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ABSTRACT 

The prevalence of alcohol use disorder (AUD), a chronic, heterogeneous disease 

characterized by an escalation from casual alcohol consumption to compulsive 

alcohol seeking and consumption accompanied by a persistent or recurring 

negative affective state, is a health crisis occurring throughout the general 

population with many factors contributing to the development and continuance of 

this disease. Epidemiological data demonstrate AUD is commonly comorbid with 

other disorders, including anxiety and stress disorders. Further, there is 

preclinical and clinical evidence that stress and anxiety have an influential role in 

the escalation and maintenance of the cycle of alcohol abuse and addiction. 

Animal models have demonstrated that alcohol or stress exposure acts through 

common neurobiological substrates. By targeting these shared brain regions and 

circuitries, we can elucidate novel therapeutic targets to address the paucity of 

treatment options available for those suffering from AUD. 

Recent studies have shown clear involvement of catecholamine (CA) systems 

within the central nervous system in processes related to alcohol and stress 

exposure. These systems, the dopamine (DA) system originating from the ventral 

tegmental area (VTA) and the norepinephrine (NE) system originating from the 

locus coeruleus (LC), have been found to be both altered by alcohol and stress 

experiences as well as mediating behavioral responses associated with exposure 

to alcohol or stress. In Chapter 2, we aimed to further previous data 

demonstrating a shift in VTA DA neuronal firing patterns (to more “burst-like” 

phasic activity compared to “steady-state” tonic release) following stress 
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exposure by determining the individual and concomitant effects of chronic stress 

and alcohol consumption on terminal DA dynamics in a region innervated by the 

VTA, the nucleus accumbens (NAc). These experiments find stress-induced 

changes to basal accumbal DA release and uptake rate which are attenuated by 

a prior history of chronic alcohol drinking. The study detailed in Appendix A 

sought to determine the behavioral importance of these observed shifts in the 

firing pattern of VTA dopaminergic neurons. By optogenetically activating the 

VTA in patterns similar to those induced by stress (phasic mode), we measured 

an increase in alcohol seeking behaviors. While shifting the firing mode into a 

different pattern (tonic mode), inhibited this behavior. These studies outline a 

clear and reciprocal relationship between stress, alcohol, and DA wherein stress 

and alcohol influence DA activity and DA influences alcohol-related behaviors. 

Similar to the aims of exploring the dopaminergic system, the studies presented 

in Chapters 3, 4, and 5 attempt to reveal noradrenergic mechanisms associated 

with alcohol and stress. In Chapter 3, we establish our methodological approach 

allowing us to collect robust evidence of stress-induced changes in the CA 

activity of the basolateral amygdala (BLA) following stimulation of LC neurons 

(Chapter 4). After confirming the efflux of NE, and not DA, in the BLA as a result 

of LC activation, it is suggested that stimulation of the LC in animals exposed to 

stress results in the efflux of both NE and DA in the BLA. Additionally, the LC-

induced efflux in the BLA of stressed animals is attenuated by acute alcohol 

while there is no effect on BLA efflux in nonstressed animals. Given previous 

data showing pattern-specific (tonic) optogenetic activation of LC NE to BLA 
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projections induces anxiety-like behavior and the demonstrable role of stress in 

the maintenance of alcohol abuse and addiction, in Chapter 5, we sought to 

optogenetically manipulate the firing patterns of LC NE neurons to determine 

their contribution to alcohol-related behaviors. Our results indicate that tonic 

activation of LC NE neurons enhances alcohol intake and phasic stimulation 

decreased this measure. 

Taken together, the data presented here with previous literature support a role 

for DA and NE circuitries, particularly those originating from the VTA and LC, 

respectively, in neurobiological processes associated with exposure to alcohol 

and stress as well as key roles in alcohol-associated behaviors. This dissertation 

offers evidence for a novel therapeutic target in addressing AUD through a focus 

on CA activity from an activity pattern-specific perspective. 
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CHAPTER 1 

GENERAL INTRODUCTION 

AL DEAL 
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INTRODUCTION 

Alcohol Use Disorder 

Alcohol use disorder (AUD) is a chronic health crisis that impacts almost 30% of 

the US adult population at some point in their lifetime (Grant et al., 2015). While 

AUD is a heterogeneous disease that can inflict a wide range of impacts on an 

individual’s life, a common progression of this disorder is the escalation from 

recreational alcohol consumption to daily binge consumption or prolonged 

episodes of heavy drinking over an extended period of days (Koob and Colrain, 

2020). The continual abuse of alcohol can lead to the transition from mild, 

transient alcohol-related issues to severe, chronic problems through a persistent 

withdrawal-induced negative emotional state and increased alcohol seeking 

(Koob and Volkow, 2010; Cui et al., 2015). Currently, the prevailing conceptual 

framework used to outline addiction to drugs and alcohol is a cycle of 

consumption (binge/intoxication), negative affect (withdrawal), craving 

(preoccupation/anticipation), consumption, etc. (Koob and Volkow, 2016). In 

addition to this internal cycle, many external factors can contribute to this 

downward spiral into addiction, such as stress experience priming or amplifying 

some of the brain regions responsible for the negative affect experienced during 

withdrawal (Koob, 2015). This dissertation will focus on the common neural 

substrates underlying AUD and stress in order to better understand how to guide 

future translational research towards efficacious treatments.   
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AUD Treatments 

Though millions of adults in the US are diagnosed with AUD, only 1 in 20 of 

those individuals will seek treatment in the first year after diagnosis (Grant et al., 

2017; Blanco et al., 2015) and less than 20% will ever seek treatment during their 

lifetime (Grant et al., 2015). Currently, there are behavioral and Food and Drug 

Administration (FDA) approved pharmacological treatments for AUD: cognitive 

behavioral therapy (CBT), disulfiram, acamprosate, and naltrexone (Ray et al., 

2020). However, each of the FDA approved medications has complications which 

limit its ability to treat AUD. Disulfiram requires the patient to take daily doses of 

the medication with the understanding that consumption of alcohol will result in 

the patient becoming ill (Wright and Moore, 1990). However, the effectiveness of 

disulfiram is only realized with proper, continuous patient compliance (i.e. it does 

not act on mitigating craving but rather relies on the patient maintaining a state 

where alcohol consumption is aversive and results in feeling sick). Acamprosate, 

an N-methyl-D-aspartate receptor modulator, has been shown to be limited in its 

efficacy (Witkiewitz et al., 2012). Naltrexone is a non-selective opioid receptor 

antagonist and, again, has been limited in proving efficacious in treating patients 

with AUD (Maisel et al., 2013). Despite the availability of these options and 

perhaps due to their seemingly limited therapeutic efficacy, medication is 

prescribed to only 9% of AUD patients seeking treatment (Kranzler and Soyka, 

2018). However, it should be noted that meta-analyses have found significant 

effect sizes for naltrexone and acamprosate (Jonas et al., 2014; Maisel et al., 

2013) and suggest that their limited efficacy is due to a difference in desired 
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outcome. For example, if the desired outcome is abstinence, then the patient 

might respond better to consider acamprosate, while naltrexone may be more 

effective in a patient seeking to attenuate their number of heavy drinking days 

(Maisel et al., 2013; Witkiewitz et al., 2012). Finally, the use of CBT clinically is 

growing but still not often utilized (Ray et al., 2020). Currently, while there are 

emerging candidates for further treatment options, some of which are already 

FDA approved to treat anxiety disorders, the results are not conclusive and in 

some patients these potential treatments lead to increased alcohol consumption 

(Litten et al., 2016). Therefore, more research is needed to identify circuits and 

systems in the brain to target in translational approaches to finding an effective 

treatment for AUD. 

AUD comorbidity with anxiety disorders 

The relationship between alcohol and stress or anxiety has been long 

acknowledged in public discourse. Even in the absence of a formal diagnosis of 

AUD or an anxiety or mood disorder, those with self-reported social anxiety 

commonly use alcohol to cope with social situations (Thomas et al., 2003). In 

order to feel more comfortable socially, those individuals are more likely to 

consume alcohol than their non-anxious peers as well as avoid “dry” (no alcohol 

present) social situations. While this relationship between and alcohol and stress 

has been established anecdotally, recent survey analyses have provided 

empirical evidence that anxiety and mood disorders are commonly comorbid with 

AUD (Grant et al., 2004; Morris et al., 2005; Castillo-Carniglia et al., 2019). For 

instance, those diagnosed with post-traumatic stress disorder (PTSD) are three 
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times more likely than those without PTSD to also be diagnosed with an AUD 

(Kessler et al., 1997). Additionally, there is preclinical and clinical evidence that 

stress can have a considerable impact on the onset, maintenance, and relapse to 

drug abuse (Shaham et al., 2000; Sinha, 2007, 2009). Further, experimental and 

clinical data also support a correlation between experiencing a stressful event 

and elevated alcohol craving and consumption (Kudryavtseva et al., 2006; 

Advani et al., 2007; McCool and Chappell, 2009; Caldwell and Riccio, 2010; 

Sinha, 2013; Boden et al., 2014; Laws et al., 2017; Newman et al., 2018). Given 

this interplay between stress and drug abuse and demonstrable correlation 

between AUD and anxiety or mood disorders, it is vital for researchers at both 

the basic and translational levels to model or include subjects suffering from 

these commonly comorbid disorders. Though causation has not been established 

between AUD and anxiety disorders, the high prevalence (20-40%) of AUD 

diagnosed in individuals with an anxiety disorder strongly suggests common 

neural substrates which could be potentially targeted to address alcohol-related 

behaviors (Castillo-Carniglia et al., 2019; Anker and Kushner, 2019). The 

following sections will highlight two such systems of the brain and how they are 

impacted by, and play a role in processes associated with, stress and alcohol. 

STRESS AND ALCOHOL: ROLE OF CATECHOLAMINES 

While there are numerous neurotransmitters involved in the effects of alcohol and 

stress, this dissertation will focus on the relationship between these two external 

factors (alcohol and stress) and catecholamines (CA). A relationship between 

alcohol and CA was suggested when it was shown that α-methyltyrosine, a 
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catecholamine synthesis inhibitor, inhibited the euphoric, social disinhibitory 

effects of alcohol in humans and prevented alcohol-induced locomotion in rats 

(Ahlenius et al., 1973; Engel et al., 1974). Classified as monoamine 

neurotransmitters, CA include dopamine (DA), norepinephrine (NE), and 

epinephrine. In particular, the pathways that project dopaminergic or 

noradrenergic pathways have been historically associated with alcohol- or stress-

related processes, respectively (Korf et al., 1973; Cassens et al., 1980; Gessa et 

al., 1985; Engel and Jerlhag, 2014). More recently, there is a growing 

understanding that both DA and NE have roles to play in processes related to 

both alcohol and stress. The following sections will outline the current view of 

how stress, alcohol, and catecholamines influence each other in processes 

ranging from neuronal activity to behavior. 

Dopamine 

There are 2 primary sources for DA in the central nervous system, the ventral 

tegmental area (VTA) and substania nigra pars compacta. Though both provide 

critical dopaminergic activity in the central nervous system, this dissertation will 

focus on DA projections involving dopaminergic neurons in the VTA. The circuitry 

associated with the VTA suggests that it could play a critical role in processes 

associated with alcohol and stress. The following sections will summarize these 

connections and how VTA dopaminergic projections affect, and are altered by, 

alcohol and stress exposure. 
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Ventral tegmental area dopaminergic pathways 

The VTA is a principle source of dopaminergic projections in the central nervous 

system, sending efferent connections to multiple targets including the nucleus 

accumbens (NAc), prefrontal cortex (PFC), and basolateral amygdala (BLA) 

(Fallon et al., 1978; Albanese and Minciacchi, 1983; Ford et al., 2006; 

Rodríguez-López et al., 2017; Shnitko and Robinson, 2014; Breton et al., 2019). 

The VTA is comprised of neurons which release DA, γ-aminobutyric acid 

(GABA), glutamate, or a combination of these neurotransmitters (Hnasko et al., 

2010; Stuber et al., 2010; Tecuapetla et al., 2010; Hnasko and Edwards, 2012; 

Faget et al., 2016). While each of these neuron types plays an integral role in 

VTA functioning, this dissertation will focus on the neurons which constitute the 

dopaminergic projections of the VTA.  

These DA neurons have two modes of firing, tonic mode and phasic mode 

(Grace and Bunney, 1984a, b; Hyland et al., 2002). Tonic firing is single spike 

activity in a slow, pacemaker like manner with a frequency of around 5 Hz, while 

phasic activity is a periodic, transient, rapid firing event at a frequency of ≥ 20 Hz. 

These different modes of activity, phasic and tonic, result in distinct patterns of 

DA release and can induce variations in the DA concentration lasting seconds or 

minutes, respectively (Wightman and Robinson, 2002). There is evidence that 

the tonic and phasic activity are involved in the processing of different behavioral 

processes where tonic firing has roles in functions associated with movement 

and motivation whereas phasic firing occurs due to rewards or conditioned stimuli 

which predict reward delivery and modulate goal-directed behavior (Floresco et 
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al., 2003; Fiorillo et al., 2003; Baik, 2013). When released, whether through tonic 

or phasic activity, DA interacts with membrane receptors which belong to the 

seven transmembrane domain G-protein coupled receptor (GPCR) family (Baik, 

2013). There are five subtypes of DA receptors that have been discovered, D1 – 

D5, and they are divided into two categories, D1-like receptors (D1 and D5) and 

D2-like receptors (D2 – D4). The D1-like receptors enhance intracellular cAMP 

levels while the D2-like receptors inhibit intracellular cAMP (Dearry et al., 1990; 

Dal Toso et al., 1989). Notably, the expression patterns and affinity for DA varies 

between the different receptors (Baik, 2013). For example, D2 receptors can be 

localized to the presynaptic membrane either somatodendritically or at the 

terminal and serves the function of an autoreceptor which attenuates DA neuron 

excitability or dampen DA release through impairment of DA synthesis and 

packaging (Sesack et al., 1994; Lacey et al., 1987; Onali et al., 1988; Pothos et 

al., 1998). 

Inputs to the VTA can innervate all neuron types, such as from the dorsal raphe 

or lateral hypothalamus, or they can bias their synaptic connections with a 

particular VTA neuronal population, such as DA neurons receiving proportionally 

more innervation from striatal projections and GABA neurons receiving more 

inputs from the lateral habenula (Faget et al., 2016). Another source of 

projections to the VTA are from noradrenergic cells located in the locus 

coeruleus (LC) (Jones et al., 1977; Shelkar et al., 2017). These varied inputs and 

outputs allow the VTA to play a central role in a wide range of processes related 

to alcohol and stress.  
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Historically, beginning with the finding that rats would self-administer intracranial 

electrical stimulation to specific brain areas (Olds and Milner, 1954), the 

dopaminergic system, and subsequently the VTA, has become the focus of 

intense research in the realm of addiction and reward processing (Wise and 

Rompre, 1989; Koob, 1992; Engel and Jerlhag, 2014; Volkow et al., 2019). More 

recently, however, its role in stress and stress-related processes has gained 

attention (Holly and Miczek, 2016; Zhang et al., 2018; Volkow et al., 2019) and 

how stress modulates its reward processing activity. The following sections will 

outline the reciprocal relationship between the dopaminergic system and alcohol 

or stress. 

Dopamine and alcohol 

All drugs of abuse, or drugs with addiction potential, act directly or indirectly to 

increase accumbal DA via VTA dopaminergic neurons (Engel and Jerlhag, 2014; 

Volkow et al., 2019). Alcohol, in particular, has been shown to have direct actions 

on VTA dopaminergic activity (Gessa et al., 1985; Brodie et al., 1990; Brodie et 

al., 1999; Grace, 2000; Gonzales et al., 2004). The effects of alcohol on VTA DA 

neurons and DA dynamics in regions such as the NAc, PFC, and BLA can be 

measured in many different ways, including electrophysiology, microdialysis, fast-

scan cyclic voltammetry (FSCV), and dLight. Each approach has strengths and 

limitations but they each provide valuable information regarding the state of the 

dopaminergic system and how it is impacted by alcohol exposure. It also critical 

to note that dose/concentration, region, and the state of the tissue from which the 
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data is measured (i.e., brain slices, anesthetized in vivo, or in freely moving 

subjects) are all important considerations when comparing findings. 

In particular, the differential effects of low or high doses has made it difficult to 

establish a mechanistic role for alcohol in DA neurotransmission. For example, 

electrophysiology studies have found that alcohol enhances VTA DA neuron 

firing rate (Brodie et al., 1990; Brodie et al., 1999) and microdialysis experiments 

have shown an increase in accumbal DA levels with exposure to alcohol 

(Imperato and Di Chiara, 1986; Tang et al., 2003). Similarly, positron emission 

tomography (PET) scans of human subjects found a similar effect of alcohol 

increasing DA levels in the ventral striatum (nucleus accumbens) (Boileau et al., 

2003). On the other hand, FSCV studies have generally found that low doses of 

alcohol either increase or do not alter release and does not alter uptake in the 

NAc while high alcohol doses actually decrease accumbal DA release (Budygin 

et al., 2001; Budygin et al., 2005; Jones et al., 2006; Pelkonen et al., 2010; 

Yavich and Tiihonen, 2000). Another source of discrepancy in the effects of low 

compared to high doses of alcohol is the stimulation frequency. When electrically 

stimulated with different frequencies to imitate the tonic or phasic modes of firing 

activity at dopaminergic terminals, DA release was notably more sensitive to the 

dampening effects of alcohol when stimulated in a phasic manner compared to 

tonic stimulation of accumbal DA terminals in mouse brain slices (Yorgason et 

al., 2014; Wightman and Robinson, 2002).  

Taken together, these data suggest that the increased VTA DA firing rate and 

extracellular DA levels, as measured by electrophysiology and microdialysis 
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respectively, cause inhibitory feedback from the D2 autoreceptors to reduce DA 

release following electrical stimulation measured by FSCV (Jones et al., 2006). 

This hypothesis is in line with much of the literature and seems to address the 

discrepancies found between different methods of quantifying DA 

neurotransmission activity. It is also supported by the finding that phasic 

stimulation is more sensitive to the inhibitory effects of alcohol than tonic 

stimulation. Because the autoreceptor-mediated feedback reduces DA release, 

the higher amplitude DA release events associated with phasic stimulation will be 

affected more than the lower amplitude DA release events evoked by tonic 

stimulation. 

The effects of acute alcohol on DA neurotransmission outside of the mesolimbic 

pathway (VTA to NAc) have been shown to be similar in regards to DA activity in 

other regions which receive input from the VTA, such as the medial prefrontal 

cortex (mPFC) and BLA (Shnitko et al., 2014; Karkhanis et al., 2015; Trantham-

Davidson and Chandler, 2015). Using FSCV, it was again shown that acute 

alcohol impaired DA release in the mPFC (Shnitko et al., 2014). Interestingly, 

unlike in the NAc, they also found an attenuation of DA clearance following 

alcohol administration. However, because the number of dopamine transporters 

(DATs) has been shown to be relatively smaller in the mPFC compared to other 

regions and there is evidence that the norepinephrine transporter (NET) can 

promiscuously uptake NE and DA in the mPFC (Morón et al., 2002), changes in 

DA clearance in this region cannot be directly compared with uptake in other 

regions receiving dopaminergic input. Other studies using microdialysis have 
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demonstrated increased levels of DA in the BLA following administration of acute 

alcohol (Karkhanis et al., 2015), similar to findings in the NAc. These studies, 

along with those conducted in the mesolimbic pathway, demonstrate that acute 

alcohol is able to induce changes throughout the dopaminergic system 

originating in the VTA, inducing changes in neuronal activity and terminal DA 

release.  

The impact of chronic alcohol on DA function is somewhat less clear. Generally, 

studies suggest of a “hypodopaminergic state” resulting from chronic alcohol 

exposure (Weiss and Porrino, 2002; Melis et al., 2005; Budygin and Weiner, 

2015). This hypothesis states that, while acute alcohol augments DA 

neurotransmission, withdrawal from chronic alcohol attenuates VTA DA neuron 

activity and accumbal DA levels (Diana et al., 1993; Shen and Chiodo, 1993; 

Rossetti et al., 1992; Weiss et al., 1996). Because of this suppressed DA state, 

individuals are motivated to consume alcohol in order to counterbalance the 

dampened dopaminergic tone, thus contributing to the addiction cycle. This 

hypothesis has support from a human study which found decreased DA levels in 

the caudate nucleus of alcoholic individuals who were deceased (Noble, 1996). 

Studies in animal models of chronic alcohol exposure have shown lower levels of 

accumbal DA, decreased expression of tyrosine hydroxylase (TH; the rate 

limiting enzyme of catecholamine synthesis), and augmented levels of DAT 

protein (Diana et al., 1993; Rothblat et al., 2001). Taken together, these findings 

support the hypothesis of an emaciated DA tone through decreased extracellular 

DA levels and increased uptake. 
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While there is ample evidence of alcohol consumption influencing DA 

neurotransmission and differentially impacting evoked phasic DA activity 

compared to tonic DA activity, there are emerging studies demonstrating DA 

neurotransmission can influence alcohol consummatory behaviors. Using 

optogenetics to activate specifically the DA neuron population within the VTA, 

and therefore without directly stimulating other VTA cell populations, tonic 

stimulation was shown to attenuate alcohol drinking behaviors while phasic 

stimulation had no effect (Bass et al., 2013). This demonstration is fundamental 

to uncovering the role of DA neurotransmission in alcohol- and addiction-related 

behaviors. As previously stated, rats have been shown to self-administer 

stimulation of the VTA DA system, but here we are seeing evidence that the 

pattern in which the DA is released, rather than simply the amount of DA 

released, is important in mediating alcohol-related behavior. 

Dopamine and stress 

The effects of stress on the DA system is more complicated than the effects of 

alcohol simply because, while you can have acute and chronic stress exposure 

similar to alcohol exposure, there are many different types and intensities of 

stressors. After a general overview of the literature, this dissertation will focus on 

two types of stressors, a social stress (social defeat stress; SDS) and a non-

social stress (forced swim stress; FSS). Due to the VTA DA system being 

identified as having a fundamental role in reward processing, there was 

skepticism about its involvement in stress and aversive stimuli (Thierry et al., 

1976; Holly and Miczek, 2016). This uncertainty was resolved, however, as more 
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studies affirmed a key role for the VTA DA system in stress and anxiety-related 

processes. Experiments utilizing electrophysiology found that noxious stimuli 

resulted in an inhibition of VTA DA neurons (Mantz et al., 1989; Ungless et al., 

2004), while others have found an increase in phasic VTA DA activity responding 

to social defeat stress (Anstrom et al., 2009). Paradoxically, microdialysis studies 

were finding an increase in DA levels in the NAc and mPFC following exposure 

to a wide range of stressors, such as tail pinch, social threat, restraint, and 

footshock (Holly and Miczek, 2016). Our lab has produced voltammetric data 

demonstrating a reliable efflux of DA in the NAc induced by tail pinch (see 

Appendix B). Similarly, a robust increase in DA levels were found in the BLA and 

central nucleus of the amygdala (CeA) following different stressors (Young and 

Rees, 1998; Coco et al., 1992; Funada and Hara, 2001). Additionally, there is 

evidence that different regions have distinct temporal responses to the stressor. 

