

All subjects were secured in a stereotaxic frame following urethane (1.5 g/kg, i.p.) 

anesthesia. After the scalp was shaved and cleaned, the skull was uncovered by 

making a central incision along the scalp. One hole was fashioned above the 

nucleus accumbens (from bregma: anterior, 1.3 mm; lateral, 1.3 mm) and 

another hole above the ipsilateral VTA (from bregma: posterior, 5.8 mm; lateral, 

0.7 mm). A final hole was placed on the contralateral hemisphere for the 

implantation of an Ag/AgCl reference electrode connected to a voltammetric 

amplifier (UNC Electronics Design Facility, Chapel Hill, NC). A carbon fiber 

microelectrode (exposed fiber length: 100 μm; diameter: 6 μm) connected to the 

voltage amplifier and secured to the stereotaxic frame arm was lowered into the 

hole drilled above the nucleus accumbens (ventral, 7.4 mm). 

Electrical stimulation was obtained using a bipolar stimulating electrode that was 

inserted into the hole above the VTA (ventral, 7.5–8.5 mm) and connected to a 

voltage output box. Optical stimulation was achieved via an optical fiber 

(diameter: 200 μm) inserted in the hole above the VTA (ventral, 7.5–8.5 mm) 

connected to a laser (Viasho, China). Optical (average power = 3.5 mW) and 

electrical (current = 350 μA) stimulations consisted of 250 rectangular 4 ms 

pulses at 5 Hz, and began 5 s into each recording. Voltammetric recordings 

occurred at the carbon fiber electrode every 100 ms for 75 s by applying a 

triangular waveform (−0.4 to +1.3 V, 400 V/s). Oxidation and reduction peaks 
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were observed at +0.6 V and −0.2 V respectively (vs. Ag/AgCl reference) 

identifying dopamine as the released chemical. Data were digitized (National 

Instruments, Austin, TX, USA) and stored on a computer. Calibration of the 

carbon fiber electrodes was performed with known concentrations of dopamine 

(5, 10 μM) in vitro (Budygin et al., 2001b ;  Phillips et al., 2003a). 

Optical stimulation during sucrose drinking 

The sessions with optical stimulation of sucrose drinking rats were performed 4 

weeks following viral transfection. This interval was necessary to obtain the level 

of ChR2 expression that is sufficient for effective stimulation of dopamine release 

(Bass et al., 2010, 2013). The optical setup had a laser at wavelength 473 nm 

(Beijing Viasho Technology Co., Ltd, Beijing, China) with a 100 mW maximum 

power output. A programmable function generator (Hewlett–Packard model 

8116A) provided control signals to modulate the laser via the TTL input control 

port on the laser power supply. Parameters of the light presentation for tonic 

stimulation were 3000 light pulses at 5 Hz (total light exposure of 10 min). The 

optical pulse procedure began manually by firing a pulse generator (Systron-

Donner Model 100C) which activated a digital delay generator (SRS Model 

DG535). The digital delay generator was used to ensure the function generator 

was appropriately gated to select a finite number of pulses from the continuous 

waveforms typically produced by the function generator. A series of 5-Hz square 

pulses were produced by the function generator. The total number of pulses in 

one data stream (250) was gated by the digital delay generator because the 

temporal length of a gate pulse received by the function generator dictated the 
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number of square pulses produced by the function generator for each trigger. 

Individual pulses had a temporal width of 4 ms within each series of pulses. A 

commercial power meter (Thorlabs, Newton, NJ, USA) was used to measure the 

laser power output. 

Immunohistochemistry 

The rats were sacrificed for histology at different time points (30–60 days) 