A microdialysis study found that the DA response in the BLA increased to a 

maximal level during the stress and decreased following termination of the 

stress, whereas in other regions, such as the NAc, the DA response increased 

during the stress but didn’t reach a maximal level until after the stressor was no 

longer present (Inglis and Moghaddam, 1999). These findings highlight the 

importance of considering many factors when studying the effects of stress as 

the type and intensity of the stress experience as well as the region of interest 

can result in altered stress-induced effects on the augmentation of DA 

concentrations.  
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There have been attempts to reconcile the depressed VTA DA neuron activity 

measured by electrophysiology with the increased DA levels in target regions of 

VTA projections measured by microdialysis by suggesting that the termination of 

the stressor or stress event is, in and of itself, rewarding, thus activating VTA DA 

neurons and increasing DA levels following the aversive stimulus (Tanimoto et 

al., 2004; Navratilova et al., 2012). This has some support in electrophysiology 

and microdialysis studies looking at stress procedures such as restraint stress 

(Brischoux et al., 2009; Puglisi-Allegra et al., 1991; Imperato et al., 1992), 

however, there are limitations with the temporal resolution of microdialysis which 

curtail the generalizability of these findings. Because microdialysis provides 

information on the state of extracellular neurochemistry on the scale of minutes, it 

is not possible to resolve the DA dynamics occurring at the termination of 

commonly used stressors in a laboratory setting because the onset and 

cessation are too close together in time (e.g., footshock or tail pinch). Further 

exploration of this hypothesis would benefit from using techniques with higher 

temporal resolution, such as FSCV, to determine if stressful or aversive stimulus 

termination induces DA release. Alternatively, some electrophysiology data has 

provided evidence that a subset of the VTA DA neuronal population is activated, 

rather than impaired, by stress exposure (Anstrom and Woodward, 2005; 

Anstrom et al., 2009). It is hypothesized that these differences could be due to 

the nature of the stressor (e.g., a noxious stimulus such as footshock or tail pinch 

compared to an aversive event such as restraint or social defeat) or the presence 

of functionally distinct subpopulations of DA neurons in the VTA which could lead 
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to altered responsiveness to stressful or aversive stimuli (Holly and Miczek, 

2016). 

As with acute compared to chronic alcohol exposure, the effects of chronic stress 

exposure are less clear. Similar to acute stress exposure, the type and intensity 

of stressor seem to be important in determining their long-term impacts on 

dopaminergic activity. For example, chronic social isolation during adolescence 

results in significantly lower DA levels and increase DAT protein expression in 

the BLA of adult rats (Karkhanis et al., 2015) but had no effect on accumbal DA 

levels (Karkhanis et al., 2014). Voltammetric studies provided further support for 

a change in DAT expression by demonstrating increased DA uptake in the NAc 

(Yorgason et al., 2013; Yorgason et al., 2016). However, suggesting a regional 

difference in the effects of stress, no differences in mPFC prefrontal DA levels 

were found following a similar adolescent social isolation procedure or chronic 

cold stress (Lallai et al., 2016; Gresch et al., 1994). Even when the same type of 

stress exposure is utilized, such as social defeat, depending on if the chronic 

exposure is intermittent or continuous, there will either be an increase or 

decrease in DA tone, respectively (Miczek et al., 2011). Electrophysiology 

studies find that chronic stress, in the form of restraint or repeated social defeat, 

results in elevated spontaneous and phasic VTA DA neuron activity (Anstrom et 

al., 2009; Cao et al., 2010; Anstrom and Woodward, 2005). As with alcohol, the 

effects of stress influence both tonic and phasic DA release, though the effects 

are stress type and exposure history dependent. Daily chronic restraint stress 

resulted in a transient habituation of DA release which lasted until the subject 
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was no longer exposed to the stressor for a few days, when re-exposure evoked 

phasic release similar to the first day of stress experience (Imperato et al., 1992). 

This phasic habituation was not seen in other models of chronic stress, such as 

repeated footshock and repeated social defeat (Young, 2004; Holly et al., 2015). 

A prior history of varied stress exposure can also result in changes to DA 

neurotransmission. Rats who had experienced a chronic variable stress 

procedure had higher DA levels in the frontal cortex following restraint stress 

(Cuadra et al., 2001). Taken together, these studies demonstrate the varied 

effects of stress on the VTA DA system and its sensitivity to factors including 

stress type, intensity, and stress exposure history. 

Interplay between stress, alcohol, and dopamine 

The causal relationships between stress, alcohol, and DA neurotransmission are 

complex and not well understood. However, there is some empirical data 

examining how they influence each other. Given the many different stress 

procedures previously mentioned, this section will generally focus on social 

isolation or defeat stress exposure. Additionally, while other drugs of abuse can, 

and should, be considered in their relationship with stress and concomitant 

effects on VTA DA activity (Saal et al., 2003; Niehaus et al., 2010), this section 

will focus on the relationship between stress, alcohol, and the VTA DA system. 

Exposure to social stress, whether through adolescent isolation or social defeat, 

has been shown to affect how alcohol interacts with the DA system. Microdialysis 

studies have demonstrated a regional specific stress-induced change in the 
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effect of alcohol on DA levels. Using adolescent social isolation, these 

experiments found that stress exposure attenuated the alcohol-induced increase 

in mPFC DA levels observed in non-stressed control rats (Lallai et al., 2016). 

However, other microdialysis studies have found that adolescent social isolation 

resulted in an augmented alcohol-induced increase in NAc and BLA DA levels 

(Karkhanis et al., 2014; Karkhanis et al., 2015). These differences could relate to 

hypothesized differences between the VTA dopaminergic projects to the mPFC 

and to the limbic structures (NAc and BLA) (Koob and Volkow, 2010), specifically 

the interplay between decreased inhibition and increased reward sensitivity, 

respectively (Lallai et al., 2016). 

Social defeat exposure has shown mixed results when measuring its effect on 

alcohol consumption. Some experiments find an elevation in alcohol 

consumption during and after stress exposure (Caldwell and Riccio, 2010) or 

elevated consumption and alcohol-related motivation in adulthood following 

adolescent social defeat (Rodriguez-Arias et al., 2016). Other research has 

shown a reduction in alcohol consumption after repeated social defeat stress 

exposure (van Erp and Miczek, 2001; Funk et al., 2005). The discrepancies 

between these findings is likely a result of the timeline of exposure for the social 

defeat, the availability of the alcohol (intermittent access or continuous), the 

concentration of alcohol consumed, and other variables. When considering a 

larger sample of the literature, it supports the notion of stress-induced increases 

in alcohol consummatory behaviors ((McCool and Chappell, 2009; Sinha, 2013; 

Boden et al., 2014; Norman et al., 2015; Karlsson et al., 2017; Laws et al., 2017; 
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Newman et al., 2018)). Thus, given its position as an intersection between 

rewarding (alcohol) and aversive (stress) stimuli processing (Holly and Miczek, 

2016), the VTA DA system is crucial circuitry to consider in basic and 

translational research of the comorbidity between AUD and anxiety disorders. 

Norepinephrine 

As previously discussed, stress can be a driving influence in the cycle of 

addiction, particularly contributing to the negative emotional state perpetuating 

drug seeking and taking (Mantsch et al., 2016). While there are multiple 

contributing systems in stress-related processing, the LC noradrenergic circuitry 

is a promising candidate system to target for potential treatment development. 

The NE system of the central nervous system is divided into 2 circuitries which 

arise from nuclei located in the brainstem, the dorsal noradrenergic bundle (DNB) 

and the ventral noradrenergic bundle (VNB). While both send out NE projections 

to innervate common and distinct brain regions, this dissertation will focus on the 

DNB, originating from the LC (A6). The connections formed between the LC and 

other regions via the DNB place the LC at a central location to have a critical role 

in the interplay between stress and alcohol. The following sections will outline the 

circuitry associated with the LC and how this circuitry is affected by, and 

influences processes related to, stress and alcohol exposure. 

Locus coeruleus noradrenergic pathways 

Containing nearly half of the NE neuron population of the brain, the LC forms a 

widespread network of noradrenergic signaling through the DNB, innervating 
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regions including amygdala, hippocampus, VTA, thalamus, and frontal cortex, 

among many others (Jones et al., 1977; Berridge and Abercrombie, 1999; 

Roozendaal and McGaugh, 2011; Szabadi, 2013; Llorca-Torralba et al., 2019). 

Meanwhile, the LC receives inputs from multiple regions including PFC, anterior 

cingulate cortex, CeA, hypothalamus, bed nucleus of the stria terminalis 

(Berridge and Waterhouse, 2003; Benarroch, 2018). The vast majority of neurons 

in the LC are noradrenergic, while other cells in this region include GABAergic 

and serotonergic neurons (Iijima, 1989; Rho et al., 2018). Of the LC NE neurons, 

there is evidence of coexpression of galanin and neuropeptide Y (Olpe and 

Steinmann, 1991; Schwarz and Luo, 2015). When released, NE can bind to a 

family of GPCR adrenergic receptors, α1, α2, and β. The α1 and β adrenergic 

receptors are primarily expressed postsynaptically and induce excitatory effects. 

The α2 adrenergic receptors are expressed pre- and postsynaptically. When 

activated, these receptors mediate inhibition of neurotransmitter release through 

impairment of presynaptic calcium channel functioning (Benarroch, 2018). 

Therefore, α2 adrenergic presynaptic receptors act in a similar fashion as the D2 

presynaptic receptors by serving as an inhibitory autoreceptor population. 

Interestingly, given the relatively small size of the LC and the fact that many of 

the cortical regions receive LC inputs, researchers determined that noradrenergic 

projections from the LC have a high potential to diverge and this divergence 

leads to innervation of different cortical regions by the same LC NE neuron 

(Schwarz et al., 2015; Kim et al., 2016; Rho et al., 2018). Alternatively, some LC 

neurons do not show evidence of extensive divergence when projecting to 
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regions including PFC subregions (Chandler and Waterhouse, 2012; Chandler et 

al., 2013). Thus, there is neuroanatomical evidence for LC activity to play a role 

in global processes of arousal and wakefulness while also being able to send 

directed signals to frontal regions for selective attention (Rho et al., 2018), each 

of which have a role in stress-related processes. 

 The activity of LC NE neurons is similar to VTA DA neurons in that they exhibit 

tonic, low frequency, and phasic, bursts of high frequency, patterns of activity. 

There have been studies examining the balance of firing modes during different 

physiological states. Generally, phasic activity is correlated with tonic activity to 

where it is optimally present when tonic activity is at moderate levels. If there is 

too little tonic activity or too much, phasic activity is impaired and the resulting 

state is either disengaged from an individual’s surroundings or increased 

environmental scanning and arousal, respectively (Valentino and Van 

Bockstaele, 2008). In other words, there is an optimal level of moderate tonic 

activity and maximal phasic activity that correlates with selective attention. When 

tonic levels continue to increase, for example, during exposure to stress, phasic 

activity is diminished and the individual experiences an increase in arousal and 

scanning of their surroundings (Aston-Jones and Cohen, 2005). Therefore, as 

with the DA system, it will be important to consider not just the quantity of NE 

release, but the pattern with which it is released when studying its role in stress- 

and alcohol-related processes and behaviors. 

Norepinephrine and alcohol 
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Given the prominent role of DA in the field of alcohol use and addiction, and 

discrepancies in the findings, some researchers sought to explore other 

neurochemical explanations or accomplices to address the exploration of 

alcohol-related processes, such as NE (Weinshenker and Schroeder, 2007). 

However, after initial studies produced mixed results, NE was not strongly 

pursued again until recently. For instance, there was evidence that acute alcohol 

could increase the turnover rate and synthesis of NE (Hunt and Majchrowicz, 

1974; Pohorecky and Jaffe, 1975). Further, it was demonstrated that acute 

alcohol decreased LC NE activity (Aston-Jones et al., 1982; Verbanck et al., 

1990). However, there were also studies using chemical lesioning of the LC 

which found that voluntary alcohol consumption was either increased (Kiianmaa, 

1980), decreased (Corcoran et al., 1983), or not changed (Richardson and 

Novakovski, 1978) depending on rat strain and location of lesion (Weinshenker 

and Schroeder, 2007; Melchior and Myers, 1976). There is emerging literature to 

support these lesion-specific effects demonstrating a functionally heterogeneous 

LC architecture (Plummer et al., 2017; Chandler et al., 2019). Nonetheless, given 

that alcohol induces changes in NE system dynamics, there is evidence that an 

interaction is occurring but further research is needed. 

Current studies are providing additional information exploring the relationship 

between alcohol and LC NE system dynamics. For instance, when NE is 

genetically knocked out in mice through a selective disruption in the gene for 

dopamine β-hydroxylase (DBH), the enzyme responsible for converting DA to 

NE, males show a reduction in alcohol preference and both sexes are more 
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sensitive to the sedative effects of alcohol, which can be reversed by 

administration of exogenous NE (Weinshenker et al., 2000). A microdialysis 

experiment found that infusion of alcohol induced an increase in mPFC NE levels 

and that basal NE levels were reduced following a week of alcohol operant self-

administration (Jaime et al., 2020). Conversely, a different microdialysis study 

measuring the effects of acute alcohol did not find a difference in levels of basal 

NE or NET in the BLA of rats (Karkhanis et al., 2015), suggesting a regional 

impact of alcohol on NE system dynamics. Furthering the hypothesis of region-

specific effects, an experiment using electrophysiology demonstrated that the 

effects induced by alcohol on inhibitory interneurons of the VTA are mediated by 

activation of β adrenergic receptors and that by blocking this receptor, alcohol did 

not alter the activity of this VTA interneuron population (Silberman et al., 2012). 

Additionally, pharmacological activation and silencing of α1 adrenergic receptors 

on VTA DA neurons enhanced and suppressed alcohol self-administration in 

rats, respectively (Shelkar et al., 2017). This study also demonstrated that direct 

application of NE into the VTA augmented alcohol self-administration. These 

discrepancies highlight the importance of experimental approach in discovering 

correlative or causal relationships between alcohol and neurotransmitter 

systems. However, given these findings, it is clear that there is a relationship 

between alcohol and NE in potentially a region-specific manner. 

Norepinephrine and stress 

Norepinephrine from the LC is has a prominent role in stress and stress-related 

processes (Chrousos, 2009; Wyrofsky et al., 2019). The response of the LC NE 
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system to stress is mediated by a number of neurochemicals including 

corticotropin-releasing factor (CRF), endogenous opioids, and glutamate 

(Valentino and Van Bockstaele, 2008). There is a close association between 

stress and the neuropeptide CRF as it plays a critical role in activating numerous 

stress responses throughout the nervous system, such as activation of the 

hypothalamic-pituitary-adrenal axis, a central collection of stress response 

effectors in the mammalian response to stress (Smith and Vale, 2006; Dedic et 

al., 2018).  In addition, there is evidence of CRF release in the LC resulting in an 

increase of tonic LC activity and arriving from regions such as the CeA, bed 

nucleus of the stria terminalis, and paraventricular nucleus of the hypothalamus 

(Valentino et al., 1983; Valentino and Foote, 1988; Curtis et al., 1997; Van 

Bockstaele et al., 1998; Valentino and Van Bockstaele, 2008). CRF has been 

shown to bind to CRF receptors in the LC resulting in increased LC neuron 

activity, as measured by an increase in c-fos expression, which is an immediate 

early gene marker for neuronal activation (Rassnick et al., 1998), and increased 

NE neuronal activation and NE levels in the hippocampus (Page and 

Abercrombie, 1999). The connection between stress and NE activity has also 

been demonstrated by local infusion of CRF receptor antagonists into the LC 

where there was an inhibition of stress-induced enhancement of LC neuron TH 

expression and prevention of increased levels of mPFC NE typically observed 

following stress (Melia and Duman, 1991; Kawahara et al., 2000). These studies 

provide clear evidence that stress acts on the LC NE system and leads to 

changes in NE system dynamics. 
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As with the effects of alcohol, the effects of stress on NE neurotransmission is 

likely region and stressor specific. This specificity appears to mediate different 

aspects of the stress response. Studies have found distinct projections from the 

LC to the BLA and mPFC which enhance aversive learning or extinguish it, 

respectively (Uematsu et al., 2017). Using a chemogenic approach, researches 

silenced noradrenergic signaling to the BLA from LC which eliminated pain-

induced anxiety. Alternatively, when this pathway was chemogenetically 

activated, it produced anxiety-like behaviors and augmented aversive learning 

(Llorca-Torralba et al., 2019). These findings are supported by other recent 

experiments demonstrating the emergence of anxiety-like behavior in rats 

resulting from optogenetic activation of the LC noradrenergic projection to the 

BLA (McCall et al., 2017). Additionally, microdialysis measured an increase in 

BLA NE levels after immobilization or tail pinch (Tanaka et al., 1991). However, a 

separate microdialysis study found no effect of adolescent social isolation on 

basal levels of NE or NET in rats compared to those housed with cagemates 

(Karkhanis et al., 2015), though social isolation was shown to decrease 

accumbal NE levels as measured by tissue analysis (Brenes et al., 2008). When 

considering a different chronic social stress, repeated social defeat stress, there 

are date showing upregulated DBH mRNA and protein levels in the LC, 

suggesting an enhancement of the NE system (Fan et al., 2013). 

The conclusions from social defeat experiments offer an additional explanation 

for the discrepancies in these studies examining the effects of stress. Rats can 

display different coping strategies to address presented stressors. There is 
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evidence that neurocircuitry activation changes with the employment of different 

coping strategies. For instance, rats exposed to repeated social defeat will 

submit to the aggressive rat after a short or relatively long latency period (further 

discussion of the methodology of this stress paradigm is provided in the later 

section “Animal models of alcohol and anxiety exposure: Social defeat 

stress”). Rats who exhibited a short latency to submission were found to have 

increased levels of activated LC neurons and CRF projections to the LC from the 

CeA. Alternatively, rats who exhibited a longer latency to submission were found 

to have increased levels of activated encephalin projections (a neuropeptide 

which binds to opioid receptors and an emerging interest among stress 

researchers; (Henry et al., 2017)) from the nucleus paragigantocellularis to the 

LC and not the activation patterns seen in rats who exhibited a short latency to 

submission (Reyes et al., 2015). Similarly, different stressors utilize unique 

activation patterns of stress-associated brain regions (Dayas et al., 

2001).Therefore, it is likely that the discrepancies found in the literature related to 

stress and NE are due to a combination of stress type and intensity, acute or 

chronic exposure, region of interest, and individual coping strategies. Further 

exploration and carefully controlled experiments will be needed to form 

meaningful conclusions from stress-related research. 

Interplay between stress, alcohol, and norepinephrine 

There have been limited attempts to explore stress-induced changes in the 

effects of alcohol on NE neurotransmission. However, in continuing an emergent 

theme, the concomitant effects of stress and alcohol on NE appear to be 
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regional-specific. Interestingly, a microdialysis study, which found no effect of 

alcohol or adolescent social isolation on basal NE and NET protein levels in the 

BLA, measured an increase in the basal levels of NE in the BLA following 

exposure to both social isolation and acute alcohol (Karkhanis et al., 2015). In a 

separate study, a tissue analysis found that repeated social defeat, alcohol, and 

exposure to both resulted in decreased levels of NE in the hypothalamus, but not 

in the frontal cortex or hippocampus (Favoretto et al., 2020). Finally, a human 

study found that administration of yohimbine, an α2 adrenergic receptor 

antagonist and commonly used in animal studies to induce physiological and 

psychological stress, resulted in increased self-reported alcohol craving (Umhau 

et al., 2011). Taken together, these studies demonstrate a clear modulating role 

for stress in influencing the impacts of alcohol on the LC NE system and NE 

dynamics. 

Animal models of alcohol and anxiety exposure 

There are many different paradigms used to model alcohol-related behaviors, 

such as seeking and consumption, and anxiety-related behaviors, which are 

generally context-specific and unique to the stress-inducing procedure. The 

following sections will briefly outline two models used to expose laboratory 

rodents to alcohol and two models used to induce stress. It should be noted that 

these, and other approaches, can be combined to provide valuable data on the 

individual and concomitant effects of alcohol and stress within an individual 

subject. 
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Models of alcohol exposure 

There are numerous methods and schedules of alcohol (diluted ethanol) delivery 

used in current alcohol-related research. These procedures can be generally 

divided into voluntary and noncontingent methods. The two paradigms described 

here both present the alcohol to be consumed in a voluntary fashion. However, 

rodents who are presented with this paradigm do not develop dependence but 

will escalate and maintain moderate to high levels of alcohol consumption 

depending on genetic background (Griffin, 2014; Lopez et al., 2011). 

Dependence can be induced by a variety of methods, including exposure to 

alcohol vapor inhalation (Goldstein and Pal, 1971), intragastric catheters (Fidler 

et al., 2006), or a purely liquid diet which includes alcohol (DeCarli and Lieber, 

1967). Another noncontingent administration method of alcohol is intraperitoneal 

(i.p.) injection, which is not used to induce dependence but typically used to 

administer a known quantity of alcohol to a subject in an acute manner or to a 

subject not capable of voluntary consumption, such as one under anesthesia. 

These noncontingent methods can be paired with the following voluntary 

approaches to discern differences in dependent and nondependent subjects. The 

following sections outline the two models of alcohol administration primarily 

utilized, along with i.p. injection when the subjects were anesthetized, in the 

subsequent chapters of this dissertation. 

Two-bottle choice alcohol drinking paradigm 
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This model of alcohol consumption allows for the observation of voluntary, non-

operant alcohol self-administration behaviors in rats and mice. During this 

procedure, two bottles are presented to the subject, one containing water and the 

other containing a known concentration and volume of alcohol (Huynh et al., 

2019). The amount of alcohol consumed can be monitored by measuring the 

amount of liquid remaining in each bottle after some amount of time has passed. 

The blood ethanol concentration (BEC) can also be measured to quantify the 

amount of alcohol consumed and determine a correlation to human consumption 

levels. Another measurement that can be obtained with this method includes the 

subject’s preference ratio (volume of alcohol consumed divided by the total 

amount of liquid consumed from both bottles).  

There are multiple variables to consider which could influence the initiation, 

escalation, and maintenance of alcohol intake, such as amount of time the 

alcohol is available, alcohol concentration, strain of rodent, when to present the 

alcohol if it is not continuously available (light phase or dark phase) (Griffin, 

2014). A limitation to this method is that it does not provide quantification of other 

alcohol-related behaviors besides consumption, such as motivation or seeking 

behaviors (Leeman et al., 2010). This technique is straightforward, relatively easy 

to implement without training, and the alcohol intake data are easily interpretable; 

however, the lack of other alcohol-seeking and -consummatory related measures 

limits the conclusions able to be drawn from studies using this approach. 

Operant conditioning for alcohol self-administration 
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Operant conditioning, or operant responding, is a voluntary alcohol intake 

technique which allows for alcohol-seeking and -consummatory behaviors to be 

quantified (Tabakoff and Hoffman, 2000). During this procedure, the subject 

learns to associate an action with the delivery of a reward, such as alcohol 

availability. This requires the subject to “work” for access to the alcohol by 

pressing a lever. Thus, the motivational or seeking component of drug use is now 

separated from the consumption of the alcohol itself and quantified by how many 

lever presses the subject is willing to make in order to gain access to the alcohol 

(Tabakoff and Hoffman, 2000). Researchers can also determine the reinforcing 

nature of the drug depending on the magnitude of responses the subject is willing 

to make (Leeman et al., 2010). 

A limitation to this approach is the time required to train the rodents to learn the 

association between the lever pressing and alcohol availability. Nonetheless, this 

model provides a more complete set of data regarding the different behavioral 

components associated with drug use and allows researchers to independently 

compare motivational and consummatory behaviors.  