following viral transfection. They were anesthetized with a combination of 

ketamine (100 mg/kg) and xylazine (10 mg/kg) and then transcardially perfused 

with 10% normal buffered formalin. After removal, brains were soaked overnight 

in fixative at 4 °C and then incubated in a 25% sucrose solution overnight until 

the brains sank. Fifty-μm thick sections were obtained on an American Optical 

860 sliding microtome. Free-floating coronal sections which contained the 

midbrain were processed for immunohistochemistry. Briefly, sections were 

washed in PBS for 5 min followed by 3 × 10 min rinses in PBS + 0.5% triton X-

100. Primary antibody diluted in PBS + 0.3% triton X-100 was applied overnight 

at 4 °C while shaking. Primary antibodies used were mouse anti-tyrosine 

hydroxylase (ImmunoStar #22941) at a 1:4000 dilution and a rabbit anti-GFP 

(Invitrogen #A6455, also cross reacts with EYFP) at a 1:2000 dilution. The 

following day, sections underwent 3 × 10 min PBS rinses and then were 

incubated with secondary antibodies of Alexa 555 donkey anti-mouse (Invitrogen, 

#A31570, 1:4000) and Alexa 488 goat anti-rabbit (Invitrogen #A11034, 1:2000) at 

room temperature for 2 h while shaking. A last set of 3 × 10 min PBS rinses were 

applied to the sections which were then mounted onto slides and coverslipped 
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with Prolong Gold media. Slides were visualized via a Zeiss LSM 710 confocal 

microscope. 

Statistical analysis 

Data were analyzed in GraphPad Prism (GraphPad Software, San Diego, CA, 

USA). 2-Way ANOVAs, two-tailed unpaired t-test with Welch’s correction and 

nonparametric Wilcoxon matched pairs signed rank test were used to determine 

statistical significance. The data were presented as mean ± SEM, and the 

criterion of significance was set at P < 0.05. 

Results 

Confirmation of ChR2 expression on dopaminergic neurons 

Immunohistochemistry for GFP and TH revealed robust ChR2-EYFP expression 

throughout the VTA with EYFP+ terminals apparent in the nucleus accumbens. 

Co-localization of TH and EGFP was restricted to TH+ neurons in the VTA (Fig. 

2). 

 

Fig. 2. Characterization of ChR2 expression in the VTA. Immunohistochemistry for TH (A) and 
EYFP (B) in the VTA revealed that ChR2-EYFP was largely restricted to dopaminergic neurons. 
Co-localization is apparent in panel (C). Scale bar represents 25 μm. 
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Mimicking and detection of tonic dopamine release in rat nucleus 

accumbens 

FSCV in anesthetized rats was used to detect changes in extracellular dopamine 

concentrations in the nucleus accumbens in response to tonic stimulation 

patterns. We compared the effect of optogenetic stimulation of dopamine cell 

bodies with consequences observed following their electrical stimulation that has 

been traditionally used for many years (Budygin et al., 1999; Budygin et al., 

2000; Budygin et al., 2001a; Jones et al., 2006; Budygin, 2007; Oleson et al., 

2008; Bass et al., 2010; Bass et al., 2013; Pattison et al., 2011; Pattison et al., 

2012). As illustrated in Fig. 3, tonic optogenetic (A) and electrical (B) VTA 

stimulation evoked significant increases in accumbal dopamine levels. An 

evaluation of the areas under each curve of the dopamine transients found no 

difference between optogenetic and electrical activation (P > 0.05, n = 6; Mann 

Whitney test). However, the area under each curve during the first 20 s of 

stimulation was significantly greater for electrically-evoked dopamine traces 

compared with optically-induced signals (15.9 ± 3.0 vs. 6.1 ± 1.0, P < 0.05, n = 6; 

Mann–Whitney test). Notably, the dopamine concentration evoked by optical 

stimulation remained quite stable during the entire stimulus train (50 s), while 

dopamine following electrical stimulation was less steady. Thus, similar to the 

dopamine response during the first second of optical stimulation, electrically-

evoked dopamine increased transiently but then plateaued for 15 s and finally, 

gradually decreased. A 2-way RM ANOVA revealed a significant interaction 

(F(354,1888) = 4.957, P < 0.0001) and a main effect of time (F(188,1888) = 
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8.715, P < 0.0001, n = 6–7). This main effect of time was driven by electrical 

stimulation (F(2.593,15.56) = 22.88, P < 0.0001, n = 6) but not optical stimulation 

(F(2.382,11.91) = 2.782, P = 0.0959, n = 7), according to a 1-way RM ANOVA. 

The difference in dopamine response induced by optical and electrical 

stimulation may be based on the specificity of these approaches. While 

optogenetic stimulation only activates dopamine neurons, electrical stimulation 

will also activate glutamatergic, and GABAergic neurons within the VTA and 

these cells may influence dopamine release kinetics. Moreover, electrical 

stimulation applied with these specific parameters may trigger a greater 

dopamine efflux in comparison with the optical stimulation used in this study. 

 

Fig. 3. Low-frequency optogenetic and electrical activation of VTA dopaminergic neurons 
mimic tonic dopamine release patterns in the nucleus accumbens. Dopamine effluxes were 
evoked by 5 Hz, 250 pulses of optical (A) or electrical (B) stimulation of the VTA. These data are 
presented as mean ± SEM. Averaged dopamine concentrations are denoted by solid lines (upper 
bold curves are recordings with stimulations) and dots (lower bold curves are recordings with no 
stimulations), while SEMs are represented by broken lines. Optically- and electrically-evoked 
dopamine was identified by their background-subtracted cyclic voltammograms (C and D, 
respectively). 
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An electrical activation of dopamine axons is capable of inducing a depletion of 

releasable dopamine in the terminal field under some stimulating parameters 

(Michael et al., 1987; Nicolaysen et al., 1988). Therefore, it was important to 

figure out whether optogenetic stimulation, selected for behavioral experiments, 

caused dopamine depletion. The experiments revealed no depletion under our 

stimulation protocol. Dopamine was effectively released during the entire period 

of stimulation (10 min). There was some significant reduction (from 45.7 ± 3.1 nM 

for the first minute to 29 ± 3.5 nM during the last minute of VTA stimulation) in the 

maximal amplitude of optically-induced dopamine efflux at the end of the 10-min 

stimulation (F(1.099,3.296) = 14.62, P < 0.05, n = 4; RM one-way ANOVA). 

However, dopamine recovered to 100% (46.0 ± 3.9 nM) within 1 min after 

stimulation was terminated. 

Effects of tonic activation of VTA-accumbal dopamine release on sucrose 

drinking behaviors 

Subjects were presented with two bottles containing water and a 3% sucrose 

solution for 30-min drinking sessions. Fig. 4 represents average sucrose (3%) 

and water licks during 18 drinking sessions measured before optical stimulation. 

There was a significant difference between sucrose and water consumption 

(F(1,101) = 559.5; P < 0.0001). Importantly, no significant changes in the number 

of licks were found after virus injection surgery (between 11th and 12th drinking 

session – see Fig. 4). 
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Fig. 4. Average number of licks for sucrose and water during an intermittent 2-bottle 
choice drinking assay. Average daily sucrose (3%) and water licks during 18 drinking sessions 
were measured before experiments with optical stimulation. No significant changes in the number 
of licks were found after the virus injection surgery (between the 11th and 12th drinking sessions). 
There was a dramatic difference between sucrose and water preference, which was also 
unchanged following the surgery. 

Multiple behavioral parameters were measured for an entire 30-min session. For 

the first 10 min of the session, a 5-Hz optical stimulation was applied to VTA 

dopamine cell bodies or accumbal dopamine terminals. These data were 

compared to non-stimulated sessions (Fig. 5; Fig. 6). Since drinking 

measurements satisfied the criterion of a normal distribution (one-sample 

Kolmogorov–Smirnov test), a two-tailed unpaired t-test with Welch’s correction 

was used to analyze the results presented in Fig. 6.  
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Fig. 5. Representative cumulative records of sucrose licking during 30-min drinking 

sessions. The upper panel shows drinking patterns of a single rat during two separate sessions, 

which were performed 2 days apart, with or without optical stimulation of the VTA (A). The lower 

panel demonstrates drinking patterns of a different rat from analogous sessions, where 

the nucleus accumbens was optically stimulated during one session (B). The solid black line 

indicates the response of the subject during the session in which there was no stimulation; the 

dashed black line shows the response of the subject during the session in which there was 

stimulation; the blue line indicates time of stimulation. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 

  

http://topics.sciencedirect.com/topics/page/Ventral_tegmental_area
http://topics.sciencedirect.com/topics/page/Nucleus_accumbens
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Fig. 6. Tonic optogenetic stimulation of VTA dopamine cells or nucleus accumbens dopamine 

terminals significantly attenuates sucrose, but not water, drinking measures. Drinking was 

assessed using a two-bottle choice procedure and optical stimulation was delivered either to 