Models of stress exposure 

There is a wide range of acute and chronic stress exposure paradigms used in 

the current literature. The chapters in this dissertation will focus on social defeat 

stress primarily and, in Chapter 4, a non-social stressor, forced swim. 

Social defeat stress 
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Social defeat stress is a robust model of stress. Lasting behavioral and 

neurobiological changes can be elicited by even a single exposure to social 

defeat stress (Miczek et al., 2008). While there are different variations of this 

model, generally, a smaller adult male rodent (rat or mouse) is introduced to the 

home cage of a larger aggressor male of the same species. Given the territorial 

nature of the adult males, the aggressor will attempt to dominate, or evoke 

submissive behavior from, the intruder. After a predetermined length of time, 

number of physical altercations, or number of submissive displays by the 

intruder, the rodents are separated. Typically, the rodents remain in the 

aggressor’s homecage but the intruder is now inside of a protective cage to 

prevent further physical interactions. This allows for continued, non-physical 

interaction through visual, auditory, and olfactory communication, but prevents 

possible injury to the intruder. Animals can be exposed to single bouts of social 

defeat or experience chronic, daily exposure for up to 10 days, though potentially 

longer (Tornatzky and Miczek, 1993; Yap et al., 2006). 

This model is easy to implement and does not require training, though careful 

observation is required to prevent serious injury to the intruder rat. A limitation to 

this model is the historical lack of female subjects included in these studies 

(Harris et al., 2018), though there are currently efforts to introduce variants of this 

model to elicit similar social defeat stress episodes with female subjects 

(Takahashi et al., 2017; Harris et al., 2018). The translational applicability of this 

model is relatively good compared to other stress models given the almost 
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ubiquitous presence of territorial or hierarchical aggression in many different 

mammalian and avian species (Miczek et al., 2008).  

Forced swim stress 

In the time since Porsolt’s forced swim test was created (Porsolt et al., 1977), it 

has established validity as a screening tool for antidepressant drugs (Kara et al., 

2018), though further interpretation of its data is still debated as a possible 

measure of coping strategy (Commons et al., 2017; Yankelevitch-Yahav et al., 

2015; Anyan and Amir, 2018). When rats undergo this two-day procedure, they 

are placed in a container filled water without egress points each day and attempt 

to escape. After some amount of time, they begin to exhibit bouts of immobility 

(exhibiting movements only needed to maintain the head above water and not 

attempting to swim or escape the container). As immobility time increases, it is 

typically interpreted as an increased depressive-like state (Kara et al., 2018). For 

unclear reasons, rats require a “habituation” day on the first day and then can be 

tested for a depressive-like state on the second day, while mice can be 

accurately tested with only a single swim episode (Yankelevitch-Yahav et al., 

2015). 

In addition to its utility in screening for antidepressant efficacy, researchers have 

used this protocol to induce stress. This stress model can be acute or chronic, 

with daily forced swim sessions (Rittenhouse et al., 2002; Linthorst et al., 2002; 

Qi et al., 2006). This model is easy to conduct and useful if used as a stressor; its 
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limitation comes from the current attempts to readdress the interpretation of the 

results. 

By utilizing one or more of these alcohol-exposure or stress-inducing 

approaches, and combining it with pharmacology and neurochemical detection, 

we can begin to address the individual and concomitant effects of alcohol and 

stress on catecholamine neurotransmission in the rat brain. 

CONCLUSIONS 

The literature demonstrates a clear relationship between alcohol and stress with 

catecholamines playing a central role. As more of the underlying neurobiology is 

examined, it is clear that there are common regions and neurotransmission 

circuits associated with exposure to either alcohol or stress. This dissertation is 

focused on furthering our understanding of the changes in catecholamine 

neurotransmission associated with alcohol and stress exposure and utilizing this 

knowledge to influence alcohol-related behaviors. Chapter 2 will build upon 

previous findings that social defeat stress enhances phasic activity of VTA DA 

neurons by examining terminal DA release in the NAc after exposure to a social 

defeat stress paradigm. The experiments also examine the impact of chronic 

alcohol consumption prior to the stress exposure. Chapter 3 establishes 

techniques of detecting evoked NE release in the mPFC following electrical 

stimulation of the LC using in vivo FSCV and explores the sensitivity of this NE 

signal to acute alcohol exposure. This study was also important to establish a 

pharmacological method of detecting the presence of NE and not DA in a region 
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innervated by both noradrenergic and dopaminergic inputs, as FSCV is not 

currently able to decipher between the two catecholamines. Further discussion of 

this limitation of FSCV will be explored in later chapters. Chapter 4 uses in vivo 

FSCV to examine the impact of chronic social defeat stress and forced swim 

stress on catecholamine systems innervating the BLA. This is an important 

experiment as it provides valuable information about independent and 

concomitant effects of alcohol and stress exposure. Finally, Chapter 5 (and 

Appendix A) utilize the insight gained from these and past experiments to 

influence alcohol-related behaviors through optogenetic modulation of neuronal 

activity in the DA and NE hubs of the brain, the VTA and the LC, respectively. 

These studies have laid the foundation for further exploration of optogenetic 

manipulation of drug-related behaviors as our lab moves to determine if these 

same approaches can be used to adjust behavior associated with other drugs of 

abuse. Further, these experiments can, and should, be performed with alcohol-

dependent subjects to explore if these approaches also alter the behaviors of a 

dependent individual or if a change in the underlying neurobiology requires an 

adjustment of the techniques. The findings of these and future experiments will 

inform translational experiments looking to influence drug related behavior, 

potentially resulting in improved treatment options for those impacted by AUD. 
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CHAPTER 2 

EXPLORING THE CONSEQUENCES OF SOCIAL DEFEAT STRESS AND 

INTERMITTENT ETHANOL DRINKING ON DOPAMINE DYNAMICS IN THE 

RAT NUCLEUS ACCUMBENS 

 

The following chapter is adapted from: 

Deal AL, Konstantopoulos JK, Weiner JL, Budygin EA (2018) Exploring the 

consequences of social defeat stress and intermittent ethanol drinking on 

dopamine dynamics in the rat nucleus accumbens. Sci Rep 8(1):332. 
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Abstract 

The current study aimed to explore how presynaptic dopamine (DA) function is 

altered following brief stress episodes and chronic ethanol self-administration 

and whether these neuroadaptations modify the acute effects of ethanol on DA 

dynamics. We used fast-scan cyclic voltammetry to evaluate changes in DA 

release and uptake parameters in rat nucleus accumbens brain slices by 

analyzing DA transients evoked through single pulse electrical stimulation. Adult 

male rats were divided into four groups: ethanol-naïve or ethanol drinking (six 

week intermittent two-bottle choice) and stressed (mild social defeat) or 

nonstressed. Results revealed that the mild stress significantly increased DA 

release and uptake in ethanol-naïve subjects, compared to nonstressed controls. 

Chronic ethanol self-administration increased the DA uptake rate and occluded 

the effects of stress on DA release dynamics. Bath-applied ethanol decreased 

stimulated DA efflux in a concentration-dependent manner in all groups; 

however, the magnitude of this effect was blunted by either stress or chronic 

ethanol, or by a combination of both procedures. Together, these findings 

suggest that stress and ethanol drinking may promote similar adaptive changes 

in accumbal presynaptic DA release measures and that these changes may 

contribute to the escalation in ethanol intake that occurs during the development 

of alcohol use disorder.  
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1. Introduction 

It is well known that a wide range of stressful events can effectively trigger 

alcohol drinking behaviors in humans1–3. This phenomenon can be reproduced in 

several animal models of alcohol use disorder (AUD). For example, studies in 

primates revealed that stress via social separation significantly increased ethanol 

consumption even in monkeys not particularly vulnerable to fear-related 

behaviors4. Similar stress-related effects on ethanol drinking behavior can also 

be observed in rodent models of AUD. Thus, mice and rats exposed to social 

defeat episodes or socially isolated during adolescence show a persistent 

escalation in two-bottle choice drinking paradigms5–10. 

In fact, both ethanol consumption and stress exposure induce overlapping 

neuroadaptations in several brain circuitries, including the mesolimbic 

dopaminergic pathway11–15. For example, ex vivo neurochemical studies have 

reported that both contingent and non-contingent chronic ethanol exposure16–19 

as well as early-life social isolation stress9,20 trigger increases in dopamine (DA) 

reuptake rate in striatal subregions, including the nucleus accumbens. This 

outcome may result (at least in part) in a functional deficit in tonic DA release. 

Indeed, both stress and chronic ethanol exposure promote decreases in 

extracellular DA levels measured by microdialysis15,21. Based on these and other 

findings, it has been suggested that these conditions can induce a 

hypodopaminergic state that may alter the perception of rewarding and aversive 

effects of ethanol. Moreover, such neuroadaptations may contribute to the 

escalation in ethanol drinking behavior that drives AUD. However, relatively few 
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studies have examined the effects of voluntary ethanol drinking on DA signaling 

dynamics or have examined possible interactions between the effects of stress 

and chronic ethanol intake on mesolimbic DA transmission, particularly in 

standard outbred animals. Therefore, the primary aim of the current study was to 

explore the effects of a relatively mild social defeat stress paradigm and an 

intermittent home-cage drinking procedure, which promotes moderate levels of 

ethanol intake, on DA dynamics in the nucleus accumbens. This study also 

sought to determine if a history of ethanol self-administration influenced any DA 

neuroadaptations induced by social defeat stress or if either procedure altered 

the acute effects of ethanol on accumbal DA release. These questions were 

addressed using fast-scan cyclic voltammetry (FSCV) coupled with single pulse 

electrical stimulation to evaluate changes in DA release and uptake parameters 

in the rat nucleus accumbens. These measures were performed on brain slices 

obtained from rats that were ethanol-naïve or chronically exposed to an 

intermittent home-cage ethanol drinking regimen and subsequently exposed or 

not exposed to stress (social defeat). 

2. Results 

2.1. Ethanol self-administration abolishes stress-induced increase in evoked DA 

release in the nucleus accumbens 

Figure 1 schematically represents the experimental design of the current 

experiments for ethanol-drinking rats (ethanol-naïve subjects underwent the 

same design with access to water only). Electrically-evoked DA release data, 
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obtained with ex vivo FSCV, were analyzed for naïve (EN) and ethanol drinking 

(EE) rats that were either exposed to social-defeat stress episodes or served as 

nonstressed control animals (Figs 2 and 3a). The data were proved to be 

normally distributed following a Shapiro-Wilk test for normality (p > 0.05). A two-

way ANOVA analyzing the differences in concentration of DA released per 

stimulus pulse showed a main effect of stress condition (F(1,25) = 6.562, 

p = 0.0168) but not ethanol experience (F(1,25) = 0.430, p = 0.518) and a trend 

towards a significant interaction (F(1,25) = 3.174, p = 0.0870). Tukey’s multiple 

comparisons test revealed that this parameter was significantly greater in 

ethanol-naïve subjects exposed to social defeat stress compared to ethanol-

naïve subjects not exposed to stress (843.4 ± 86.6 vs 504.4 ± 49.4 nM; 

p = 0.0056; Fig. 3a). In marked contrast, social defeat stress episodes did not 

change DA release in animals with a prior history of intermittent ethanol drinking 

(592.3 ± 19.9 vs 653.2 ± 107.2 nM; p > 0.05; Figs 2 and 3a). There was also no 

difference in the magnitude of DA release between the nonstressed ethanol-

naïve and ethanol-drinking cohorts (504.4 ± 49.4 vs 592.3 ± 19.9 nM; p > 0.05; 

Figure 1. Schematic representation of 

performed experiments. Subjects were 

divided into 4 groups: Naïve, ethanol-

exposed, stress-exposed, and exposed to 

both ethanol and stress rats. Briefly, ethanol-

exposed subjects had access to water and 

ethanol on Monday, Wednesday, and Friday 

(dark boxes) and only water on other days 

(light boxes). After a minimum of 6 weeks, 

stress-exposed subjects underwent 3 days of 

social defeat stress exposure. One hour after 

the third social defeat stress session, subjects 

were taken for in vitro fast-scan cyclic 

voltammetry (FSCV). 
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Figs 2 and 3a). Therefore, prior ethanol drinking did not alter electrically-evoked 

DA release in nonstressed control subjects but did prevent the increase in 

evoked DA release promoted by social defeat stress in rat nucleus accumbens. 

 

Figure 2. Representative traces of electrically-evoked accumbal DA release measured in brain 

slices from naïve (a), stressed (b), ethanol drinking nonstressed (c) or stressed (d) rats (upper 

panel). These signals had an oxidation peak at +0.6 V and reduction peak at −0.2 V versus an 

Ag/AgCl reference, identifying the released species as DA. Representative color plots 

topographically depict the voltammetric data, with time on the x-axis, applied scan potential on 

the y-axis, and background-subtracted faradaic current shown on the z-axis in pseudo-color 

(lower panel).     = electrical stimulus onset. 

Figure 3. Prior ethanol drinking alters effects of social-defeat stress on DA dynamics in rat 

nucleus accumbens. Stressed subjects showed significantly higher DA release per stimulus 

pulse compared to nonstress control (a, left panel). Prior ethanol exposure completely blunted 

this effect (a, right panel). Both stress (b, left panel) and ethanol exposure (b, right panel) 

significantly increased accumbal DA uptake, measured as the Vmax. However, there was no 

significant difference between subjects exposed to defeat stress episodes and ethanol (b, left 

panel). Data presented as mean ± SEM and analyzed by a two-way ANOVA. A single slice 

was taken from each subject in every experimental group for FSCV recordings. The number of 

subjects for naïve nonstressed: n = 10; for naïve stressed: n = 9; for ethanol drinking and 

nonstressed: n = 5; for ethanol drinking and stressed: n = 5. *p < 0.5; **p < 0.01. 
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2.2. Social defeat stress and ethanol self-administration accelerate DA uptake in 

the nucleus accumbens 

In parallel with the analysis of the magnitude of DA release, the DA uptake rate, 

expressed as Vmax, was analyzed and compared between groups to determine 

the effects of social stress and ethanol self-administration on this parameter (Fig. 

3b). The data were shown to be normally distributed by passing a Shapiro-Wilk 

test for normality (p > 0.05). A two-way ANOVA found a significant interaction 

(F(1,27) = 9.084; p = 0.0056) but no main effect of stress condition 

(F(1,27) = 2.673, p = 0.114) or ethanol experience (F(1,27) = 0.703, p = 0.409). As 

observed with DA release, Tukey’s multiple comparisons test showed 

significantly higher uptake rates in stressed ethanol-naïve subjects relative to 

their nonstressed controls (2008 ± 164 vs 1251 ± 162 nM/s; p = 0.0058; Fig. 3b). 

Interestingly, a history of ethanol drinking also significantly increased the rate of 

DA uptake (2008 ± 164 vs 1878 ± 49 nM/s; p = 0.0323; Fig. 3b) and blocked any 

further stress-associated enhancement of this parameter in the nucleus 

accumbens (1878 ± 49 vs 1653 ± 253 nM/s; p > 0.05; Fig. 3b). 

2.3. Stress and ethanol self-administration reduce effects of an acute ethanol 

challenge on electrically-evoked DA efflux 

The effects of acute ethanol on evoked accumbal DA release were compared 

across all experimental conditions. These DA release changes were plotted as a 

percent of the baseline signal collected prior to application of the first ethanol 

concentration (Fig. 4). Due to unequal variances between groups, a 
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nonparametric analysis was used to evaluate these data. Using the Friedman 

test revealed a significant effect of condition (χ2(3) = 45.04, p < 0.0001). 

Furthermore, linear regression analysis of DA release changes during acute 

ethanol application found that all slopes for all groups were significantly different 

from 0 (p < 0.0001) and negative. Correlation coefficients (r2) were 0.856 (EN-

Nonstress), 0.846 (EN-Stress), 0.664 (EE-Nonstress), and 0.685 (EE-Stress). 

Figure 4. Prior ethanol exposure and social-defeat stress significantly attenuate the effects of 

acutely applied ethanol on electrically-evoked DA release in rat nucleus accumbens. The 

inserted bars above each ethanol concentration along the x-axis represent the averaged DA 

efflux observed during the final 20 min of each concentration as a percent of pre-ethanol 

values (dashed line = 100% of baseline). All data are presented as mean ± SEM and analyzed 

by a Friedman test. A single slice per rat was used for FSCV in every experimental group. The 

number of subjects for naïve nonstressed: n = 7; for naïve stressed: n = 10; for ethanol 

drinking and nonstressed: n = 6; for ethanol drinking and stressed: n = 5. ***p < 0.001. 
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Dunn’s multiple comparisons test found that the ethanol-naïve, nonstress group 

was significantly different than all other groups regarding the acute effect of 

ethanol on DA release (p < 0.001). However, no difference was found between 

EN-Stress, EE-Nonstress and EE-Stress groups (p > 0.5). 

2.4. Stress and ethanol self-administration do not modify evoked DA release 

recovery following an acute ethanol challenge 

After the final ethanol concentration was perfused, we analyzed the recovery of 

the DA signal by washing aCSF over the slice (Fig. 5). The amplitudes of DA 

release from the final 3 time points of ethanol application at the 220 mM 

concentration were averaged to calculate a new baseline (100%). This approach 

allowed us to more accurately to compare the recovery of evoked DA release 

following acute ethanol exposure across all experimental conditions. Due to 

unequal variances between groups, a nonparametric test was used to analyze 

these results. According to the Friedman test, there was no significant difference 

between conditions (χ2(3) = 4.96, p > 0.05) during the recovery period. Therefore, 

neither defeat stress nor ethanol drinking experience or their combination 

resulted in any changes in DA signal recovery from the acute effect of ethanol 

applied locally in the nucleus accumbens.     
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3. Discussion 

The most fascinating finding of this study was that a relatively mild stress 

exposure (three social defeat episodes without any physical interaction) 

significantly altered evoked DA release and consequent uptake in accumbal 

brain slices. Moreover, we also found that a history of moderate ethanol self-

Figure 5. Stress and ethanol exposure do not affect electrically-evoked DA signal recovery 

during aCSF wash following ethanol application. After the final ethanol concentration (220 mM), 

the brain slices were perfused with aCSF containing no ethanol. There was no significant 

difference in the recovery of electrically-stimulated DA efflux between any groups after 

replacing the ethanol solution with aCSF. Data are presented as mean ± SEM and analyzed by 

a Friedman test. The number of subjects (a single slice per rat) for naïve nonstressed: n = 7; for 

naïve stressed: n = 10; for ethanol drinking and nonstressed: n = 6; for ethanol drinking and 

stressed: n = 5. 
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administration through the two-bottle choice paradigm significantly increased the 

rate of DA uptake and that this drinking experience blunted the effects of social 

defeat stress on accumbal DA dynamics. Finally, we demonstrated that stress 

and ethanol self-administration decreased the acute effects of ethanol on evoked 

DA efflux in the nucleus accumbens and that ethanol drinking occluded additional 

effects of stress on this measure. No group differences were observed in the time 

course of the recovery of the DA response following acute ethanol exposure. 

This study extends our earlier report that social defeat stress can increase the 

frequency of burst activity in the ventral tegmental area (VTA) and therefore 

increase phasic DA release in the nucleus accumbens of freely moving rats22. It 

is important to highlight that these changes remained after the confrontation 

terminated and the defeated animal was returned to its home cage22. Here we 

demonstrated that the consequences of this stressor on DA dynamics can also 

be detected in an ex vivo preparation, where DA efflux is triggered by electrical 

stimulation of terminals which are disconnected from the DA cell bodies. 

Therefore, relatively brief stress episodes can result in significant alterations in 

presynaptic DA activity. These results are in good agreement with previous ex 

vivo findings demonstrating enhanced evoked DA efflux and reuptake rate 

following adolescent social isolation, a well-established model of chronic early-life 

stress9,20,23. Studies using the social isolation model revealed that the increased 

DA uptake was accompanied by an increase in expression of the DA transporter. 

Together, these data demonstrate that different stressful events may promote 

analogous maladaptive changes in presynaptic DA dynamics. 



 

75 
 

Previous findings revealed a reduction in dynorphin peptide and dynorphin 

mRNA levels following social isolation and social defeat stress, respectively9,24. 

Importantly, activation of kappa opioid receptors (KORs), which are found on DA 

terminals, suppresses DA release in the nucleus accumbens9,25,26. Consequently, 

decreased levels of endogenous agonist could result in reduced inhibition of DA 

release through the activation of KORs. In addition to this possible mechanism, 

accumbal DA release can be increased via co-activation of corticotropin-

releasing factor (CRF) 1 and CRF2 receptors27. 

Dynorphin-DA interactions may potentially explain why prior ethanol exposure 

completely prevented the stress-induced DA increases. There is evidence for 

enhanced levels of dynorphin in rat brain regions, including the nucleus 

accumbens, following repeated ethanol administration28,29. Moreover, a recent 

study demonstrated that chronic ethanol exposure increased KOR 

responsiveness to agonist30,31. The combination of these changes might result in 

suppression of DA release, since KOR activation has clear inhibitory actions on 

accumbal DA release26,30. In fact, a reduction in electrically-evoked DA release 

following chronic ethanol vapor exposure was observed in mouse19,30, but not rat 

brain slices17. However, electrically-evoked DA release measured in the nucleus 

accumbens in vivo was not different between ethanol-naïve rats and an 

adolescent binge alcohol group32 and intermittent ethanol drinking did not alter 

accumbal DA efflux in the current study. The difference between species 

combined with the model of ethanol exposure and the time point when 

measurements were performed may account for these discrepancies. Perhaps, 
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this effect of chronic ethanol exposure through two-bottle choice on electrically-

evoked DA can be blunted in rats to a greater extent than in mice. For example, 

reduced accumbal D2 autoreceptor regulation in rats33-35 could obstruct this 

effect. Alternatively, chronic ethanol-induced supersensitivity of D2 autoreceptors 

combined with the increased reuptake rate observed in mouse nucleus 

accumbens19,30, but not adaptations in the KOR system, can be preferentially 

responsible for the DA decrease following chronic ethanol19,30. 

This study investigated the influence of stress and chronic ethanol exposure 

through the two-bottle choice procedure on the acute effects of ethanol on DA 

release in male rats. Therefore, future studies using females are necessary to 

explore a possible sex difference in stress and alcohol interaction, since women 

are more susceptible to AUD than men. It should also be noted that we focused 

on the effects of relatively high ethanol concentrations, as in vitro FSCV studies 

can only detect the inhibitory effects of ethanol on DA release dynamics16,36-39, 

since DA cell bodies are not present in these preparations. In contrast, lower 

doses of ethanol have a well-characterized excitatory effect on DA transmission 

when administered in vivo. This occurs through an increase in neuronal firing rate 

in the ventral tegmental area40,41, thereby elevating DA release in the nucleus 

accumbens42-45. Therefore, any changes observed in the acute effects of ethanol 

in brain slices may preferentially reflect the development of tolerance to the 

inhibitory effect of ethanol on accumbal DA release. In fact, prior stress and 

chronic ethanol drinking, either alone or together, significantly reduced the acute 

effects of ethanol on electrically-evoked DA efflux in the rat nucleus accumbens 
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in this study. These findings are consistent with other findings in the literature. 

For example, exposure to binge levels of ethanol during adolescence blunted 

ethanol inhibition of electrically-evoked DA release measured in the nucleus 

accumbens of adult rats in vivo32. Similarly, a complete tolerance to the inhibitory 

effect of 150 mM ethanol on DA release was observed in caudate slices from 

monkeys which drank ethanol for 18 months16, although the ability of lower 

ethanol concentrations (80 and 120 mM) to decrease electrically-evoked DA 

release following seven months of the same drinking model was unchanged46. 