VTA dopamine cells or nucleus accumbens (NAcc) dopamine terminals. The number of drinking 

episodes, termed bouts (A, E), the total number of licks (B, F), intake (C, G), and the latency to 

the first bout (D, H) for sucrose and water were compared between stimulated and non-

stimulated sessions. Following optical stimulation in either the VTA or NAcc, subjects showed 

significantly attenuated sucrose intake as evidenced by a decreased number of bouts, licks, and 

sucrose intake when compared to non-stimulated sessions. However, the latency to the first lick 

was not significantly altered following stimulation of either brain area. Optical stimulation of 

either the VTA or NAcc did not affect any water drinking measures. ***P < 0.001, **P < 0.01, *P 

< 0.05; n = 6–7 rats per group. 
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Each visit to one of the two bottles was recorded as a single bout which could 

consist of one or more licks. The number of sucrose drinking bouts was 

significantly lower following VTA stimulation compared to results from non-

stimulated control sessions (t(22.88) = 2.614, P < 0.05). In contrast, no difference 

was observed in the number of water drinking bouts between stimulated and 

non-stimulated sessions (Fig. 6A; t(36.35) = 1.024, P = 0.313). Similarly, 

accumbal stimulation resulted in significantly fewer sucrose bouts when 

compared to non-stimulated controls (t(25.37) = 4.080, P < 0.001) and, again no 

difference in the number of water bouts was observed (Fig. 6E; t(18.93) = 

0.2146, P = 0.832). When the overall number of licks was analyzed, a pattern 

similar to that observed with bout behavior was noted (Fig. 6B, F). Significantly 

fewer licks of the sucrose solution were recorded following optical stimulation of 

the VTA (Fig. 6B; t(19.71) = 3.054, P < 0.01) or nucleus accumbens (Fig. 6F; 

t(18.70) = 2.912, P < 0.01) compared to non-stimulated controls. Additionally, no 

change in water licks was observed following stimulation of either VTA (Fig. 6B; 

t(23.35) = 0.9578, P > 0.05) or nucleus accumbens (Fig. 6F; t(26.34) = 1.357, P 

> 0.05) compared to non-stimulated sessions. 

Next, the solution intake from each bottle was calculated (Fig. 6C, G). Intake of 

the 3% sucrose solution was significantly lower following optical stimulation of the 

VTA (Fig. 6C; t(18.19) = 2.244, P < 0.05) or nucleus accumbens (Fig. 6G; 

t(15.43) = 4.304, P < 0.001). There was no difference in water intake following 

VTA (Fig. 6C; t(40.33) = 0.215, P > 0.05) or accumbal (Fig. 6G; t(11.66) = 0.497, 

P > 0.05) stimulation compared to non-stimulated control sessions. Finally, 
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latency to the first bout was evaluated (Fig. 6D, H). There was no difference 

found between VTA-stimulated sessions compared to non-stimulated periods for 

either the sucrose solution (t(14.41) = 1.224, P > 0.05) or water (Fig. 6D; t(18.53) 

= 0.350, P > 0.05). Additionally, accumbal stimulation did not alter latency 

compared to non-stimulated controls for either sucrose (t(10.09) = 1.345, P > 

0.05) or water (Fig. 6H; t(23.82) = 0.181, P > 0.05). 

It is important to notice that multiple measures were obtained from single rats for 

the t-test analysis of consummatory behavior. This approach, termed “nested 

data analysis” is quite commonly used in the field of neuroscience research ( 

Aarts et al., 2014). However, depending on the number of observations per 

subject and the degree of dependence, this analysis can overestimate statistical 

significance (Aarts et al., 2014). Therefore, we performed an alternative statistical 

analysis of the data to confirm a significant difference in consummatory 

measures. The data were taken from separate animals in the experiments, where 

a single measure from a single rat (n = 6–7 per group) was taken first during a 

control session and then during a subsequent session with optical stimulation. 