Together, these data suggest that the time required for the development of 

tolerance to the acute inhibitory effects of ethanol on accumbal DA release may 

vary in different species. 

To our knowledge, this study is the first to report on the effects of stress 

exposure on ethanol inhibition of accumbal DA release. On the other hand, prior 

work has shown that social stress boosted the excitatory effects of ethanol on DA 

release in the rat nucleus accumbens47. The combination of enhanced excitation 

(at low to moderate ethanol doses) and blunted inhibition (at higher 

concentrations) observed in the present experiment may lead to decreased 

aversive and increased rewarding properties of ethanol. This shift could 

potentially accelerate ethanol drinking behavior and perhaps the development of 

earlier stage of addiction. In agreement with this suggestion, exposing mice and 

rats to social defeat episodes or social isolation during adolescence promotes 

increases in ethanol intake5-10. Together, these results suggest that social defeat 

stress and chronic ethanol drinking through the two-bottle choice paradigm 



 

78 
 

trigger overlapping adaptations at DA terminals in the nucleus accumbens, which 

may promote maladaptive escalations in ethanol drinking behavior associated 

with alcohol addiction. 

4. Materials and methods 

4.1. Animals and behavioral procedures 

Single-housed male Long Evans rats (400–600 g; Envigo) were used in this 

study. Animals were kept on a 12-hr light/dark cycle (lights off at 6 pm). Food and 

water were available ad libitum. Subjects were assigned to either ethanol-naïve 

(EN) or ethanol-exposed (EE) and nonstress or stress groups. For the EE 

subjects, ethanol (20%) and water were available for 24 hrs through a two-bottle 

choice paradigm48 on each Monday, Wednesday, and Friday for 6–8 consecutive 

weeks. Water and ethanol bottles were alternated to account for side preference 

and weighed to quantify daily consumption. There was no difference in ethanol 

intake values measured for the entire drinking period between the nonstress and 

stress groups (3.1 ± 0.1 vs 3.5 ± 0.2 g/kg/day, respectively). The average ethanol 

intake for the week prior to voltammetric experiments for all subjects was 

3.7 ± 0.3 g/kg/day. Notably, previous studies have revealed that this level of 

ethanol consumption generated pharmacologically relevant blood ethanol 

concentrations49. Ethanol was removed from the cages twenty-four hours before 

sacrificing the animals for neurochemical analyses. 
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Ethanol-naïve and ethanol-exposed subjects were stressed three times via a 

social defeat procedure on separate days. We used an open top, clear Plexiglas 

container (h = 18″; l = 54″; w = 24″) divided into two equal chambers with an 

opening (7″ × 7″) in the dividing wall connecting the two halves. “Intruder” 

stressed rats were confined within an immobile cylindrical metal cage (h = 8.25″; 

diameter = 10.75″) in the middle of one chamber while the “aggressor” rat was 

placed in the empty chamber. The social defeat stress bouts were conducted 

during the light phase around 9 a.m. and lasted for 30 min each. The “aggressor” 

rat was able to move freely around the testing apparatus, including up to the 

metal cage confining the “intruder” rat, but physical contact between the rats 

could not occur. The exposure of intruders was counterbalanced between 

different groups to minimize possible effects of habituation of the used 

aggressive residents. The same “aggressor” rat was used for all stress bouts for 

all “intruder” rats to control for variations in aggressive behaviors. Observations 

noted the “aggressor” would often stand up against the containment cylinder or 

place his front paws on top of the cylinder. Although direct physical contact 

between the “intruder” and “aggressor” was prevented50, these postures were 

sufficiently anxiogenic, as the “intruder” rat exhibited species-specific stress 

behaviors (e.g. hunched posture, decreased movement)11,51. The chambers were 

cleaned with a mild detergent and bleach solution between each stress 

procedure. The “intruder” rats (EN and EE stress groups) were further used for 

voltammetric experiments. 
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Animal handling and all procedures were conducted in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

All protocols were approved by the Wake Forest University School of Medicine 

Institutional Animal Care and Use Committee.  

4.2. Fast-scan cyclic voltammetry 

The “intruder” rats (EN, n = 10 and EE, n = 5 per group) were sacrificed 1 h 

following the third stress event. Nonstressed (EN, n = 7 and EE, n = 6) animals, 

matched by age and housing conditions, were taken at a similar time of day to be 

sacrificed, with nonstressed EN subjects serving as the control. Briefly, rats were 

anesthetized with isoflurane, decapitated and the brain was rapidly removed and 

immediately placed in ice-cold oxygenated artificial cerebrospinal fluid (aCSF): 

126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4 (monobasic), 2.4 mM CaCl2, 

1.2 mM MgCl2, 0.4 mM L-ascorbic acid, 11 mM C6H12O6, 25 mM NaHCO3, and 

adjusted pH to 7.40. Coronal slices 400 µm thick containing the nucleus 

accumbens were obtained using a vibrating tissue slicer (Vibratome 1000 Plus, 

The Vibratome Company, St. Louis, MO, USA) and then placed in oxygenated 

aCSF at room temperature and allowed 30 min to equilibrate. The slices were 

taken and placed on a submersion recording chamber with room-temperature 

oxygenated aCSF flowing at a rate of 1 mL/min. Carbon fiber electrodes 

(diameter: 7 µm; Goodfellow Cambridge Ltd., Huntington, UK) were constructed 

as previously described52 and the exposed carbon fiber was trimmed to 90–

145 µm with a scalpel under a microscope (Leica, Buffalo Grove, IL, USA). The 

carbon fiber electrode was connected to a voltammetric amplifier (UNC 
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Electronics Design Facility, Chapel Hill, NC, USA) and placed into the nucleus 

accumbens core while a twisted bipolar stimulating electrode (Plastics One, 

Roanoke, VA, USA) was placed on the surface of the tissue ~200 µm from the 

recording electrode and connected to a voltage output box. DA release was 

evoked by a single, rectangular, electrical pulse (350 µA, 4 ms/phase, 

monophasic) applied every 5 min. Extracellular DA was recorded at the carbon 

fiber electrode every 100 ms for 15 s by applying a triangular waveform (−0.4 V to 

+1.3 V and back to −0.4 V vs Ag/AgCl, 400 V/s). DA was identified by observing 

background-subtracted cyclic voltammograms characterized by oxidation and 

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

reference). Following acquisition of a stable baseline DA signal (3 recordings 

within 10% variability), ethanol was washed over the slice at increasing 

concentrations (20 mM, 80 mM, 160 mM, and 220 mM ethanol in oxygenated 

aCSF) for 30 min each. Oxygenated aCSF was washed over the slice at the 

conclusion of the 220 mM exposure to measure DA signal recovery for 40 min. 

Data were digitized (National Instruments, Austin, TX, USA) and stored on a 

computer. The response of the carbon fiber microelectrode was calibrated in a 

flow injection analysis system after each experiment53. The calibrations were 

performed in triplicate using a known concentration (1 µM) of DA (Sigma Aldrich, 

St. Louis, MO, USA) that was dissolved in calibration buffer adjusted pH to 7.40 

at room temperature. The voltammetric current was measured at the peak 

potential. The averaged calibration factor was 14 ± 3 nA per 1 µM of DA. 

4.3. FSCV kinetic analysis 



 

82 
 

DA release parameters (i.e., DA release per stimulus pulse ([DA]p) and uptake 

(Vmax)) of recordings prior to ethanol administration were calculated using kinetic 

modeling (LVIT software, UNC, Chapel Hill, NC, USA). These parameters were 

modeled assuming to follow Michaelis-Menten kinetics17,54. DA concentration 

changes with respect to time were estimated by equation (1): 

})1])/[/{((])[(/][ max  DAKVpDAfdtDAd m            (1) 

where f is the stimulation frequency (Hz), [DA]p is the concentration of DA 

released per stimulus pulse, and Vmax and Km are Michaelis-Menten rate 

constants for DA uptake. The baseline value of Km was set to 0.16–0.20 µM, a 

value determined in rat brain synaptosomes55.  

4.4. Data analysis 

Data were analyzed using GraphPad Prism (GraphPad Software version 6.05, 

San Diego, CA, USA). Two-way ANOVAs and Tukey’s multiple comparisons 

tests (where appropriate) were used to analyze DA release and uptake data. Due 

to unequal variances between groups, evoked DA efflux data were analyzed as a 

percent of baseline using nonparametric Friedman tests and Dunn’s multiple 

comparisons test (where appropriate). Data are presented as mean ± SEM and 

the criterion for significance was set at p < 0.05. 

4.5. Data availability 

The datasets generated and analyzed during the current study are available from 

the corresponding author upon reasonable request. 
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CHAPTER 3 

IN VIVO VOLTAMMETRIC EVIDENCE THAT LOCUS COERULEUS 

ACTIVATION PREDOMINANTLY RELEASES NOREPINEPHRINE IN THE 

INFRALIMBIC CORTEX: EFFECT OF ACUTE ETHANOL 

 

The following chapter is adapted from: 

Deal AL, Mikhailova MA, Grinevich VP, Weiner JL, Gainetdinov RR, Budygin EA 

(2019) In vivo voltammetric evidence that locus coeruleus activation 

predominantly releases norepinephrine in the infralimbic cortex: Effect of acute 

ethanol. Synapse 73(4):e22080. 

 

Stylistic variations in this chapter result from the demands of the journal to which 

the manuscript was submitted. 
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The prefrontal cortex (PFC) plays a critical role in the control of many 

physiological processes including attention, learning, and decision‐making 

(Arnsten & Li, 2005; Dalley, Cardinal, & Robbins, 2004; Funahashi & 

Andreau, 2013). This brain region receives dopamine (DA) and norepinephrine 

(NE) axons from the ventral tegmental area (VTA) and locus coeruleus (LC), 

respectively (Chandler, Lamperski, & Waterhouse, 2013; Waterhouse, Lin, 

Burne, & Woodward, 1983). Therefore, revealing alterations in catecholamine 

(CA) dynamics in these circuitries is necessary to understand the pathogenesis 

of different psychiatric diseases, including addiction to drugs and alcohol. Since 

the PFC is widely involved in complex mental functions, ethanol‐induced 

neuroadaptations can be implicated in impaired cognitive ability and aversive 

outcomes that facilitate dependence on alcohol. However, changes in cortical CA 

release under ethanol effects remain unclear. 

In fact, real‐time electrochemical measurements of cortical DA and NE release 

are complicated due to electrochemical similarity and the relatively low 

concentrations of these catecholamines in this area (Nakatsuka & 

Andrews, 2017). The contribution of NE to the CA response in the PFC evoked 

by electrical activation of the VTA was effectively explored by combining fast‐

scan cyclic voltammetry (FSCV) with pharmacological identification of the signals 

(Shnitko & Robinson, 2014). These findings suggest that the CA release in the 

PFC arising from VTA stimulation is predominantly dopaminergic rather than 

noradrenergic. Recently, FSCV was applied to measure cortical NE release 

following electrical stimulation of the LC in an animal model of epilepsy (Kumar et 
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al., 2016; Medel‐Matus, Shin, Sankar, & Mazarati, 2017). However, the 

characterization and, more importantly, pharmacological verification of detected 

CA is still required to exclude the possible contribution of DA to the voltammetric 

signal. 

Therefore, we combined voltammetric measurements with pharmacological 

analysis to clarify the nature of PFC CA release triggered by LC stimulation. In 

addition, we explored the distribution of the signal over a large dorsal–ventral 

range and its frequency dependence. Finally, the effect of ethanol on the cortical 

NE release was evaluated under the same experimental condition. 

Adult male Long Evans rats were used for in vivo voltammetric recordings. 

Animal handling, procedures, and protocols were conducted in accordance with 

the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals and approved by the Wake Forest University School of Medicine 

Institutional Animal Care and Use Committee. Rats were anesthetized via 

urethane (1.5 g/kg; i.p.) then secured in a stereotaxic frame. The skull was 

revealed and holes were drilled to allow placement of a carbon fiber recording 

electrode in the infralimbic cortex (IL) (AP: +3.0 mm from bregma; ML: +0.7 mm 

from bregma; DV: −4.8 to −5.2 mm from skull surface) and a bipolar stimulating 

electrode in the LC (AP: −9.8 mm from bregma; ML: +1.3 mm from bregma; DV: 

−6.8 to −7.2 mm from skull surface) with a third hole drilled in the contralateral 

hemisphere for insertion of a Ag/AgCl reference wire. CA release was evoked by 

applying a 2‐s electrical stimulation at 60 Hz (120 rectangular pulses, 300 µA, 

4 ms/phase, monophasic). This supraphysiological stimulation was necessary in 
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order to trigger detectable stable NE concentrations which could be reliably used 

for electrochemical and pharmacological analyses and uptake rate determination. 

CA effluxes were recorded at the carbon fiber electrode every 10 min until a 

baseline signal of three consecutive stimulations with no more than 10% 

variability was established. The CA signal was identified using background‐

subtracted cyclic voltammograms characterized by oxidation and reduction peaks 

occurring at ~+0.6 and ~−0.2 V, respectively (Mateo, Budygin, Morgan, Roberts, 

& Jones, 2004; Shnitko & Robinson, 2014). An injection (i.p.) of saline, raclopride 

(DA D2 receptor antagonist; 2 mg/kg), idazoxan (α2 adrenergic receptor 

antagonist; 5 mg/kg), or ethanol (2 g/kg) was administered and voltammetric 

recordings were taken for 60 min. Parametric and nonparametric one‐ and two‐

way ANOVAs as well as post hoc tests, where appropriate, were conducted 

using GraphPad Prism (GraphPad Software version 7.04, San Diego, CA, USA). 

The criterion for significance was set at p < 0.05. 

Electrical stimulation of the LC produced a voltammetric signal with 

electrochemical characteristics which matched the detection of CA in the IL 

(Figure 1a). The average reuptake rate of the measured neurotransmitter was 

206 ± 39 nM/s (n = 5 rats). Measurements were taken stepwise along the dorsal–

ventral PFC extent that contains the medial prelimbic and infralimbic cortices 

following stimulation of the LC (−7.0 mm below bregma) and converted to a 

percentage of the maximum peak efflux value obtained within each subject 

(Figure 1b). A Friedman test found a significant effect of recording depth (Χ2 = 

40.52; p < 0.01) and a post hoc Dunn’s multiple comparisons test showed that 
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the depths −4.8 mm and −5.0 mm were significantly different from baseline, 

−2.2 mm (92.0% ± 3.53% and 88.7% ± 6.56 compared to 43.2% ± 11.1, 

respectively; p < 0.05). Antagonists of α2 adrenergic and D2 DA receptors, which 

are able to modulate release of the respective monoamine via blockade of 

autoreceptors, were used to parse out the individual contributions of NE and DA 

to this evoked CA release in the IL cortex (Figure 2). A repeated measures two‐

way ANOVA found a main effect of time (F(8,296) = 15.45; p < 0.0001) and drug 

Figure 1. Electrically evoked catecholamine 

(CA) release in the medial prefrontal cortex 

(PFC) following stimulation of the locus 

coeruleus (LC) as measured by fast‐scan 

cyclic voltammetry (FSCV). (a) A 

representative trace shows changes in CA 

concentration over time (top left). The cyclic 

voltammogram (top right) indicates current 

measured at the full range of applied 

potentials at the peak of the CA efflux. The 

color plot (bottom) topographically depicts the 

voltammetric data with time on the x‐axis, 

applied scan potential on the y‐axis, and 

background‐subtracted faradaic current 

shown on the z‐axis in pseudo‐color. The red 

bar indicates duration of electrical stimulus. 

(b) Catecholamine efflux as a function of 

recording depth following LC stimulation 

(−7.0 mm below bregma). Data presented as 

mean percent (±SEM) of maximum efflux per 

subject (n = 6). *p < 0.05 
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(F(3,37) = 15.24; p < 0.0001) as well as a significant interaction (F(24,296) = 

14.3; p < 0.0001). Dunnett’s multiple comparisons test found that administration 

of the α2 adrenergic receptor antagonist, idazoxan, resulted in significantly higher 

CA efflux compared to the saline control (mean at 10‐min post‐injection: 211.8% 

Figure 2. Pharmacological verification of the catecholamine (CA) release in the infralimbic 

cortex (IL). Electrically evoked CA efflux was measured following stimulation of the locus 

coeruleus (LC) before and after injection of idazoxan (5 mg/kg, i.p.), raclopride (2 mg/kg, i.p.), 

or ethanol (2 g/kg, i.p.). Idazoxan resulted in increased CA efflux, while there was no change 

in CA efflux measured following injection of raclopride. The administration of ethanol had no 

effect on CA release. Inserts show representative concentration‐time plots comparing pre‐ 

and 10 min post‐injection efflux of the CA as a percentage of individual baselines. Values are 

presented as a mean percent (± SEM) of the pre‐injection baseline. Arrow indicates injection. 

****p < 0.0001 compared to saline. The number of rats per group were n = 13 for 

saline, n = 11 for idazoxan, n = 10 for raclopride and n = 7 for ethanol 
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± 22.5% and 100.5% ± 2.9, respectively; p < 0.0001). In contrast, administration 

of the DA D2 receptor antagonist, raclopride, caused no significant changes in 

voltammetric signal when compared to the control (mean at 10‐min post‐

injection: 115.9% ± 7.6% and 100.5% ± 2.9, respectively; p > 0.05). This 

indicates that the measured CA release is predominantly NE. Catecholamine 

signal identification was not pursued further using uptake inhibitors due to the 

promiscuous nature of CA reuptake in the PFC (Morón et al., 2002). Because DA 

released in the PFC can be reuptaken through the NE transporter in the PFC, 

this pharmacological analysis cannot be conclusive. 

The effect of ethanol on NE release in the IL was assessed under the same 

experimental condition. Similarly to raclopride, acutely administrated ethanol 

(2 g/kg; i.p.) did not have a significant effect on NE release induced by the 

electrical stimulation of the LC (mean at 10‐min post‐injection: 95.2% ± 4.7% and 

100.5% ± 2.9, respectively; p > 0.05). Finally, we revealed that the NE efflux in 

the IL is dependent on the frequency of stimulation. Higher frequency 

stimulations resulted in increased concentrations of NE release compared to 

lower frequency (Figure 3; repeated measures one‐way 

ANOVA: F(2.378,14.27)=23.37; p < 0.0001). Detected concentrations vary from 

50 to 250 nM. 

At first glance, the finding that the CA release in the IL PFC triggered by LC 

stimulation was principally noradrenergic, rather than dopaminergic, should be 

anticipated. However, cortical DA could be released through long‐loop indirect 

networks, since the LC projects diffusely throughout the brain and modulates 



 

102 
 

many neurotransmissions. In fact, previous studies revealed ascending fibers of 

LC‐NE neurons terminate in the VTA and the presence of NE receptors in this 

area (Chen & Reith, 1994; Liprando, Miner, Blakely, Lewis, & Sesack, 2004; 

Mejias‐Aponte, 2016). Furthermore, a number of studies have shown a net 

excitatory effect of LC‐NE on VTA‐DA neural activity through NE receptors, 

which are localized on presynaptic neurons in the VTA (Goertz et al., 2015; 

Grenhoff, Nisell, Ferre, Aston‐Jones, & Svensson, 1993; Mejias‐Aponte, 2016; 

Weinshenker & Schroeder, 2007). Moreover, an electrical stimulation of the LC 

resulted in excitation of VTA‐DA neurons with subsequent inhibition (Grenhoff et 

al., 1993). These responses were not observed after pretreatment with reserpine, 

implicating NE as a mediator that is responsible for the effect. VTA‐DA 

projections target many limbic structures including the PFC and nucleus 

Figure 3. Norepinephrine (NE) release in the 

infralimbic cortex (IL) induced by electrical 

stimulation of the LC is frequency‐dependent. 

(a) Representative concentration–time traces 

of NE release in the IL of an individual rat 

demonstrate an increased response as 

stimulation frequency increases. (b) Averaged 

NE responses show higher frequency 

stimulations result in increased efflux 

concentrations compared to lower frequency 

stimulations. Data presented as mean (± 

SEM), n = 6 
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accumbens. A recent study, which combined FSCV with pharmacological 

analysis (Park, Bhimani, & Park, 2017), demonstrated that the electrical 

stimulation of the LC induces NE release in the VTA, resulting in activation of DA 

neurons via NE receptors with consequential DA release in the nucleus 

accumbens. The present data rule out the significance of the same circuitry (LC‐

VTA‐PFC) for the initiation of DA release in IL PFC. In fact, pharmacological 

analysis revealed that LC stimulation selectively induces NE release in these 

terminals. NE was released in a frequency‐dependent manner at the 

concentration range that was previously found in other NE terminals following LC 

stimulation (Fox, Bucher, Johnson, & Wightman, 2016; Herr et al., 2012; Park, 

Kile, & Wightman, 2009; Park et al., 2017). 

In sharp contrast to DA, the effect of ethanol on NE release in different brain 

areas including the PFC was not previously explored with FSCV. The most 

consistent findings on DA are that acute ethanol administration decreases 

terminal DA release induced by electrical stimulation of the VTA in freely moving 

and anesthetized preparations (Budygin et al., 2001; Jones, Mathews, & 

Budygin, 2006; Schilaty et al., 2014; Shnitko et al., 2014; Shnitko, Spear, & 

Robinson, 2016). The mechanism of this ethanol action is unclear still. Since 

ethanol‐induced increases in extracellular DA levels measured by microdialysis 

(Yim et al., 2000) show a quite similar time course to the reduction in electrically 

evoked DA detected by FSCV (Jones et al., 2006), it was speculated that the 

decreased amplitude of the evoked DA signal may be due to D2 DA autoreceptor 

feedback triggered by enhanced DA concentrations in the synaptic cleft. 
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However, as assessed by microdialysis, ethanol at a dose of 2 g/kg significantly 

inhibited cortical NE levels in awake rats (Rossetti, Longu, Mercuro, Hmaidan, & 

Gessa, 1992), while no changes in the evoked NE release were evident in our 

experiments in anesthetized animals. Thus, the decrease in cortical NE 

concentration may be associated with the sedative‐hypnotic properties of ethanol 

at this dose (Rossetti et al., 1992). Perhaps this effect overlaps with anesthesia 

and therefore it cannot take place in anesthetized rats. Thus, ethanol 

differentially affects catecholamines in the PFC, decreasing DA (Shnitko et 

al., 2014) and not changing NE release under the same experimental condition. 

In conclusion, using FSCV in vivo, we demonstrated that electrical stimulation of 

the LC triggers detectable CA release in the PFC. Electrochemical and 

pharmacological evidence clearly indicated that the CA release measured in the 

IL at a nanomolar range is noradrenergic but not dopaminergic. These data also 

suggest that despite a high neurochemical similarity and equal densities of NE 

and DA terminals in the PFC, these neurotransmitters are differently regulated 

and affected by ethanol. 
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CHAPTER 4 

STRESS RESULTS IN BASOLATERAL AMYGDALA DOPAMINE RELEASE 

FOLLOWING LOCUS COERULEUS ACTIVATION AND ALTERS EFFECT OF 

ACUTE ALCOHOL 

Deal AL & Budygin EA 

The following chapter is being prepared for submission to Frontiers in Behavioral 
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Introduction 

Mood and anxiety disorders are highly comorbid with alcohol use disorder (AUD) 

(Grant et al., 2004). For example, those diagnosed with post-traumatic stress 

disorder are 3 times more likely to develop an AUD (Kessler et al., 1997). Even 

without formal diagnoses, alcohol is a common tool for those with self-reported 

social anxiety to cope with social situations. Those individuals are more likely to 

consume alcohol to feel more comfortable socially and avoid “dry” (no alcohol 

present) social situations (Thomas et al., 2003). Given this strong correlational 

relationship between anxiety and alcohol, it is important to understand how one 

can alter the neurobiological consequences of the other. 

The locus coeruleus (LC) is a key brain region in many important processes, 

including stress and arousal (Daviu et al., 2019; Szabadi, 2013; Naegeli et al., 

2018). This pontine nucleus is the primary source of noradrenergic projections in 

the central nervous system which target many regions throughout the brain, such 

as the amygdala, thalamus, hypothalamus, and prefrontal cortex, associating the 

LC with myriad behavioral, motor, and sensory processes (Samuels and 

Szabadi, 2008; Deal et al., 2019). In particular, the projection from the LC to the 

basolateral amygdala (BLA) has been proposed as an important pathway in 

anxiety-related processes and behaviors. Stress has been shown to influence 

BLA activity via LC noradrenergic projections (Giustino et al., 2020). Further, it 

was recently demonstrated that optogenetic activation of this pathway produced 

anxiety-like behavior in mice (McCall et al., 2017). Taken together, the literature 

demonstrates a clear relationship between stress and LC-BLA circuitry, in 
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addition to other central nervous system pathways, to produce anxiety-related 

behaviors (Daviu et al., 2019). Additionally, stress has been shown to be a key 

influencer of amygdalar catecholamine (CA) dynamics, particularly 

norepinephrine (NE) and dopamine (DA) (Ferry et al., 1999; Rajbhandari et al., 

2015; Karkhanis et al., 2015; Giustino et al., 2020). For example, social isolation 

stress during adolescence was found to elicit lasting changes to DA and 

dopamine transporters in the BLA, specifically a decrease in DA levels as 

measured by microdialysis and an increase in DA transporters in adulthood 

(Karkhanis et al., 2015). Additionally, corticotropin releasing factor was shown 

recently by fast-scan cyclic voltammetry (FSCV) to decrease evoked amygdalar 

NE release in the central nucleus of the amygdala (CeA) of rat brain slices 

(Hedges et al., 2020). Therefore, it is important to consider both DA and NE 

when studying the effects of stress on CA dynamics in a brain region with critical 

inputs from both the VTA and LC. 

Alcohol exposure is known to influence CA dynamics in regions throughout the 

brain (Budygin et al., 2003; Budygin et al., 2007; Shnitko et al., 2014; Deal et al., 

2018; Vazey et al., 2018). For example, low to moderate concentrations of acute 

alcohol (<150mM) have been shown to augment the firing rate of dopaminergic 

neurons in the ventral tegmental area (VTA) without affecting uptake in the 

nucleus accumbens (NAc) (Brodie et al., 1999; Budygin et al., 2001). Further, 

voltammetric studies have demonstrated that higher concentrations of alcohol 

(>150mM or >1.0 g/kg) in vivo or in anesthetized rats results in decreased 

evoked accumbal DA efflux (Budygin et al., 2001; Jones et al., 2006). Using a 
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microdialysis approach, researchers found that acute alcohol resulted in elevated 

DA concentrations in the BLA and, following chronic adolescent social isolation, 

this alcohol-induced DA increase was further augmented and accompanied by 

increased BLA NE levels (Karkhanis et al., 2015). These findings are consistent 

and support the conclusion that acute alcohol has differential effects on DA 

dynamics which correlate with a transition from the rewarding to sedative effects 

of alcohol as the alcohol concentration increases from low to high, respectively 

(Budygin and Weiner, 2015; Jones et al., 2006). Alternatively, effects on the 

noradrenergic system have produced mixed conclusions, though consistent 

within individual approaches. For example, acute alcohol was shown to increase 

expression of the immediate early gene c-Fos, a marker of neuronal activation, in 

putative NE neurons when examined immunohistochemically but shown to 

decrease activity of LC NE neurons when measured using electrophysiology 

(Vazey et al., 2018). However, a recent study using FSCV found that alcohol had 

no effect on evoked CeA NE release in brain slices taken from rats chronically 

exposed to alcohol vapor (Hedges et al., 2020). Thus, the effect of alcohol on 

LC-induced CA dynamics requires further investigation, particularly in models 

that consider the common comorbidity of stress and anxiety. 

In the current experiment, we examine the effects of two different stressors, 

repeated social defeat stress (RSDS) and forced swim stress (FSS), on LC-

evoked CA release in the BLA and the sensitivity of the CA signal to acute 

alcohol. After first confirming the CA signal, we pharmacologically identify the 

components of the CA signal as NE or DA by injecting either idazoxan (α2 
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adrenergic receptor antagonist) or raclopride (dopamine D2 receptor antagonist), 

respectively, and determine whether the evoked CA signal is altered by acute 

alcohol. We find that in control (non-stressed) rats, LC stimulation elicits 

predominantly NE in the BLA and this signal is not affected by acute alcohol. In 

stressed rats, those exposed to RSDS as well as those exposed to FSS, our 

pharmacological approach indicates the presence of both NE and DA in the BLA 

following LC electrical stimulation and this CA signal is attenuated by acute 

alcohol. 

Methods 

Animals 

Adult male Sprague Dawley rats (300-350 g) were used as intruder (stressed) 

subjects and retired breeder male Long Evans rats (>450 g) were used as 

resident (aggressor) rats. Animals were kept on a 12-h light/dark cycle with food 

and water available ad libitum. Animal handling and all procedures were 

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

and Use of Laboratory Animals. All protocols were approved by the Wake Forest 

University School of Medicine Institutional Animal Care and Use Committee. 

Repeated Social Defeat Stress 

Intruder rats were exposed to five 45-min social defeat sessions prior to use for 

voltammetric recordings (or remained in their home cage to serve as a control). 

For 5 consecutive days, intruders were allowed to acclimate for 1 h to the testing 
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room. They were then placed in the cage of a larger, aggressive resident male 

and allowed to physically interact for the first 15 min. If blood was observed 

following a physical bout, the injury was assessed by an observing experimenter 

for severity. Minor injury resulted in immediate transferal to a protective mesh 

cage within the resident cage for the remainder of the session. Major injuries, 

those requiring suturing or other invasive interventions, would have resulted in 

removal of the intruder rat from the study (no major injuries occurred). Typical 

sessions included several aggressive physical interactions that resulted in the 

intruder rat exhibiting subordinate behavior through assuming a supine position. 

At the conclusion of the physical interaction time, the remainder of the session 

(30 min) took place while the intruder was protected within a wire mesh cage 

inside of the resident cage. Visual, auditory, and olfactory signal exposure was 

still possible during this time.  

Forced Swim Stress 

Rats were forced to swim as described previously (Porsolt et al., 1978). Briefly, 

animals were allowed to acclimate to the testing room for 1 h and then placed in 

a transparent acrylic cylinder (30 x 50 cm) filled with 40 cm of water (26 ± 1 °C) 

for 15 min. One day later, the rats were placed in the water-filled cylinder again 

for 5 min. The rats were allowed to dry off in their homecage, which was placed 

on a heating pad, for at least one hour before the cage was returned to the 

colony room. The cylinder was cleaned with soap and water after each rat. 

Fast-Scan Cyclic Voltammetry 
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Rats were taken one week after the final defeat session or 5 days after the 

second forced swim session, anesthetized via urethane injection (1.35 g/kg, i.p.), 

and secured in a stereotaxic frame. Holes were drilled to allow for the placement 

of a carbon fiber recording electrode in the basolateral amygdala (from bregma: 

AP -2.9; ML +4.6; DV -8.0), a bipolar stimulating electrode in the ipsilateral locus 

coeruleus (AP -9.8; ML +1.3; DV -7.2), and a Ag/AgCl reference electrode in the 

contralateral hemisphere. The reference electrode was connected to a 

voltammetric amplifier (UNC Electronics Design Facility, Chapel Hill, NC). The 

carbon fiber microelectrode (exposed fiber length: 75-100 µm; diameter: 6 µm) 

was connected to the voltammetric amplifier and secured to the stereotaxic frame 

arm. Stimulations were made every 10 min by an electrical pulse. Extracellular 

CA was recorded at the carbon fiber electrode every 100 ms for 15 s by applying 

a triangular waveform (-0.4 V to +1.3 V and back to -0.4 V vs Ag/AgCl, 400 V/s). 

The catecholamine signal was identified by observing background-subtracted 

cyclic voltammograms characterized by oxidation and reduction peaks occurring 

at +0.6 and -0.2 V, respectively. A stable baseline signal was established (3 

consecutive recordings within 10% variability) and an average baseline value 

was calculated. An injection (i.p.) of saline, raclopride (dopamine D2 receptor 

antagonist; 2 mg/kg), idazoxan (α2 adrenergic receptor antagonist; 5 mg/kg), or 

alcohol (2 g/kg ethanol) was administered (not all subjects received all injections 

and order of injections was altered) and voltammetric recordings were taken for 

60 min. Data were digitized (National Instruments, Austin, TX, USA) and stored 

on a computer. Each carbon fiber electrode was calibrated after use in an 
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experiment in a flow injection analysis system. Calibrations were performed in 

triplicate using a known concentration (10 µM) of DA (Sigma Aldrich, St. Louis, 

MO, USA) and calibrated again using a known concentration (10 µM) of NE 

(Sigma Aldrich, St. Louis, MO, USA). The voltammetric current was measured at 

the peak potential. 

Data Analysis 

Data were analyzed using GraphPad Prism (GraphPad Software version 7.04, 

San Diego, CA, USA). Repeated measures two-way ANOVAs and Tukey’s 

multiple comparisons tests were used to analyze data. Data are presented as 

mean ± SEM and the criterion for significance was set at p < 0.05. 

Results 

Electrical stimulation of LC elicits NE release in BLA 

We have previously shown that optogenetic activation of the LC results in a 

robust noradrenergic signal in the BLA as detected by FSCV (Deal et al., 2020). 

Here, we evoked release by electrical LC stimulation that resulted in a consistent, 

robust, frequency-dependent signal in the BLA which matched the characteristics 

of CA release (Fig 1). Next, in order to identify the constitutive components of this 

signal, a pharmacological approach was used. More specifically, administration 

of idazoxan or raclopride was administered to determine the presence of 

norepinephrine or dopamine, respectively (Fig 2). A repeated measures two-way 

ANOVA found a main effect of drug (F(2,14) = 20.28; p < 0.0001), time (F(8,112)  
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Figure 1. Electrical stimulation of the LC reliably evoked CA release in the BLA in a 
frequency-dependent manner. (A) A representative trace shows changes in CA concentration 
over time (top left). The respective cyclic voltammogram (top right) and color plot (bottom) are 
also shown. The red bar indicates duration of electrical stimulus. (B) Representative 
concentration-time traces of CA release (top) in the BLA of an individual rat demonstrate an 
increased response as stimulation frequency increases (Red = 10Hz; Yellow = 30Hz; Blue = 
50Hz). Averaged CA responses (bottom) show higher frequency stimulations resulted in 
increased efflux concentrations compared to lower frequency stimulations. Data presented as 
mean ± SEM. 

Figure 2. Idazoxan significantly increased norepinephrine in the basolateral amygdala (BLA) 
following locus coeruleus (LC) electrical stimulation in nonstressed rats. Anesthetized rats 
were used to quantify LC-evoked CA release in the BLA as measured by fast-scan cyclic 
voltammetry. After a stable baseline was established, saline, idazoxan, or raclopride was 
administered (black arrow). Idazoxan resulted in a significant increase in the measured signal 
compared to the saline control. There was no change in the CA signal following injection of 
raclopride compared to the saline control. Efflux values are presented as mean (± SEM) 
percent of a pre-injection baseline average. ***p<0.001 
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= 9.354; p < 0.0001), and a significant interaction (F(16,112) = 9.101; p < 

0.0001). A follow-up post hoc Tukey’s multiple comparisons test found that 

idazoxan significantly increased the measured CA signal compared to saline (p < 

0.0001) and raclopride (p < 0.001) and there was no significant difference after 

raclopride injection (p = 0.718). These results demonstrate that NE is the 

predominant CA evoked in the BLA following LC electrical stimulation. 

Electrical LC stimulation in socially stressed subjects elicits NE and DA release in 

BLA 

To determine the effect of social defeat stress on evoked CA in the BLA, intruder 

rats were used for in vivo FSCV one week following the final repeated social 

defeat stress exposure. Similar to the naïve group, idazoxan and raclopride were 

administered to determine the catecholamines present in the detected signal (Fig 

3). A repeated measures two-way ANOVA found a main effect of drug (F(2,14) = 

22.77; p < 0.0001), time (F(8,112) = 20.02; p < 0.0001), and a significant 

interaction (F(16,112) = 9.855; p < 0.0001). A post hoc Tukey’s multiple 

comparisons test showed that injection of either idazoxan or raclopride 

significantly increased the evoked CA signal compared to saline (p < 0.0001 and 

p = 0.0164, respectively) and idazoxan increased the signal significantly more 

than raclopride (p = 0.0145). These data show that electrical stimulation of the 

LC evokes both NE and DA release in the BLA of subjects exposed to repeated 

social defeat stress. 
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Exposure to forced swim stress results in NE and DA release in the BLA 

following LC stimulation 

In order to determine if this effect of social stress on CA release was unique or 

generalizable to other stressors, a separate cohort of naïve rats (not exposed to 

RSDS) were exposed to FSS and then used for in vivo FSCV (Fig 4). A repeated 

measures two-way ANOVA calculated a main effect of drug (F(2,13) = 10.3; p < 

0.01), time (F(8,104) = 21.26; p < 0.0001), and a significant interaction 

(F(16,104) = 7.489; p < 0.0001). A post hoc Tukey’s multiple comparisons test 

found that idazoxan or raclopride increased the measured CA release compared 

Figure 3. Idazoxan and raclopride significantly increased norepinephrine and dopamine, 
respectively, in the basolateral amygdala (BLA) following locus coeruleus (LC) electrical 
stimulation in rats exposed to repeated social defeat stress. Rats exposed to 5 days of social 
defeat stress were anesthetized and used to quantify LC-evoked CA release in the BLA as 
measured by fast-scan cyclic voltammetry. After a stable baseline was established, saline, 
idazoxan, or raclopride was administered (black arrow). Idazoxan and raclopride resulted in a 
significant increase in the measured signal compared to the saline control. Efflux values are 
presented as mean (± SEM) percent of a pre-injection baseline average. *p<0.05; 
****p<0.0001 
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to saline controls (p = 0.0458 and p < 0.01, respectively). Taken together these 

experiments suggest that stress, both social and non-social, result in the release 

of DA, in addition to NE, in the BLA following LC electrical stimulation. 

Stress exposure does not alter LC-evoked NE in the BLA 

Additional analysis of the signal prior to injection of saline or drug was conducted 

to determine if stress exposure altered NE release. A one-way ANOVA found 

that there was no difference in NE release between the nonstressed (251.2 ± 

62.6), RSDS (214.7 ± 30.2), and FSS subjects (184.9 ± 29.6) (F(2,16) = 0.617; p 

Figure 4. Idazoxan and raclopride significantly increased norepinephrine and dopamine, 
respectively, in the basolateral amygdala (BLA) following locus coeruleus (LC) electrical 
stimulation in rats exposed to a forced swim test. Rats exposed to a forced swim test were 
anesthetized and used to quantify LC-evoked CA release in the BLA as measured by fast-
scan cyclic voltammetry. After a stable baseline was established, saline, idazoxan, or 
raclopride was administered (black arrow). Idazoxan and raclopride resulted in a significant 
increase in the measured signal compared to the saline control. Efflux values are presented 
as mean (± SEM) percent of a pre-injection baseline average. *p<0.05; **p<0.01 
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= 0.552). A comparison of DA release was not possible because raclopride did 

not significantly alter the CA signal in nonstressed subjects thus suggesting DA 

was not present (Fig 2).  

Alcohol decreases the evoked CA signal in the BLA by LC stimulation in stressed 

subjects 

Finally, the effects of alcohol in control and stressed subjects on BLA CA release 

following LC stimulation were measured (Fig 5). A repeated measures two-way 

ANOVA was conducted and found a main effect of condition (F(3,16) = 8.408; p 

Figure 5. Alcohol significantly reduced the measured catecholamine (CA) efflux in the 
basolateral amygdala (BLA) following locus coeruleus (LC) electrical stimulation of stressed 
subjects. Rats were exposed to either repeated social defeat stress or the forced swim test 
prior to being used to quantify LC-evoked CA release in the BLA as measured by fast-scan 
cyclic voltammetry. After a stable baseline was established, alcohol was injected (black 
arrow). In stressed subjects, those exposed to either RSDS or FST, alcohol resulted in a 
significant decrease in the measured CA signal compared to nonstressed, naïve controls. 
Efflux values are presented as mean (± SEM) percent of a pre-injection baseline average. 
****p<0.0001 
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< 0.001), time (F(8,128) = 11.79; p < 0.0001), and a significant interaction  

(F(24,128) = 4.026; p < 0.0001). A post hoc Tukey’s multiple comparisons test 

found that alcohol attenuated CA release in both RSDS and FSS compared to 

saline (p < 0.01 and p = 0.0309, respectively) and non-stressed controls (p < 

0.01 and p = 0.0262, respectively). Alternatively, there was no significant change 

following alcohol injection in control animals compared to saline (p > 0.05). These 

data show that alcohol decreases LC-evoked BLA CA release in subjects 

exposed to stress but does not have an effect in non-stressed controls. 

Discussion 

These experiments demonstrate a stress-dependent alteration of CA release in 

the BLA following LC stimulation. In control subjects, LC electrical stimulation 

elicits a robust, predominantly noradrenergic signal in the BLA whose efflux is not 

altered by alcohol. However, in animals that have been exposed to stress, 

through either social defeat or forced swim, electrical stimulation of the LC results 

in a CA efflux that is noradrenergic as well as dopaminergic and is attenuated 

following the administration of alcohol. Taken together, these findings suggest a 

role for stress in altering catecholamine dynamics in the BLA and a change in the 

sensitivity of evoked CA to alcohol, thus altering how alcohol influences a key 

region in alcohol- and anxiety-related behaviors. 

Stress has been shown to have numerous effects on the LC-NE system 

(Borodovitsyna et al., 2018a; George et al., 2013; Chen et al., 2012). For 

example, experiments have shown a stress-induced increase in LC activity as 
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well as an increase in LC neuronal excitability one week after stress exposure 

(Borodovitsyna et al., 2018b). These data support the current findings of lasting 

changes in LC-mediated processes. An intriguing finding of the current 

experiments was the raclopride-induced increase in CA in the BLA following LC 

stimulation only in the stressed subjects, suggesting the presence of DA. The 

origins of the evoked DA will need to be further explored. A major dopaminergic 

source in the brain is the ventral tegmental area (VTA), which has connections 

with the LC and BLA (Shelkar et al., 2017; Breton et al., 2019). Indeed, onset of 

social defeat stress has been shown to increase phasic DA release in the 

nucleus accumbens (NA), a region with strong dopaminergic input from the VTA 

(Anstrom et al., 2009). Chronic stress exposure can lead to morphological 

changes in VTA DA neurons and enhanced excitability of this neuronal 

population (Douma and de Kloet, 2020). One hypothesis to address the current 

findings is that the DA component of the evoked CA signal in the BLA is from 

VTA activation via the LC. Because the LC is electrically stimulated in the current 

experiments, the activation is not circuit or cell-type specific and therefore 

stimulates other projections from the LC, in addition to those to the BLA. The 

increased excitability of VTA dopaminergic neurons along with literature 

demonstrating lasting stress-induced changes in LC activity (Borodovitsyna et al., 

2018b), suggests that chronic stress could lead to a functionally different LC-

VTA-BLA circuitry compared to non-stressed control subjects. Chronic stress 

exposure could lead to increased LC activity, altering the activation of inputs to 
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VTA DA neurons which have stress-induced enhanced excitability, resulting in 

amygdalar DA release from the VTA.  

Another possible origin for the DA component in the CA signal of stressed 

subjects is from the LC itself. There is some evidence of co-release of NE and 

DA in the mPFC (Devoto et al., 2003; Devoto et al., 2019) as well as DA release 

from optogenetically stimulated LC efferents to the dorsal hippocampus 

(Kempadoo et al., 2016). It is possible that the stress exposure induces changes 

in the noradrenergic projections from the LC to the BLA such that these neurons, 

which were previously releasing only NE, now release NE and DA following LC 

activation. In addition to the lasting stress-induced changes in LC activity 

mentioned previously (Borodovitsyna et al., 2018b), multiple studies have 

demonstrated that the expression of multiple genes in LC neurons can be altered 

by stress exposure (Mamalaki et al., 1992; Rusnák et al., 2001; George et al., 

2013). One study found that chronic social defeat stress resulted in an 

upregulation of dopamine β-hydroxylase (DBH) mRNA and protein in the LC as 

well as increased DBH protein levels in terminal regions of the LC, such as the 

amygdala, hippocampus, and frontal cortex (Fan et al., 2013). Perhaps in the 

present study, stress-induced changes in NE-related gene expression, such as 

tyrosine hydroxylase and DBH, resulted in the efflux of both DA and NE from LC 

noradrenergic projections to the BLA. However, additional experiments are 

needed to confirm these findings and determine if either of these phenomena are 

occurring in the LC-NE circuitry.  
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Another stress-induced change in the CA signal was observed following the 

administration of alcohol. In non-stressed, control animals, alcohol did not 

significantly alter the measured CA signal. However, following stress exposure, 

alcohol attenuated the evoked CA efflux in the BLA. Due to the presence of both 

NE and DA in the CA signal, as evidenced by idazoxan and raclopride increasing 

the measured signal, it is not possible to disentangle the effects of alcohol on NE 

or DA in the stressed subjects. However, it is notable that when only NE was 

detectable in the BLA following LC stimulation, alcohol did not affect the CA 

signal. It was only when a dopaminergic component was detected that alcohol 

decreased the measured signal. There is literature to support divergent effects of 

alcohol on NE and DA in the same brain region (Karkhanis et al., 2015). For 

example, it was shown using FSCV that LC-induced NE in the mPFC is not 

affected by alcohol while VTA-induced DA in the mPFC is decreased by alcohol 

(Deal et al., 2019; Shnitko et al., 2014). Taken together, the current findings and 

past literature support the hypothesis that the alcohol may be targeting the DA 

component of the evoked CA signal.  

It should be noted that the current pharmacological approach relies on receptor 

populations and dynamics, specifically the D2 dopamine receptor and the α2 

adrenergic receptor. There is some evidence that stress decreases α2A 

adrenergic receptor RNA expression and receptor affinity in LC NE neurons 

following a prolonged social stress model (Meyer et al., 2000; Flügge, 1996). 

Notably, it has been reported that α2A adrenergic receptors, and not the other 

receptor subtypes, modulate NE release in multiple brain areas (Gobbi et al., 
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1993; Callado and Stamford, 1999). Idazoxan is a selective antagonist for the α2 

adrenergic receptor (Doxey et al., 1983) and therefore any stress-induced 

changes in α2A adrenergic receptor expression could influence the current 

conclusions. While stress did not change the effect of idazoxan on the evoked 

CA efflux in our experiment, it is important to consider a change in adrenergic 

receptor levels for future experiments. Importantly, there is no change in D2 

receptors in the BLA following stress exposure (Huang et al., 2016). This 

suggests that the stress-induced changes which resulted in DA efflux following 

LC stimulation are likely due to other cellular processes and not a byproduct of 

raclopride acting on an altered DA receptor population. Future studies should 

examine the effects of stress on the expression and function of these receptors. 