This allowed us to re-analyze the difference between unstimulated and 

stimulated consummatory parameters by the use of a nonparametric Wilcoxon 

matched pairs signed rank test. According to this analysis, activation of the VTA 

resulted in a significant decrease in the number of licks (from 2732 ± 392 to 1185 

± 309, P = 0.031, n = 6) and consequently the intake was reduced (from 0.81 ± 

0.14 to 0.43 ± 0.14 g/kg, P = 0.033, n = 6). Similarly, the decreases in the 

number of licks (from 2059 ± 542 to 629 ± 296, P = 0.016, n = 7) and in the 
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intake (from 0.60 ± 0.15 to 0.18 ± 0.12 g/kg, P = 0.016, n = 7) were observed 

following optical stimulation of the nucleus accumbens. Therefore, both analyses 

revealed statistically significant inhibition of consummatory measures. 

Discussion 

We used a previously characterized combinatorial viral approach (Gompf et al., 

2015) to selectively express ChR2 in VTA dopamine neurons of Long-Evans rats 

to evaluate the role of tonic dopamine release on the consumption of sucrose, a 

natural reward. The experiments revealed that optogenetically driving mesolimbic 

dopamine transmission into the tonic mode results in a significant decline in 

multiple reward consummatory behaviors, including the number of sucrose 

drinking bouts, the number of licks and the amount of sucrose obtained during 

the entire drinking session. Importantly, these inhibitory effects were observed 

following tonic stimulation of either VTA dopamine cell bodies or accumbal 

dopamine terminals. Moreover, optogenetic stimulation of the VTA-accumbal 

circuitry had no effect on water consumption under the same experimental 

conditions. These data demonstrate that delivery of tonic stimulation within the 

VTA-nucleus accumbens pathway is sufficient to deter reward consummatory 

behavior. 

Sugar is a powerful natural reinforcer with some addictive potential (Avena et al., 

2008). In animal models, such as a two-bottle choice procedure, rodents quickly 

establish a preference for sucrose solutions over other fluids (Chaudhury et al., 

2013 ;  Tye et al., 2013). Following a month of intermittent drinking, animals show 
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behavioral patterns quite similar to changes observed during addictive drug 

exposure (Avena et al., 2008). Moreover, these behaviors are associated with 

tonic increases in accumbal dopamine release (Rada et al., 2005; Avena et al., 

2006 ;  Ghitza et al., 2006). However, the causal relationship between tonic 

dopamine fluctuations in the nucleus accumbens and sucrose intake has not 

previously been examined. In order to assess this relationship, we 

optogenetically mimicked a tonic dopamine rise during the first 10 min of the 

drinking session. The activation of the VTA at 5 Hz, which induced a relatively 

low but sustained elevation in accumbal dopamine concentration selectively 

reduced sucrose, but not water, consumption. The lack of significant effect on 

water intake likely reflected the fact that animals were not water restricted during 

these studies. Since subjects consumed very little water during the limited 

access preference test, a floor effect would have likely impeded our ability to 

detect an inhibitory effect of the stimulation on water intake. Importantly, as we 

did not observe an increase in water intake, the experimental design allowed us 

to confirm that rats did not simply shift their drinking from sucrose to water. Prior 

studies have established that if the motivational valence of water is increased by 

water restriction, modulation of accumbal dopamine receptors does indeed 

significantly influence water intake (Ljungberg, 1989). 

These results are similar to our prior findings with ethanol drinking rats, where 

the same stimulation protocol caused a significant decrease in the total amount 

of 20% ethanol consumed throughout the entire session (Bass et al., 2013). 

Notably, in both studies, ethanol or sucrose solutions were accessible for the last 



73 
 

2/3 of each drinking session, when the optogenetic stimulation was absent. 

Nevertheless, the rats did not compensate for their diminished intake during the 

first 10 min while the stimulation was applied. Therefore, attentional disruption of 

rodent behavior, which could be due to optogenetic activation of VTA dopamine 

cells, is unlikely to be responsible for the observed effects on sucrose drinking. 

Importantly, high-frequency optogenetic stimulation of dopamine cell bodies in 

the VTA that induced a marked dopamine response (Tsai et al., 2009 ;  Bass et 

al., 2013), did not affect any ethanol drinking measures in the two-bottle choice 

test. 