Additionally, given that the non-specific, electrical stimulation protocol used likely 

resulted in the activation of other LC circuitries, optogenetic studies could refine 

and inform the current conclusions, most notably in determining if the DA 

detected originated from the VTA. 

In conclusion, we have shown that stress, whether social or non-social, can lead 

to lasting alterations in CA activity that, in turn, affect how alcohol influences CA 

release in the BLA. Stress changes the LC-induced CA landscape of the BLA, 

introducing a locus of effect for alcohol not present in non-stressed subjects and 

in a region critical to many behavioral processes. These findings demonstrate the 

importance of considering stress, as well as other comorbidities, when 

researching treatment approaches for AUD. Alcohol abuse and AUDs are not 

independent from social and environmental factors and therefore future 



 

129 
 

translational studies should consider their influence on individuals suffering from 

these diseases. 
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CHAPTER 5 

BIDIRECTIONAL CONTROL OF ALCOHOL-DRINKING BEHAVIORS 

THROUGH LOCUS COERULEUS OPTOACTIVATION 

 

The following chapter is adapted from: 

Deal AL, Bass CE, Grinevich VP, Delbono O, Bonin KD, Weiner JL, Budygin EA 

(2020) Bidirectional control of alcohol-drinking behaviors through locus coeruleus 

optoactivation. Neuroscience 443:84-92. 

 

Stylistic variations in this chapter result from the demands of the journal to which 
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ABSTRACT 

The relationship between stress and alcohol-drinking behaviors has been 

intensively explored; however, neuronal substrates and neurotransmitter 

dynamics responsible for a causal link between these conditions are still unclear. 

Here, we optogenetically manipulated locus coeruleus (LC) norepinephrine (NE) 

activity by applying distinct stimulation protocols in order to explore how phasic 

and tonic NE release dynamics control alcohol-drinking behaviors. Our results 

clearly demonstrate contrasting behavioral consequences of LC-NE circuitry 

activation during low and high frequency stimulation. Specifically, applying tonic 

stimulation during a standard operant drinking session resulted in increased 

intake, while phasic stimulation decreased this measure. Furthermore, 

stimulation during extinction probe trials, when the lever press response was not 

reinforced, did not significantly alter alcohol-seeking behavior if a tonic pattern 

was applied. However, phasic stimulation substantially suppressed the number of 

lever presses, indicating decreased alcohol seeking under the same 

experimental condition. Given the well-established correlative link between stress 

and increased alcohol consumption, here we provide the first evidence that tonic 

LC-NE activity plays a causal role in stress-associated increases in drinking. 
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INTRODUCTION 

Alcohol use disorder (AUD) and stress-related syndromes are highly comorbid in 

humans (Jacobson et al., 2008, Debell et al., 2014, Shorter et al., 2015). Acute 

alcohol consumption can be anxiolytic, which may explain the frequently 

observed increases in intake under anxiety-associated conditions following 

stressful events. However, withdrawal from chronic alcohol can increase anxiety 

and other stress-related symptoms. Therefore, while affective disorders promote 

excessive alcohol drinking, excessive drinking worsens their symptoms (Gilpin 

and Weiner, 2017). 

In fact, activation of brain stress systems is hypothesized to be a key element of 

the negative emotional state produced by AUD that drives drug and alcohol 

seeking and intake through negative reinforcement mechanisms (Koob, 2009). It 

has been speculated for some time that norepinephrine (NE) release, which is 

enhanced by stress, might have a significant impact on alcohol-drinking 

behaviors. However, the mechanisms and exact neural circuitries responsible for 

these interactions are still unclear. 

Recent studies have identified numerous neurochemical alterations in different 

brain circuits following stress and alcohol drinking (Caffino et al., 2015, Holly et 

al., 2015, Orrù et al., 2016, Deal et al., 2018, Weera and Gilpin, 2019). However, 

a major challenge has been to establish whether these changes play a causal 

role in the shaping of alcohol-drinking behaviors. Identifying the specific NE 

mechanisms responsible for the development, maintenance and escalation of 
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alcohol drinking should help to harness the untapped potential of targeting the 

NE system in the treatment of AUD, especially in individuals with stress-

associated etiologies. 

Previously, we used optogenetic methods to make a number of advances 

demonstrating how specific manipulations of the temporal characteristics of 

dopamine release influence addictive drinking behaviors (Adamantidis et al., 

2011, Bass et al., 2013, Mikhailova et al., 2016, Budygin et al., 2020). One 

important conclusion from these studies is that research should focus not only on 

the strength of neuronal signaling but also on the patterns of neurotransmitter 

release. For example, our latest work revealed that alcohol seeking could be 

inhibited by a tonic pattern of dopamine release in the nucleus accumbens while 

phasic stimulation of this circuit actually increased this behavior (Budygin et al., 

2020). It should be noted that NE is released in the brain with patterns, which are 

quite similar to dopamine transmission. Thus, locus coeruleus (LC) neurons fire 

in two distinct modes: the first (tonic) is characterized by irregular but continuous 

baseline activity (one to six spikes per second), while during the second mode 

(phasic), cells fire short bursts at higher frequencies (Aston-Jones and Bloom, 

1981, Clayton et al., 2004, Aston-Jones and Cohen, 2005). How these patterns 

within the LC-NE circuitry influence alcohol-drinking behaviors is unknown. 

Here, we used optogenetics to mimic tonic and phasic increases in NE 

transmission in rats during an operant alcohol self-administration paradigm in 

order to reveal the role of distinct NE patterns in alcohol-drinking behavior. 
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METHODS 

Subjects 

Adult male Long Evans rats (Envigo) were housed in acrylic cages on a 12/12 h 

light/dark cycle (lights off at 1800) in a temperature-controlled vivarium. Food and 

water were available ad libitum except during the experimental trials, which were 

conducted in the light phase. Rats were maintained in group-housing conditions 

(2 per cage) prior to surgery and then single-housed after viral infusion and 

implantation of the optical cannula. Animal procedures and protocols were 

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

and Use of Laboratory Animals and approved by the Wake Forest University 

School of Medicine Institutional Animal Care and Use Committee. 

Virus Injection and Cannula Implantation 

Rats were anesthetized using ketamine hydrochloride (80 mg/kg, i.p.) and 

xylazine hydrochloride (10 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 the LC (from bregma: posterior, 9.8 mm; lateral, 1.4 mm) for the virus 

injection and for implantation of the optic cannula (Doric Lenses, Canada). Next, 

a combination of DIO-ChR2-EYFP-AAV2/10 and TH-iCRE-AAV2/10 were 

coinjected (1.0 µl total) gradually into the LC over 13 min via a Hamilton syringe 

(ventral 6.8 mm). Dental cement stabilized by skull screws was used to cover the 
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exposed skull following the insertion of the optic cannula above the LC. Subjects 

were returned to their home cages for recovery once the cement was dry.  

Operant Conditioning for Alcohol Self-Administration 

Training 

Training sessions were performed daily in sound-attenuated operant chambers 

(Med Associates, East Fairfield, VT, USA) as previously described (Samson et 

al., 1999, Budygin et al., 2020). These chambers contained a house light (used 

to indicate the beginning of each session), a retractable lever, and a sipper tube. 

Rats were trained to self-administer alcohol (ethanol) using an abbreviated 

substitution protocol based on previously established methods (Samson, 1986, 

Budygin et al., 2020). Briefly, rats were acclimated for 2 h to the operant chamber 

on the first day with a 10% sucrose solution on a fixed ratio (FR1) schedule 

(sipper tube available for 45 s per lever press). On consecutive days following 

this initial session, the session duration, FR schedule, and sipper tube availability 

were altered. Additionally, the sucrose concentration was lowered by 1% daily 

and replaced with increasing ethanol concentrations. Over 8 days, the FR 

schedule was modified from a FR1 to FR4. On day 9 of training, the 

reinforcement schedule was changed to a response requirement of eight lever 

presses (RR8) resulting in a 20 min reinforcer presentation. This response 

requirement was increased during the following consecutive sessions from RR10 

to RR15, 20, 25, and 30 for at least 2 days per response requirement 

(customized to each rat’s response performance). Rats had 20 min to complete 
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the RR30. With this approach, all rats achieved the 30-presses-per-session 

criterion within a six-week period. Data of appetitive and consummatory 

behaviors were collected using Med Associates software.  

Extinction 

Extinction trials were conducted to quantify appetitive-like behavior separate from 

consumption. Rats were placed into the operant chamber for 30 min where the 

lever was present and able to be pressed without limit but alcohol was not 

provided. 

Optical Stimulation 

To test the effect of NE activation patterns on alcohol consummatory and seeking 

behaviors, we performed optical stimulations during operant self-administration 

and extinction trials at least 4 weeks after surgery. This delay allowed for 

adequate expression of ChR2 at the cell body to elicit catecholamine release via 

light stimuli (Bass et al., 2010, Bass et al., 2013, Mikhailova et al., 2016). Rats 

performed in sessions of operant self-administration with optical stimulation twice 

though staggered so that baseline and post-stimulation sessions were conducted 

on days before and after the stimulated sessions. Optical stimulations were 

conducted with a laser at a wavelength of 473 nm (Beijing Viasho Technology 

Co., Ltd, Beijing, China) with a 100 mW max power output. Control signals were 

sent by a programmable function generator (Hewlett-Packard model 8116A) to 

modulate the laser via the TTL input control port on the laser power supply. The 

light modulation parameters for tonic stimulation were 150 pulses at 5 Hz (30 s 
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total light exposure) and for phasic stimulation were 50 pulses at 50 Hz (4 

stim/min per session). Manually firing a pulse generator (Systron Donner Model 

100C) initiated the optical pulse procedure that then activated a digital delay 

generator (SRS Model DG535). The digital delay generator ensured selection of 

a finite number of pulses from the continuous waveform produced by the function 

generator by ensuring the function generator was sufficiently gated. A series of 

5 Hz and 50 Hz square pulses were produced by the function generator. The 

digital delay generator gated the total number of pulses in one data stream 

because the temporal length of a gate pulse received by the function generator 

determined the number of square pulses elicited for each trigger by the function 

generator. Each series of pulses contained individual pulses with a 4 ms temporal 

width. The laser power output was measured by a commercial power meter 

(Thorlabs Model S121C, Newton, New Jersey). 

Fast-Scan Cyclic Voltammetry 

To verify the efficacy of the light stimulation to elicit NE release in regions 

efferent to the LC, we performed fast-scan cyclic voltammetry (FSCV) to record 

NE release in the prefrontal cortex (PFC) and basolateral amygdala (BLA) in 

anesthetized rats. Briefly, rats were anesthetized via urethane (1.5 g/kg, i.p.) and 

placed into a stereotaxic frame. The scalp was shaved, cleaned, and removed to 

reveal the skull. One hole was made in the skull above either the PFC (from 

bregma: 3.0 mm anterior, 0.5 mm lateral) or BLA (from bregma: 2.9 mm posterior, 

4.6 mm lateral) for placement of the recording electrode and a second hole was 

fashioned in the contralateral side for insertion of a Ag/AgCl reference electrode 
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connected to a voltammetric amplifier (UNC Electronics Design Facility, Chapel 

Hill, NC, USA). The recording electrode was a carbon fiber microelectrode (6 µm 

diameter; 100 µm exposed fiber length) connected to a voltage amplifier and 

secured to the stereotaxic frame in order to be lowered into the PFC (4.5 mm 

ventral) or BLA (8.4 mm ventral) for voltammetric recordings. An optical fiber 

(200 µm diameter) was lowered into the guide cannula used for light stimulation 

of the LC during the operant responding and extinction trials and connected to a 

laser (Viasho, China). The release of NE was elicited using the same phasic 

stimulation parameters as during the operant self-administration and extinction 

trials. Voltammetric recordings were taken at the carbon fiber electrode every 

100 ms by applying a triangular waveform from −0.4 to +1.3 and back to −0.4 V 

(Mateo et al., 2004, Jones et al., 2006, Oleson et al., 2009, Fox et al., 2016). 

Identification of the NE signal was made by observing oxidation and reduction 

peaks at +0.6 V and −0.2 V, respectively (vs. Ag/AgCl reference), as well as 

pharmacologically via intraperitoneal injection of idazoxan (α2 adrenergic 

receptor antagonist; 5 mg/kg) and raclopride (D2 DA receptor antagonist; 

2 mg/kg). Data were digitized (National Instruments, Austin, TX, USA) and stored 

on a computer. The carbon fiber electrodes were calibrated after each 

experiment with a known concentration (1 µM) of NE in vitro. 

Histology 

Following the experiments, histology was conducted to confirm placement of 

virus. Briefly, subjects were anesthetized and then transcardially perfused with 

10% normal buffered formalin. Brains were taken and soaked overnight in fixative 
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at 4 °C and then incubated in a 25% sucrose solution until the brains sank. The 

sections (50 µm thick) were obtained on an American Optical 860 sliding 

microtome. Free-floating sections of rat brains 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 hours while shaking. A 

last set of 3 × 10 min PBS rinses was applied to the sections that were then 

mounted onto slides and coverslipped with Prolong Gold media. Slides were 

visualized via Zeiss Axio Observer Confocal microscope. 

Data Analysis 

Data were analyzed using GraphPad Prism (GraphPad Software version 7.04, 

San Diego, CA, USA). Parametric and nonparametric analyses were performed 

where appropriate with the criterion for significance set at p < 0.05. 
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RESULTS 

Expressing ChR2 in NE neurons of the rat LC 

To permit neuron subtype specific gene expression in wild type animals, we have 

developed a combinational AAV targeting system that drives, in combination, 

subtype specific Cre-recombinase expression with a strong but non-specific Cre-

conditional transgene (Bass et al., 2013, Gompf et al., 2015). Using this system 

we previously demonstrated that the tyrosine hydroxylase (TH) promotor 

restricted expression of ChR2 to TH positive neurons of rat ventral tegmental 

area (VTA) (Gompf et al., 2015, Mikhailova et al., 2016, Budygin et al., 2020), 

which are dopamine cells, or hM3Dq transgenes in the LC (Gompf et al., 2015), 

that is a main source of NE cell bodies. Here, we confirmed expression of ChR2 

in the LC of rats injected with the same construct (Fig. 1A). The fact that 

optoactivation of the LC resulted in NE efflux in terminal fields (Fig. 1B) further 

proves the expression of this opsin on NE cell bodies (see below).  
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Robust axonal NE release can be triggered through optostimulation of the 

LC 

Our previous voltammetric study has shown that an electrical stimulation of the 

LC results in a catecholaminergic signal in the PFC that is predominantly 

noradrenergic (Deal et al., 2019). Here, we used the same electrochemical 

approach (FSCV) to explore whether the level of ChR2 expression reached in the 

LC is sufficient to generate optogenetic NE release in terminal fields. We found 

Fig. 1. Optogenetically targeting LC NE 

neurotransmission in rat brain. (A) Rats were 

anesthetized and injected in the LC with a 

combination of DIO-ChR2-EYFP-AAV2/10 

and TH-iCRE-AA2/10 via a Hamilton syringe 

(left panel). Histochemical analysis confirmed 

that ChR2-EYFP was restricted to the 

targeted area (right panel). (B) Optoactivation 

of the LC resulted in a robust catecholamine 

release detected with FSCV from NE 

terminals. A two dimensional color plot 

topographically represents electrochemical 

changes measured in real time in the BLA of 

a single anesthetized rat before, during 

(denoted by black line) and after optical 

stimulation of the LC. The green spot denotes 

changes in current, which are due to NE 

oxidation (dotted line indicates the oxidation 

potential). (C) The measured signal was 

pharmacologically confirmed to be NE, and 

not DA, by a significant increase in release 

following injection of idazoxan (top; n = 5) and 

no effect following raclopride (bottom; n = 4) 

when compared to a preinjection baseline. 

*p < 0.05. 
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that optostimulation of NE cell bodies at the level of the LC resulted in robust 

catecholamine effluxes in the infralimbic PFC and BLA (Fig. 1, Fig. 2). 

Additionally, the NE signal in the BLA was pharmacologically confirmed by 

administration of idazoxan or raclopride. A significant increase in the 

catecholamine release was measured 10 min following idazoxan administration 

(paired t test; t(4) = 22.19; p < 0.0001) but not raclopride (t(3) = 1.53; p = 0.224), 

indicating that NE, and not DA, is the detected catecholamine (Fig. 1C). 

Tonic and phasic NE release differentially modulate alcohol intake 

To determine the effect of tonic LC optical stimulation on alcohol intake, we first 

established a stable baseline of operant alcohol intake for three consequent 

sessions. We then conducted a session in which rats received LC stimulation 

and then, the following day, the sessions were conducted in the absence of 

stimulation to determine if there were any persistent effects of optically released 

NE on alcohol intake. This experiment was then repeated in order to replicate 

initial findings. After confirming that the data were consistent with a normal 

Fig. 2. Voltammetric recordings indicated that optostimulation of the LC triggered NE release 

in the PFC (left) and BLA (right). Hashed bars indicate optical stimulation (50 Hz, 100 pulses, 

4 ms pulse). Inset: background-subtracted cyclic voltammograms demonstrating characteristic 

oxidation and reduction peak potentials that identify NE. n = 4 rats per group. 
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distribution (Shapiro-Wilk normality test; p > 0.05), a repeated measures two-way 

ANOVA (Session Condition [i.e., before, during, and after stimulation] X Trial) 

calculated a main effect of session condition (F(2,12) = 11.25; p = 0.0018) and no 

significant effect of trial (F(5,6) = 2.20; p = 0.183), suggesting the second trial of 

the experiment was not significantly different than the initial run, and no 

interaction (F(10,12) = 1.60; p = 0.218) (Fig. 3). A post-hoc Tukey’s multiple 

comparisons test revealed significantly increased alcohol intake during 

Stimulated sessions compared to intake during the Before stimulation session 

(p = 0.0124) and intake during the After stimulation session (p = 0.0018). 

Following the same procedure, the effect of phasic LC optical stimulation on 

alcohol consumption was measured by altering the stimulation pattern during a 

session after a stable baseline was confirmed (Fig. 4). The data were found to be 

consistent with a normal distribution (Shapiro-Wilk; p > 0.05) and analyzed via a 

repeated measures two-way ANOVA which found a main effect of session 

(F(2,10) = 5.49; p = 0.0246) and no effect of trial (F(4,5) = 0.950; p = 0.506) and 

no significant interaction  (F(8,10) = 1.75; p = 0.200). A post-hoc Tukey’s multiple 

comparisons test found a significant attenuation of intake during the Stimulated 

session compared to intake during the Before session (p = 0.0214). 

Fig. 3. Optical tonic stimulation of the locus 

coeruleus (LC) significantly increased alcohol 

intake. Rats were operantly trained to self-

administer alcohol on an FR1 schedule. 

Tonic stimulation (5 Hz, 30 s) significantly 

increased alcohol consumption compared to 

prestimulation baseline sessions. This 

augmentation was not persistent as intake 

levels returned to baseline levels in 

subsequent non-stimulated sessions. n = 6; 

*p < 0.05. 
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Phasic but not tonic NE release affects alcohol-seeking behavior 

In order to distinguish between alcohol seeking and consummatory behaviors, 

the rats underwent extinction trials (Fig. 5). The alcohol-related cues were 

present during these trials, though lever pressing did not result in alcohol 

availability. Quantification of lever presses during these extinction sessions 

provides a validated measure of 

seeking behavior (Samson and 

Czachowski, 2003). A test for 

normality found that the data were 

significantly different from a normal 

distribution (Shapiro-Wilk; p < 0.05). 

Therefore, these data were analyzed 

using the nonparametric Friedman test 

which found a significant main effect 

(Χ2 = 12.67; p < 0.001). A post-hoc 

Dunn’s multiple comparisons test 

found a significant attenuation of lever 

Fig. 4. Optical phasic stimulation of the 

locus coeruleus (LC) significantly reduced 

alcohol intake. Rats were operantly trained 

to self-administer alcohol on an FR1 

schedule. Phasic stimulation (50 Hz, 1 s 

stimulation, 4x/min) resulted in a significant 

decrease in alcohol consumed compared to 

prestimulation baseline sessions. This 

reduction was attenuated in subsequent 

non-stimulated sessions though not back to 

baseline levels. n = 6; *p < 0.05. 

Fig. 5. Phasic stimulation of the locus 

coeruleus (LC) significantly reduced the 

number of lever presses during extinction 

trials. Rats were optically stimulated with two 

different stimulation patterns, tonic or phasic, 

in the LC during extinction trials performed 

one week apart. Phasic stimulation, and not 

tonic, showed a significant impairment of 

lever pressing during stimulated sessions. 

This decrease was not persistent as rats 

returned to lever pressing levels similar to 

baseline extinction sessions in a subsequent 

non-stimulated session. Dashed line shows 

poststimulation lever pressing returning to 

prestimulation levels. n = 5; *p < 0.05. 
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pressing during sessions with phasic stimulation compared to the Before 

stimulation session (p < 0.01). There was no significant difference in lever 

presses during tonic stimulation compared to the sessions before or after 

stimulation (p > 0.05). Furthermore, neither pattern of stimulation significantly 

changed the latency to the first lever press (Shapiro-Wilk normality test: p > 0.05; 

RM One-way ANOVA: F(1.145,5.735) = 1.21, p = 0.326; Fig. 6). However, there 

was some trend to increased latency during phasic stimulation that is consistent 

with lessened motivated behavior, which was clearly indicated by decreased 

lever presses.  

Discussion 

Our findings demonstrate that viral-mediated gene delivery can be successfully 

used to express ChR2 in NE cell bodies in Long-Evans rats. Expression levels 

were high enough to permit real time NE release in terminal fields in the PFC and 

BLA through LC optostimulation. Combining this approach with an operant 

alcohol-drinking paradigm, we revealed that optostimulating the LC with a tonic 

pattern significantly increased alcohol intake, while phasic activation resulted in a 

decrease of this measure. Furthermore, stimulation during extinction probe trials, 

Fig. 6. Latency to first lever press was not 

altered by tonic or phasic LC 

optostimulation. The time to the first lever 

press during the extinction trials was 

analyzed for each condition. There was no 

significant difference in latency to first 

press between no stimulation and 

stimulation trials. n = 6. 
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when the lever press response was not reinforced, did not significantly alter 

alcohol-seeking behavior if a tonic pattern was applied. However, phasic 

stimulation substantially suppressed the number of lever presses, indicating 

decreased alcohol seeking under the same experimental condition. 

The relationship between stress-related and alcohol-drinking behaviors has been 

intensively explored, providing experimental and clinical evidence that a stressful 

experience is correlated with elevated alcohol craving and intake (Kudryavtseva 

et al., 2006, Advani et al., 2007, McCool and Chappell, 2009, Caldwell and 

Riccio, 2010, Sinha, 2013, Boden et al., 2014, Norman et al., 2015, Albrechet-

Souza et al., 2017, Gilpin and Weiner, 2017, Karlsson et al., 2017, Laws et al., 

2017, Newman et al., 2018). However, neuronal substrates and neurotransmitter 

dynamics responsible for a causal link between these conditions are still unclear. 