The one striking difference between the effects of tonic VTA dopamine cell 

activation on sucrose and ethanol drinking behavior was on the latency to the 

first lick during the drinking sessions. Whereas tonic VTA stimulation resulted in a 

twofold delay for the first lick during ethanol sessions, this parameter was highly 

variable but not significantly different from the control when sucrose was 

available. This dissimilarity may be based on the different values of natural 

(sucrose) and drug (ethanol) reinforcers in this particular behavioral paradigm. 

The VTA and the nucleus accumbens, two highly connected brain areas, are 

essential for the manifestation of natural as well as drug reward-related 

behaviors (Stuber et al., 2012). However, the VTA sends dopamine projections 

not only to the nucleus accumbens but also to the amygdala, prefrontal cortex 

and hippocampus (Beckstead et al., 1979 ;  Swanson, 1982). Changes in 

dopamine transmission induced by VTA activation in some of these other brain 

areas could influence the observed behavioral changes in this study, and the 
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results may not be exclusively attributed to the VTA-nucleus accumbens 

projections. We explored this possibility by directly stimulating dopamine 

terminals in the nucleus accumbens of sucrose drinking rats using the same 

behavioral paradigm described above. These experiments showed an identical 

reduction in all sucrose drinking measures, including the number of bouts, licks 

and intake, indicating indistinguishable effects between dopamine cell body and 

nucleus accumbens dopamine terminal activation on sucrose drinking behavior. 

Therefore, tonic dopamine release in the nucleus accumbens can be causally 

linked with the attenuation of sucrose consummatory behaviors. These data 

provide a mechanistic link to previous findings, including how alterations in tonic 

dopamine efflux, measured by microdialysis in the nucleus accumbens core, 

were negatively correlated with changes in the effort required to obtain reward 

(Ostlund et al., 2011). In fact, earlier microdialysis studies demonstrated 

increases in accumbal dopamine concentration during and after the 

consummatory behaviors (Church et al., 1987; Radhakishun et al., 1988 ;  Wilson 

et al., 1995). In contrast to measures of intake, anticipatory and seeking aspects 

of feeding behaviors were not robustly associated with increases in tonic 

dopamine release in the nucleus accumbens (Wilson et al., 1995). 

Phasic dopamine release in the nucleus accumbens promotes reward-seeking 

and -taking actions (Phillips et al., 2003b; Roitman et al., 2004; Wassum et al., 

2012; Wassum et al., 2013; du Hoffmann and Nicola, 2014 ;  Ko and Wanat, 

2016). Importantly, these transitory dopamine effluxes, which are reliably 

detected with voltammetry during reinforced behaviors, do not convert to 
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substantial changes in tonic dopamine (Floresco et al., 2003). However, 

significant changes in tonic dopamine can influence phasic dopamine release 

through a D2 dopamine autoreceptor-mediated feedback mechanism (Grace, 

1991; Phillips et al., 2003b ;  Oleson et al., 2008). Terminal autoreceptors in the 

nucleus accumbens are activated when tonic dopamine release is increased, 

resulting in inhibition of phasic dopamine. Consequently, we can speculate that 

the shift of accumbal dopamine neurotransmission to tonic patterns suppresses 

phasic dopamine release triggered by the contextual stimuli, which are tightly 

linked with the drinking environment. The outcome of these specific alterations in 

dopamine signaling may then lead to the observed decrease in reward 

consummatory behavior. Collectively, these findings provide evidence that 

dopamine transmission in the VTA-nucleus accumbens circuit plays a causal role 

in reward intake behavior through interplay between tonic and phasic modes of 

dopamine release. 
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SUPPLEMENTARY FIGURE 

CHAPTER II 

 

Supp Fig 1. Electrically stimulated dopamine release in non-stressed, ethanol-naïve male 
compared to non-stressed female subjects in response to acute ethanol challenge 
suggests there is no effect of gender. In vitro ethanol (EtOH) administration significantly 
impaired electrically-evoked dopamine (DA) signaling in nucleus accumbens core (NAcc) and 
dorsolateral striatum (dlS) in all subjects in a concentration-dependent manner. There were no 
significant differences calculated between male and female subjects. NAcc_Male: n=7; 
NAcc_Female: n=5; dlS_Male: n=6; dlS_Female: n=6  
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