Notably, stress exposure interacting with alcohol drinking has been shown to 

alter multiple brain systems, including the hypothalamic–pituitary–adrenal axis, 

corticotropin releasing factor, dynorphin, neuropeptide Y, dopamine and NE 

(Deal et al., 2018, Weera and Gilpin, 2019). Though numerous prospective 

circuit-based targets exist, it seems that the NE LC system has the potential to 

directly drive stress-related behaviors, including anxiety and fear (McCall et al., 

2015, McCall et al., 2017), and therefore represents a promising candidate for 

modulating the interaction between acute stress and alcohol drinking. 

Here, we optogenetically manipulated LC-NE activity by applying distinct 

stimulation protocols in order to explore how phasic and tonic NE release 

dynamics affect alcohol-drinking behaviors. Our results clearly demonstrate 
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contrasting behavioral consequences of LC-NE circuitry activation during low and 

high frequency stimulation. Specifically, applying tonic stimulation during a 

standard operant drinking session resulted in increased intake, while phasic 

stimulation decreased this measure. It should be noted that previous studies 

have provided evidence on spontaneous and pattern-specific (tonic versus 

phasic) activity of the LC during stress-associated behaviors (Valentino and Van 

Bockstaele, 2008, Curtis et al., 2012, McCall et al., 2015, Borodovitsyna et al., 

2018). Indeed, recent work demonstrated that tonic, but not phasic, activation of 

noradrenergic LC projections can result in increases in anxiety-like behavior 

(McCall et al., 2017). Together the data clearly indicate that the optogenetic 

shifting of LC-NE transmission into tonic mode, and therefore inducing stress-like 

behavior, can efficiently promote alcohol intake in drinking subjects. This is in 

sharp contrast with the finding that an increase in tonic dopamine release within 

the VTA-nucleus accumbens circuitry suppresses both alcohol and sucrose 

intake (Bass et al., 2013, Mikhailova et al., 2016). Therefore, these two pathways 

play opposing roles in the regulation of consummatory behavior under conditions 

where the release of neurotransmitters is increasing with the same patterns. 

Whereas the effect of tonic stimulation of the LC-NE on alcohol consumption can 

be easily interpreted, the consequence of the phasic pattern is more puzzling. 

According to a previous finding, phasic LC stimulation did not result in anxiety-

related behaviors (McCall et al., 2015). Therefore, an increase in alcohol intake 

under phasic activation would be unexpected in our experiment. However, why 

did phasic patterns of NE transmission suppress alcohol drinking under the 
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current experimental design? Prior studies have revealed that phasic activity of 

the LC-NE is associated with the encoding of salient stimuli (not necessarily 

stress-related) and behaviors elicited by such stimuli (Vankov et al., 1995, Sara 

and Bouret, 2012). Indeed a recent study demonstrated that phasic, but not tonic, 

LC stimulation elicits event-related potentials in the PFC and can enhance PFC 

encoding of salient stimuli in male Long-Evans rats (Vazey et al., 2018). Perhaps 

in the current experiment, the phasic activity induced by the optical stimulation in 

our studies elicited cortical activity that interfered with or competed with 

attentional processes associated with alcohol-seeking behavior in the operant 

chamber environment, and consequently attenuated the intake. 

To explore how different patterns of LC-NE transmission affect an appetitive 

(seeking) measure of alcohol-drinking behavior, nonreinforced extinction probe 

trials were conducted where rats were allowed to press the lever for the entire 

twenty-minute session, regardless of the number of lever presses completed. 

Alcohol-seeking behavior was not significantly altered by tonic patterns of 

stimulation under this experimental condition. Similarly, adolescent social 

isolation, which leads to increases in anxiety-like behaviors and alcohol intake 

did not affect extinction probe trial responding using the same operant procedure 

employed in our study (McCool and Chappell, 2009). It should be noted that 

appetitive (seeking) and consummatory alcohol drinking measures do not 

correlate with each other in this operant procedure (Samson and Czachowski, 

2003, Budygin et al., 2020) and microinjection studies have revealed that these 

measures can be pharmacologically dissociated (Butler et al., 2014, McCool et 
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al., 2014). This is probably because these behaviors are encoded by divergent, 

although interconnected, neurobiological processes (Sharpe and Samson, 2001, 

Slawecki and Roth, 2003). For example, shifting dopamine transmission into a 

phasic mode did not change alcohol intake in a two-bottle choice test (Bass et 

al., 2013), while alcohol-seeking behavior was enhanced during an extinction trial 

(Budygin et al., 2020). On the other hand, tonic increases in dopamine release 

resulted in the suppression of both consummatory and appetitive components 

(Bass et al., 2013, Budygin et al., 2020). The present findings indicate that 

replicating a stress-like condition through optogenetic activation of the LC-NE 

can selectively affect alcohol intake without changes in motivational behavior. 

Nevertheless, alcohol seeking was altered in the same manner as the intake 

when phasic patterns of NE release were triggered. This observation would seem 

to suggest that both components of alcohol-drinking behavior are equally 

sensitive to the distractive action of high frequency LC stimulation. Notably, the 

same stimulation of the VTA-nucleus accumbens DA circuitry facilitated alcohol 

seeking (Budygin et al., 2020). Consequently, phasic stimulation of LC-NE and 

VTA-dopamine circuits results in opposite effects on appetitive alcohol drinking-

related behaviors, as observed with alcohol intake under the effect of tonic 

stimulation. 

Given that tonic LC stimulation can elicit increases in anxiety-like behavior 

(McCall et al., 2017) and the well-established association between stress and 

increased alcohol consumption (Weera and Gilpin, 2019), here we provide the 

first evidence that tonic LC-NE activity plays a causal role in stress-associated 
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increases in alcohol intake. However, the LC, a primary source of NE, sends two 

essential projections to the BLA and PFC, which can be differentially involved in 

stress response and alcohol self-administration. Therefore, future studies should 

dissect the role of these circuitries providing specific insight into the BLA and 

PFC contributions during stress-associated alcohol-seeking and drinking 

behaviors. 

In summary, by integrating in vivo optogenetics and an operant drinking regimen 

that procedurally dissociated appetitive and consummatory alcohol drinking 

behaviors, we discovered pattern-specific influences of LC-NE circuitry on 

alcohol-drinking behaviors. Our findings demonstrate a causal link between tonic 

patterns of LC-NE functioning, which elicits a stress-related condition, and 

increased alcohol intake. Furthermore, our data suggest that driving LC-NE 

neurotransmission into a phasic mode reduces both alcohol consumption and 

seeking behavior, possibly by engaging PFC attentional processing. These 

results may guide future studies looking to pharmacologically or 

nonpharmacologically (transcranial magnetic stimulation, deep brain stimulation) 

manipulate NE release dynamics in order to treat AUD, especially in the common 

condition where there is also a comorbid anxiety/stress disorder.   
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SUMMARY OF FINDINGS 

Introduction 

There is a need for the development of novel treatment targets and approaches 

to treating AUD that can be addressed through basic research. Because AUD is 

commonly comorbid other disorders in the general population, particularly anxiety 

and mood disorders (Grant et al., 2004), it is vital that researchers model these 

real-world conditions when exploring possible novel mechanisms to target for 

potential therapeutic value. To that end, the experiments described in the 

previous chapters of this dissertation outline the individual and concomitant 

effects of alcohol and stress on catecholamine system functioning in multiple 

regions suggested to play central roles in processes associated with exposure to 

alcohol or stress. Chapter 2 advanced our understanding of how alcohol and 

stress changes in VTA DA system activity alters DA dynamics in a well-

established target region, the NAc. This provided robust evidence that previous 

data demonstrating a stress-induced change in phasic VTA DA activity (Anstrom 

et al., 2009) had downstream consequence, resulting in changes to accumbal DA 

dynamics. Chapter 3 established a method of using FSCV paired with 

pharmacology to study NE dynamics following LC stimulation in regions 

innervated by both noradrenergic and dopaminergic pathways. This was 

important due to a current limitation in FSCV wherein it is not able to distinguish 

between NE and DA (see “METHODOLOGICAL CONSIDERATIONS: Fast-

scan cyclic voltammetry”), though there is emerging evidence which would 

remove this limitation (Montague and Kishida, 2018; Schmidt and McElligott, 
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2019). Chapter 4 employed the pharmacological approaches established in the 

previous chapter to establish individual and concomitant effects of alcohol and 

stress on CA activity in the BLA. Finally, the information gained from these 

experiments culminated in the direct optogenetic manipulation of pattern-specific 

neuronal activity in the LC (Chapter 5) and VTA (Appendix A), principal sources 

of NE and DA in the central nervous system (Szabadi, 2013; Koob et al., 1998), 

which resulted in altered alcohol-related behaviors. These findings provide 

evidence for a causal relationship between CA system activity patterns and 

alcohol-related behaviors as well as establish the groundwork for future research 

in manipulation of CA systems to treat drug-related disorders, such as AUD, that 

is focused on a more nuanced approach revolved around the pattern of CA 

dynamics rather than simply exciting or dampening these pathways. 

Alcohol, stress, and VTA dopaminergic system activity 

The connections between DA and alcohol are long established (Gessa et al., 

1985; Brodie et al., 1990; Grace, 2000) and its relationship with stress is 

currently being elucidated, though there is now an established collection of 

literature supporting an association between the two (Holly and Miczek, 2016). 

The work presented in Chapter 2 and Appendix A demonstrate a clear interaction 

between alcohol, stress, and DA (the implications for the LC-evoked DA release 

in Chapter 4 will be discussed in the following section). Findings in Chapter 2 

reveal stress exposure results in an increase of accumbal DA release and uptake 

which are attenuated in animals with a history of chronic alcohol consumption 

(Chapter 2). This evidence of stress-induced alterations of DA terminals 
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originating from the VTA furthers previous work demonstrating an increase in 

phasic activity of VTA DA neurons following exposure to social defeat stress 

(Anstrom et al., 2009). Taken together, these studies show a stress-induced shift 

in the pattern with which VTA DA neurons are activating (i.e., more phasic mode 

firing) and an increase in the amount of DA released in the NAc and its rate of 

reuptake. As discussed in Chapter 1, an increase in phasic DA release is 

associated with multiple types of stressors (Anstrom and Woodward, 2005; 

Anstrom et al., 2009; Cao et al., 2010). Thus, if stress contributes to the negative 

affective state believed to play a key role in the cycle of alcohol abuse and 

addiction (Koob, 2015) and stress leads to an increase in phasic VTA DA activity, 

we can target the tonic and phasic firing modes of the VTA DA projections to 

affect alcohol-related behaviors. Our findings, presented in Appendix A, 

demonstrate the alcohol-related behavioral implications of a shift towards tonic or 

phasic VTA DA activity of dopaminergic accumbal projections. When the activity 

of these neurons is optogenetically driven to an increased phasic mode of firing, 

pseudo-imitating the stress-induced increases in phasic VTA DA activity seen in 

previous studies, alcohol seeking behaviors increase. Alternatively, when these 

neurons are driven to more tonic activity, these elevated alcohol seeking 

behaviors are not present. These data provide robust evidence that the pattern of 

DA activity is more consequential than simply the increase in magnitude of DA 

release when targeting this system as a potential region for interventions to treat 

alcohol, or drug, abuse and addiction.  
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Further exploration of this phenomenon found that dual activation of VTA 

dopaminergic projections to the NAc with both tonic and phasic stimulation 

patterns resulted in neurochemistry similar to tonic activation. While likely similar 

to tonic-only stimulation, the behavioral outcome of this dual stimulation will need 

to be verified in future experiments. This dominance of tonic over phasic activity 

when both stimulation patterns are presented could indicate how these two 

modes of activity effect different behavioral outcomes. As has been hypothesized 

(Grace, 2000; Phillips et al., 2003), we have evidence that tonic activity can 

suppress phasic release of accumbal DA, thus perhaps suppress the phasic-

induced alcohol seeking behavior. Therefore, future considerations to target the 

dopaminergic system for treatment of alcohol abuse or addiction should focus on 

manipulating the pattern of DA activity rather than magnitude of release. 

Alcohol, stress, and LC noradrenergic system activity 

The relationship between the LC NE system and stress is well established 

(Chrousos, 2009; Wyrofsky et al., 2019) and current literature is exploring its 

interactions with alcohol (Weinshenker and Schroeder, 2007). Given these 

associations, our experiments aimed to further our understanding of this 

noradrenergic system and attempt to establish a causal role for it in modulating 

alcohol-related behaviors. With the experimental groundwork laid in Chapter 3, 

the work described in Chapters 4 and 5 provides compelling evidence for an 

intricate interaction between alcohol, stress, and NE system activity. Chapter 3 

voltammetrically confirmed that NE was the predominant neurotransmitter 

released in the BLA following electrical stimulation of the LC. While not 
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unexpected, this important step provided methods for exploring LC evoked NE 

release in other brain regions.  

Using the pharmacological techniques established in those experiments, we 

found in Chapter 4 that NE is the predominant CA released in the BLA following 

LC stimulation. However, when the rat had been previously exposed to a 

stressor, whether repeated social defeat or forced swim, DA was also evoked in 

the BLA following electrical stimulation of the LC. Further, when acute alcohol 

was administered, the detected CA signal in the nonstressed subjects was not 

unaffected whereas the measured CA signal in the stressed subjects was 

attenuated, suggesting an impairment in NE or DA efflux or both. Given that 

alcohol did not affect the CA efflux in the nonstressed animals when NE was the 

only CA detected and the finding that alcohol decreased the measured CA efflux 

in stressed animals when both NE and DA were detected, it is reasonable to 

suggest that the acute alcohol is dampening the dopaminergic contribution to the 

measured CA efflux. This hypothesis is supported by previous work conducted in 

our lab as well as others. In Chapter 3, it was established that alcohol did not 

affect the evoked efflux of NE in the mPFC and other work has shown no effect 

of alcohol on NE release in the CeA (Hedges et al., 2020). Thus, it is possible 

that acute alcohol acts to diminish DA efflux in the BLA, which would be in 

agreement with voltammetric data of DA efflux in other regions such as the NAc 

and mPFC (Budygin et al., 2001; Jones et al., 2006; Shnitko et al., 2014; see 

also Chapter 2). 
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There are behavioral implications of decreased BLA DA efflux. Inhibition of DA 

release in the BLA has been shown to have effects on dopaminergic signaling in 

other regions such as the NAc and mPFC. Specifically, when BLA DA is 

depleted, there is an augmentation in stress-induced accumbal DA release and a 

stress-type specific decrease in mPFC DA release (Stevenson et al., 2003). This 

would suggest that removal of BLA DA enhances the behaviors associated with 

accumbal DA release, such as reward seeking, and an impairment of mPFC-

mediated behaviors, such as executive control and impulse inhibition (Stevenson 

et al., 2003; Shnitko et al., 2014). These data provide evidence for a stress-

induced alteration in BLA CA dynamics which results in a signal that is sensitive 

to alcohol. This could be an additional mechanism for stress to enhance alcohol-

related behaviors such as increased drug seeking and decreased impulse 

control. 

An intriguing aspect of the experiments of Chapter 4 is the origin of the stress-

induced DA evoked by LC stimulation. This dopaminergic signal is likely from 

either the VTA or the LC itself. There is previous literature to support both 

hypotheses. Some evidence suggests that DA can be co-released from 

noradrenergic projections from the LC to the mPFC (Devoto et al., 2003; Devoto 

et al., 2019) or released from optogenetically stimulated LC axons in the dorsal 

hippocampus (Kempadoo et al., 2016), though these conclusions are still 

debated. An alternative source for the stress-induced DA component detected in 

Chapter 4 is from dopaminergic projections from the VTA to the BLA. This is 

possible because these experiments were conducted with electrical stimulation of 
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the LC. Therefore, the stimulation was not specific to the NE neurons projecting 

to the BLA and evoked activity in the cells surrounding the stimulating probe 

indiscriminately. The LC has noradrenergic projections to the VTA that have 

already been suggested to play a role in alcohol-related processes (Shelkar et 

al., 2017). It is possible that there were stress-induced changes in the LC-VTA 

pathway which resulted in the release of DA in the BLA from the VTA after LC 

stimulation. The origin of this LC-evoked BLA DA efflux in stressed subjects 

should be explored further using optogenetic activation of LC NE axons in the 

BLA. 

Given the clear association between stress and changes in LC noradrenergic 

activity and the role that stress plays in alcohol-related behaviors, we sought to 

establish a causal link between the two. Encouraged by the results described 

previously on manipulation of mesolimbic DA activity and alcohol-related 

behaviors (Appendix A), we applied a similar approach to determine the role of 

pattern-specific LC activity on alcohol-related behaviors. We paired operant 

conditioning for alcohol self-administration with optogenetic shifts to tonic or 

phasic NE release patterns. We found that tonic patterns of firing increased 

alcohol intake and phasic activation decreased intake. The finding that tonic NE 

release enhanced alcohol consumption is supported by the recent demonstration 

that stimulation of the LC in a tonic pattern resulted in anxiety-like behavior 

(McCall et al., 2017). This suggests that the tonic stimulation in utilized in 

Chapter 5 induced anxiety-like behaviors and, thus, increased alcohol intake.  
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While previous research has found no effect of phasic LC stimulation on anxiety-

related behaviors (McCall et al., 2015), our results show an impairment of alcohol 

consumption with phasic LC activation (Chapter 5). Prior reports suggest pattern-

specific roles for LC activity associating tonic activity with anxiety-related 

processes and phasic activity with salient stimuli and behaviors elicited by such 

stimuli (Sara and Bouret, 2012; Vankov, Herve-Minvielle, & Sara, 1995). It has 

been posited that there is a critical interplay between tonic and phasic LC activity 

and behavioral responses to stimuli are dependent upon tonic versus phasic 

activity (Valentino & Bockstaele, 2008). When tonic activity is low or high, phasic 

activity is diminished; this is thought to be key to the role of the LC in processing 

and responding to salient stimuli. This hypothesis states that low tonic activity 

occurs during times of minimal arousal and high tonic activity occurs in times of 

stress and the animal is scanning the environment for additional stimuli to inform 

stress processing. Phasic activity is optimal during times of moderate tonic 

activity, resulting in stimuli processing and related behavioral responses. 

Therefore, it is possible in the current experiment that the increased phasic 

activity induced by the optical stimulation augmented awareness of salient stimuli 

in the operant chamber environment and thus attenuated attention for alcohol 

consumption. 

These chapters demonstrate a critical role for LC noradrenergic signaling in 

stress- and alcohol-related processes. Similar to our conclusions in the role of 

the dopaminergic system in stress and alcohol exposure, the pattern of NE 
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activity should be considered when exploring stress or drug effects and their 

associated behaviors. 

METHODOLOGICAL CONSIDERATIONS 

Fast-scan cyclic voltammetry 

The experiments conducted throughout this dissertation relied on the technique 

of FSCV. This is a valuable method of neurochemical detection with high 

temporal and spatial resolution, particularly compared to microdialysis. It allows 

for the real-time detection and quantification of catecholamines and other 

chemicals in a relatively precise area. A limitation of this technique, especially in 

the current sets of experiments, is its current inability to distinguish between NE 

and DA. While previous studies have examined both NE and DA concurrently in 

vivo, these attempts have been limited to using a dual microelectrode approach 

wherein each electrode is lowered into separate regions known to elicit either DA 

or NE (Park et al., 2011). Currently, there are attempts to dissociate the two 

neurotransmitters from one another in the same space (Montague and Kishida, 

2018; Schmidt and McElligott, 2019). 

Pharmacological approach 

In order to address the detection limitation of FSCV, we utilized a 

pharmacological approach to dissociate the presence of NE and DA from the 

detected CA signal. By using the D2 receptor antagonist raclopride and the α2 

adrenergic receptor antagonist idazoxan, we were able to observe an increase in 
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the measured CA signal if DA or NE was present, respectively. This is because 

both receptors are autoreceptors which act as inhibitory checks against the 

release of their respective neurotransmitter (Szabadi, 2013; Yorgason et al., 

2013). The binding of an antagonist to these receptors removes their inhibitory 

influence, resulting in an enhancement of neurotransmitter release. 

A limitation of this approach is that it relies on the autoreceptor population 

remaining stable in order to elicit the same response across experimental 

groups. If the autoreceptor population changes, the results of injecting the 

antagonist would differ. While we did not measure D2 or α2 receptor expression in 

the current set of experiments, previous studies have provided mixed 

conclusions depending on region. Social isolation stress has been suggested to 

increase (King et al., 2009), decrease (Hall et al., 1998), or not alter (Del Arco et 

al., 2004) D2 expression levels in the striatum. In the BLA, there is evidence that 

D2 is not changed following social defeat stress (Huang et al., 2016). Though 

there was no stress-induced change in the effects of idazoxan on the CA signal, 

there is evidence that extended social stress can decrease α2 adrenergic 

receptor RNA expression and receptor affinity in LC NE neurons (Flügge, 1996; 

Meyer et al., 2000). In order to rule out stress-induced receptor population 

changes, a future study should be conducted to determine the effects of the 

social defeat model used in the current set of experiments on D2 and α2 receptor 

expression levels and location. 

All male subjects 
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Women are around twice as likely as men to be diagnosed with a mood or 

anxiety disorder (Kessler et al., 1994). Nevertheless, many studies examining the 

mechanisms of stress or anxiety do not include female subjects, including the 

experiments outlined in this dissertation. There are studies demonstrating sex 

differences in response to stress and alcohol exposure (Zhang et al., 2018; Pleil 

and Skelly, 2018). A limitation of the social defeat stress model used throughout 

the current studies is its inconsistency with female subjects. As discussed 

previously, there are attempts to adapt this model for use with females (Holly et 

al., 2012). Repeating the current experiments using a variation of the social 

defeat stress model which has been validated with female subjects is an 

important step to fully understand the underlying neurobiological mechanisms. 

Future directions 

The current findings have substantial implications in possible treatment targets to 

address alcohol-related behaviors in alcohol consuming individuals. There are 

current attempts to use techniques such as transcranial magnetic stimulation and 

deep brain stimulation in the treatment of substance use disorders (Mahoney et 

al., 2020). It is, therefore, possible to consider eventually using such techniques 

to treat alcohol-related behaviors by modulating CA release patterns. However, it 

is critical to incorporate subjects who are alcohol-dependent into the experiments 

detailed in this dissertation. Including this group of subjects will provide valuable 

information regarding the neurobiology of the population most in need of 

therapeutic intervention. Additionally, these studies can be replicated using other 

drugs of abuse instead of alcohol. It is possible that the behaviors associated 
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with many drugs of abuse are mediated by common underlying neurobiological 

mechanisms. By examining the impact of pattern-specific CA activity on other 

drugs of abuse, the patient population could broaden greatly if common 

regulatory mechanisms are found. 

Conclusions 

The chapters in this dissertation outline a model of comorbid stress and alcohol 

exposure and explore its relationship with CA system dynamics. Ultimately, it 

furthers our understanding of how stress and alcohol influence the DA (Chapter 2 

and Appendix A) and NE (Chapters 3, 4, and 5) systems and establishes a 

causal role for both DA and NE systems to mediate alcohol-related behaviors in 

an activity pattern-specific manner. By beginning to model diseases as they are 

commonly presented in the general population (i.e., with their comorbidities), the 

resulting data will produce more promising and efficacious treatment targets. The 

history of literature paired with the studies presented in this dissertation point to a 

veritable Gordian knot of reciprocal effects between alcohol, stress, and CA 

system dynamics. As techniques are refined and our ability to properly identify, 

define, and dissociate the behaviors associated with drug use improves, we have 

begun to untangle this knot.   
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APPENDIX A 

OPPOSITE CONSEQUENCES OF TONIC AND PHASIC INCREASES IN 

ACCUMBAL DOPAMINE ON ALCOHOL-SEEKING BEHAVIOR 

 

The following manuscript is adapted from: 

Budygin EA, Bass CE, Grinevich VP, Deal AL, Bonin KD, Weiner JL (2020) 

Opposite Consequences of Tonic and Phasic Increases in Accumbal Dopamine 

on Alcohol-Seeking Behavior. iScience 23(3):100877. 

 

Stylistic variations in this section result from the demands of the journal to which 

the manuscript was submitted. 
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Summary 

Despite many years of work on dopaminergic mechanisms of alcohol addiction, 

much of the evidence remains mostly correlative in nature. Fortunately, recent 

technological advances have provided the opportunity to explore the causal role 

of alterations in neurotransmission within circuits involved in addictive behaviors. 

Here, we address this critical gap in our knowledge by integrating an optogenetic 

approach and an operant alcohol self-administration paradigm to assess directly 

how accumbal dopamine (DA) release dynamics influences the appetitive 

(seeking) component of alcohol-drinking behavior. We show that appetitive 

reward-seeking behavior in rats trained to self-administer alcohol can be shaped 

causally by ventral tegmental area-nucleus accumbens (VTA-NAc) DA 

neurotransmission. Our findings reveal that phasic patterns of DA release within 

this circuit enhance a discrete measure of alcohol seeking, whereas tonic 

patterns of stimulation inhibit this behavior. Moreover, we provide mechanistic 

evidence that tonic-phasic interplay within the VTA-NAc DA circuit underlies 

these seemingly paradoxical effects. 
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Introduction 

Alcohol use disorder (AUD) is a widespread neuropsychiatric disease, which can 

be defined as a pathological motivation to seek and consume alcohol. During the 

last several decades, researchers have sought to identify the neurobiological 

substrates responsible for these pathological drinking behaviors. The mesolimbic 

dopamine (DA) system has, perhaps, received the most attention as a key 

pathway that may become dysregulated in AUD and other addictive disorders. 

Indeed, many compelling studies have demonstrated that chronic exposure to all 

drugs of abuse promotes maladaptive alterations within the DAergic projection 

from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) (Volkow 

et al., 2011, Volkow and Morales, 2015, Koob and Volkow, 2016). Moreover, 

some data support the notion that VTA-NAc DA signaling can be involved in 

several elements associated with the development of addictive behavior, 

including reinforcement learning (Day et al., 2007, Flagel et al., 2011, Steinberg 

et al., 2013, Hart et al., 2014, Chang et al., 2016, Parker et al., 2011, Darvas et 

al., 2014), motivated drug and reward seeking (Phillips et al., 2003, Stuber et al., 

2012, Wassum et al., 2013, Pascoli et al., 2015, Halbout et al., 2019), and drug 

and reward intake (Volkow et al., 2007, Mikhailova et al., 2016). However, 

despite more than 30 years of work on this topic, much of this evidence remains 

mostly correlative in nature with only a paucity of direct evidence that mesolimbic 

DA signaling regulates alcohol-drinking behaviors. 

Fortunately, recent technological advances have provided the opportunity to 

explore the causal role of alterations in neurotransmission within circuits involved 
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in addictive behaviors. To that end, recent studies have provided the first direct 

evidence that VTA-NAc DA neurotransmission directly modulates alcohol 

consumption (Bass et al., 2013, Juarez et al., 2017). 

Importantly, alcohol drinking, as with many other addictive behaviors, can be 

deconstructed into distinct appetitive and consummatory components (Samson 

and Czachowski, 2003). Appetitive elements are those involved in seeking 

(motivated) behaviors directly related to the procurement of alcohol, whereas 

consummatory elements are behaviors associated with the actual act of drinking. 

Although dysregulation of both these processes likely contributes to the etiology 

of AUD, appetitive and consummatory behaviors can be differentially regulated 

and are likely mediated by distinct neural circuits. Notably, the first studies that 

sought to establish a causal role of mesolimbic DA signaling in alcohol drinking 

employed a procedure that did not allow for the discrete assessment of the 

seeking component of this behavior (Bass et al., 2013, Juarez et al., 2017). Here, 

we address this critical gap in our knowledge by integrating optogenetic 

stimulation of VTA-NAc DA release and an operant alcohol self-administration 

regimen that can dissociate appetitive and consummatory measures to directly 

assess how accumbal DA release dynamics influences the appetitive 

(motivational or seeking) component of alcohol drinking behavior. It should be 

pointed out that the chosen parameters of optostimulations were previously used 

to mimic tonic and phasic increases in DA transmission in behaving animals 

(Tsai et al., 2009, Adamantidis et al., 2011, Bass et al., 2013, Mikhailova et al., 

2016). These stimulation protocols did not result in any behavioral indications of 
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nonphysiological conditions such as hypo- or hyperdopaminergic states (Tsai et 

al., 2009, Bass et al., 2013, Mikhailova et al., 2016). 

We reveal that phasic and tonic VTA-NAc DA release patterns bidirectionally 

modulate an appetitive alcohol drinking-related behavior. Specifically, we 

demonstrated that a high-frequency stimulation pattern (50 Hz) that evoked DA 

transients with temporal and concentration features similar to real-time DA 

fluctuations observed during drug-seeking behavior (Phillips et al., 2003, 

Owesson-White et al., 2009) resulted in an escalation of alcohol seeking. In 

contrast, applying low-frequency stimulation (5 Hz), and therefore shifting DA 

release into the tonic mode, where cells simultaneously fire at their basal 

frequency (Hyland et al., 2002, Floresco et al., 2003), suppressed this behavior. 

We also provide mechanistic evidence that tonic-phasic interplay within the VTA-

NAc DA circuit underlies these seemingly puzzling effects on alcohol seeking. 

Results 

Viral infusion and Operant Alcohol Self-Administration 

Adult male rats (n = 7) were trained to complete a daily 30 lever press response 

requirement to gain 20-min access to a sipper tube containing a 10% ethanol 

solution. After subjects displayed stable drinking behavior (Figure S1), they were 

anesthetized and received intra-VTA injections of an adeno-associated viral 

(AAV) construct, which restricted ChR2 expression to tyrosine hydroxylase (TH)-

positive neurons (Fox et al., 2016, Mikhailova et al., 2016). Two days following 

the surgery, rats were returned to the operant drinking procedure, where they 
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quickly resumed their original levels of alcohol intake (≈1.0 g/kg/20 min). These 

values were normally distributed (p = 0.204, Shapiro normality test). No 

significant difference was revealed between alcohol consumption measured as 

the weekly average per animal before and after the surgery (0.99 ± 0.18 g/kg 

versus 1.14 ± 0.14 g/kg, p = 0.527, paired t test). Four weeks after AAV infusion, 

robust colocalization of ChR2-EYFP and TH expression was observed in the 

VTA (Figure 1A, 97.2% ± 1.5% of ChR2-positive cells were also TH positive; n = 

5) along with ChR2-positive terminals (Figure S2). 

Operant Responding during Extinction Trial and Reinforced Sessions 

To isolate a measure of alcohol seeking devoid of any consummatory behaviors, 

extinction probe trials were conducted once per week. During these trials, 

subjects were presented with all the alcohol-related cues, but completion of the 

lever press response requirement was not reinforced. Total lever presses during 

these 20-min extinction sessions represent a well-validated measure of appetitive 

or seeking behavior (Samson and Czachowski, 2003). As previously shown,  

Figure 1 (see next page). Optogenetically Targeting DA Cells within the VTA of Rats 
Consuming Ethanol in an Operant Behavior Test. (A) Rats, previously trained to press a 
lever daily to gain access to a 10% ethanol solution for 20 min (see Figure S1), were 
anesthetized and injected in the VTA with a combination of DIO-ChR2-EYFP-AAV2/10 and 
TH-iCRE-AA2/10 via a Hamilton syringe (left panel). Immunohistochemical analysis 
confirmed that ChR2-EYFP was largely restricted to TH-positive cells in the targeted area 
(right panel). Scale bar = 25 μm. See Figure S2 for the nucleus accumbens. (B) Individual 
data from seven rats are presented. Following virus injection, subjects acquired the 30 lever 
press response requirement. As expected, rats exhibited a significant increase in the number 
of lever presses when their action was not reinforced throughout the session (session 0). *p < 
0.05 relative to reinforced session (Kruskal-Wallis test and Wilcoxon matched-pairs signed 
rank test), which was performed before (−1) or after (1) the non-reinforced session (session 
0). Data are presented as mean ± SEM. (C) Ethanol consumption was not significantly 
different between daily reinforced tests conducted prior to and following the extinction probe 
trials (p > 0.05). Data are mean ± SEM. (D) No significant correlation was observed between 
lever responding during a 20-min non-reinforced session (extinction probe trial) and the 
amount of ethanol consumed on the two reinforced sessions preceding (left figure) or 
following (right figure) an extinction test (p > 0.05). 
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lever press responding increased almost 3-fold during extinction trials (Figure 

1B). As expected, the values obtained in the two reinforcing sessions that 

preceded the extinction trial were not normally distributed (p < 0.0003, Shapiro 

normality test) due to the ceiling effect of the 30 press requirement, whereas the 

data collected during the trial and the next session passed the normality test (p = 

0.297 and p = 0.089). Therefore, statistical differences between the responses 

during the reinforced session and the extinction trial were confirmed using non-

parametric analyses (Kruskal-Wallis and Wilcoxon matched-pairs signed rank 

test). The non-parametric one-way ANOVA on ranks revealed a significant 

difference between the sessions (p = 0.0001), whereas pairwise non-parametric 

tests confirmed significant differences between the extinction trial and reinforced 

sessions (p < 0.05). 

Relationship between Alcohol Consummatory and Seeking Behaviors 

Whether extinction trials can modify alcohol intake during subsequent reinforced 

sessions was also studied (Figure 1C). These values were normally distributed (p 

> 0.222, Shapiro normality test) and therefore analyzed with a repeated 

measures ANOVA test. No effect of the extinction trial on subsequent alcohol 

intake was found (F(2.445, 14.67) = 0.9918; p > 0.05). 

Using Spearman correlation analysis, no relationship was observed between the 

number of lever presses completed during extinction trials and alcohol intake on 

the two reinforced sessions immediately preceding, or following, extinction probe 

trials (p > 0.05) (Figure 1D). Therefore, our data support the notion that 
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consummatory and appetitive behaviors are not correlated with each other and 

are likely mediated by distinct neural circuits. It should also be noted that prior 

studies using this model have reported blood ethanol concentrations in excess of 

60 mg% in cohorts with a similar range of intakes (ranged from 0.2 to 1.2 g/kg), 

blood alcohol levels that fall within the intoxicating range (Samson and 

Czachowski, 2003). 

Optogenetic Manipulation of DA Release in the NAc 

To determine the effect of VTA-NAc DA release on extinction trial responding, 

optical stimulations were delivered directly to the NAc during the first 10 min of 

these non-reinforced sessions (Figure 2A). To confirm that the optogenetic 

manipulations of DA release were effective, separate experiments, using in vivo 

fast scan cyclic voltammetry (FSCV), were conducted on another cohort of 

Figure 2 (see next page). Optogenetically Manipulating DA Release in the Rat NAc 

during Ethanol-Seeking Behavior and under Anesthetized Conditions. (A) Schematic 

configuration for optical activation of accumbal DA terminals that was used to trigger tonic and 

phasic patterns of DA transmission. (B) Tonic DA release patterns were triggered by blue light 

applied for 1 min at 5 Hz with 1-s intervals between stimulations (10 min total). A three-

dimensional color plot topographically represents electrochemical changes detected with 

voltammetry in the rat NAc over 70 s. (C) Phasic DA release patterns were induced by blue 

light stimulation (1 s, 50 Hz) with 15-s intervals between each pulse train for the first 10 min of 

the operant session. A color plot depicts the increase in DA release (uninterrupted green rise) 

that is time locked to optical activation. Four divided green spikes denote DA transients, which 

are time-locked to optical stimulations. Therefore, two main patterns of DA transmission, 

phasic and tonic, could be optogenetically mimicked during the operant behavior test. See 

also Figures S3–S5. (D and E) Changes in alcohol-seeking behavior of rats (n = 7) were 

evaluated by measures of the latency to the first lever press and total number of lever presses 

during non-reinforced sessions. (D) No significant changes in the latency to the first press 

were found between sessions with (tonic and phasic) and without stimulations (p > 0.05). (E) 

Shifting DA release in the NAc into a tonic mode resulted in a significant decrease in the 

number of lever presses. However, phasic activation of the NAc significantly increased this 

measure. *p < 0.05; ***p < 0.001 (Mann-Whitney). Data are mean ± SEM. 
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anesthetized rats (n = 7). Both phasic and tonic activation of the VTA-NAc 

circuitry resulted in substantial increases in accumbal DA concentrations (Figures 

2B, 2C, and S3). These data passed the Shapiro-Wilk normality test (p > 0.868). 

The lower-frequency stimulation (5 Hz) applied for longer periods (60 s) 
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mimicked tonic increase in DA dynamics (Figure 2B). However, brief (1 s) high-

frequency (50 Hz) stimulations induced phasic patterns of NAc DA release 

(Figure 2C). As expected, the maximal amplitude of phasic DA efflux was 

significantly greater than the amplitude of tonic release (p = 0.002, unpaired t 

test) (Figure S3). 

Bidirectional Modulation of Alcohol-Seeking Behavior through Tonic or Phasic 

Stimulations 

Neither pattern significantly altered the latency to the first lever press (p > 0.05, 

Mann-Whitney test) (Figure 2D). However, driving accumbal DA transmission 

into a tonic pattern dramatically decreased the number of lever presses (p = 

0.0008, Mann-Whitney test), whereas phasic activation significantly increased 

this measure of seeking behavior (p = 0.034, Mann-Whitney test) (Figure 2E). 

Noticeably, both latency and lever press values were not normally distributed in 

the non-reinforced session without optogenetic stimulation (p = 0.008 and p = 

0.036, respectively; Shapiro-Wilk test). 

Our previous study demonstrated that phasic optoactivation of DA neurons with 

ChR2 expression facilitates reward-seeking behavior in operant tests 

(Adamantidis et al., 2011). Expectedly, no changes in this behavior following the 

same stimulation were observed in control animals, which were injected with 

AAV:eYFP (Adamantidis et al., 2011). This is in good agreement with multiple 

reports where light stimulation of mesolimbic DA neurons did not modify operant 

responses in the absence of opsin expression (Steinberg et al., 2013, Steinberg 
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et al., 2014, Fischbach and Janak, 2019, Ilango et al., 2014). Therefore, it is 

unlikely that the bidirectional regulation of alcohol-seeking behavior observed 

following contrasting stimulation patterns resulted from artifactual activation of 

the brain tissue. Nevertheless, we explored the possibility that photostimulation 

itself (in the absence of ChR2 expression) could affect DA level (Figure S4). 

Repeated measures one-way ANOVAs found no significant effect of time on the 

signal during either high- (50 Hz; F(2.911, 11.64) = 0.7586, p = 0.536) or low- (5 

Hz; F(3.498, 13.99) = 1.192, p = 0.354) frequency optical stimulation. However, 

profound DA release was triggered with an electrical stimulation under the same 

experimental conditions (F(1.807, 7.228) = 12.03, p < 0.01). 

Exploring the Interplay between Optically Induced Tonic and Phasic DA Release 

in the NAc 

Why do tonic and phasic stimulation of VTA-NAC DA release have opposite 

effects on extinction probe trial responding? The finding that optically generating 

phasic patterns of accumbal DA activity promotes alcohol-seeking behavior is 

actually consistent with the findings of many prior studies that have revealed 

correlative relationships between subsecond phasic DA release and appetitive 

behavior for other reinforcers. If phasic DA release promotes alcohol seeking, 

one possible explanation for the decrease in extinction probe trial responding 

observed following tonic stimulation of accumbal DA terminals is that the 

sustained, low-frequency stimulation may prevent DA terminals from engaging in 

the phasic release that drives appetitive behavior. To explore this possibility, we 

combined in vivo optogenetic and FSCV methods to examine directly real-time 
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interactions between tonic and phasic patterns of DA release in the NAc. Two 

optical fibers from separate lasers were inserted above the VTA of anesthetized 

rats (n = 7) that had been injected with the TH-ChR2 virus and a microelectrode 

for voltammetric detection was positioned in the NAc (Figure 3A). This 

configuration allowed for the measurement of real-time, subsecond NAc DA 

changes evoked by tonic or phasic patterns of VTA DA cell stimulation or by 

simultaneous delivery of both patterns. 

As values of DA response to tonic stimulation were not normally distributed (p = 

0.0004), a non-parametric test (Kruskal-Wallis) was used for the statistical 

analysis of these results (Figure 3B). As previously shown, phasic stimulation 

elicited higher elevations in DA concentrations relative to tonic optical activation 

(p < 0.001, Dunn's multiple comparisons test). Importantly, tonic stimulation 
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delivered concurrently with phasic stimulation inhibited the large phasic NAc DA 

responses, yielding a response that was not different from tonic stimulation alone 

(p > 0.05, Dunn's multiple comparisons test). 

Figure 3. The Interaction between Phasic and Tonic DA Release Triggered by 

Optogenetic Activation of VTA-NAc DA Synapses. (A) Schematic representation of 

experiments, which combined real-time DA measurements performed with FSCV in the NAc 

and light activation of the VTA. Two optical fibers connected with separate lasers were 

inserted above the VTA of anesthetized rats (n = 7) to mimic coinciding tonic and phasic 

patterns of accumbal DA transmission with 5- and 50-Hz stimulations, respectively. See also 

Figures S3 and S4. (B) The amplitude of phasic DA release was significantly higher than tonic 

DA elevation. However, combining tonic and phasic stimulations resulted in a reduced 

amplitude of DA release compared with that which was triggered by phasic activation alone. 

*p < 0.05; ***p < 0.001 (Kruskal-Wallis test and Dunn's multiple comparison test). Data are 

mean ± SEM. (C) A simplified model of neurochemical events that take place at the level of 

presynaptic terminals when DA releases with tonic (left), phasic (middle), or overlapping (right) 

patterns. Tonic: when cells fire with low frequency (≤5 Hz), DA releases with a distinct pattern, 

which results in a relatively low but stable DA concentration in the extrasynaptic space. 

Phasic: when some cells begin to fire with higher frequency (≥30 Hz) and this firing is 

synchronized, higher DA concentrations are released. These DA transients exist briefly (from 

subseconds to 1–2 s), because the re-uptake mechanism through the DA transporter rapidly 

eliminates them (blue arrows), taking DA inside terminals. Phasic DA activity can be 

downregulated by a presynaptic feedback mechanism. This happens when DA transmission is 

shifting into the tonic mode (the majority of cells fire at a frequency of 5 Hz). The tonic DA 

concentrations activate D2 DA autoreceptors, and this action results in an inhibition of high 

frequency-induced phasic DA release. 
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A simplified model of the interaction between tonic and phasic modes of DA 

transmission is illustrated in Figure 3C. This model illustrates our interpretation of 

how optogenetically induced changes in alcohol-seeking behavior arise because 

of changes in DA dynamics at the level of accumbal terminals. Under basal 

conditions, VTA DA cells fire at a low frequency (4–6 Hz), resulting in a modest, 

but stable, DA concentration. Brief increases in the firing rate (≥30 Hz) lead to 

rapid DA transients, which are quickly terminated via re-uptake mechanisms. 

Importantly, this phasic pattern of DA activity has previously been observed in 

association with drug- and reward-seeking behaviors (Phillips et al., 2003, 

Owesson-White et al., 2009, Stuber et al., 2012, Wassum et al., 2013). 

Reproducing this pattern by high-frequency (50 Hz) optogenetic stimulation of 

accumbal DA terminals during an operant test leads to an increase in alcohol 

seeking. However, optogenetic delivery of 5-Hz stimulation during the period of 

lever presses for alcohol forces DA transmission into the tonic mode. Under this 

condition, more cells simultaneously fire with their maximal rate limited to the 

tonic firing rate of these cells, providing DA levels sufficient to activate 

presynaptic DA autoreceptors that regulate release of the neurotransmitter. The 

activation of this presynaptic feedback mechanism results in an inhibition of 

phasic DA release and, as a consequence, alcohol-seeking behavior is 

suppressed. 

Discussion 

Here, we show that appetitive reward-seeking behavior in rats trained to self-

administer alcohol can be causally shaped by VTA-NAc DA neurotransmission. 
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Our findings reveal that phasic patterns of subsecond accumbal DA release 

within this circuit enhance a discrete measure of alcohol seeking, whereas tonic 

patterns of stimulation within this pathway inhibit this behavior. We also 

demonstrate that tonic photoactivation of these VTA-NAc DA terminals occludes 

concurrent phasic DA release, which is likely needed to drive motivated 

behavioral responding for alcohol. 

The fact that DA is released in the NAc through two distinct temporal patterns 

has been known for many years (Grace, 1991, Grace, 2000, Wightman and 

Robinson, 2002, Zweifel et al., 2009). However, for a variety of technical 

reasons, most studies have ignored these distinct temporal dynamics of DA 

neurotransmission and focused primarily on how the relative magnitude of DA 

release modifies behavioral output. Our findings reveal that, in addition to the 

importance of the magnitude of NAc dopamine release behaviors, the pattern 

through which this enhancement of DA occurs also plays a crucial role in shaping 

motivation to obtain abused drugs. To this point, we found that optogenetically 

increasing NAc DA release leads to opposite effects on alcohol seeking, 

depending on whether this increased release is generated by tonic or phasic 

patterns of synaptic activity. These findings have important implications for efforts 

related to developing new therapeutic strategies aimed at restoring normal 

synaptic DA activity, as the interventions may need to pay attention to the 

patterns through which DA signaling is modulated, not solely the magnitude of 

the DA release events. 
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As many prior studies have shown that phasic NAc DA release is associated with 

seeking behaviors for a wide range of reinforcers (Jones et al., 2010, Phillips et 

al., 2003, Wassum et al., 2013), it seems likely that this pattern of accumbal DA 

activity may promote alcohol seeking if the cause-effect relationship between 

these chemical changes and behavior exists. In fact, previous work has shown 

that electrically evoked phasic DA transients can promote a lever press for 

cocaine (Phillips et al., 2003). However, because electrical stimulation of the VTA 

can result in the release of multiple neurotransmitters in several brain areas, 

conclusions regarding a causal role of DA in the changes in drug seeking were 

limited. More direct evidence for a role of phasic DA in promoting motivated 

behavior comes from voltammetric studies showing that repeated cocaine 

exposure may enhance cue-evoked incentive motivation through augmented 

phasic DA signaling (Ostlund et al., 2014) and that these chemical alterations 

were positively correlated with lever press activity for reward, whereas slow DA 

changes (tonic) were not related to this activity (Wassum et al., 2013). Although 

these data strongly support a role for accumbal DA in reward-seeking behaviors, 

which originally was based mainly on pharmacological manipulations and lesion 

data (Berridge and Robinson, 1998, Berridge, 2007, Berridge et al., 2009), this 

evidence remains correlative in nature. In fact, based on compelling data, it was 

postulated that phasic VTA-NAc DA signaling serves a teaching function, 

encoding the association between cues that predicted rewarding events and 

reporting errors in reward prediction (Schultz, 2002, Bayer and Glimcher, 2005, 

Day et al., 2007, Zweifel et al., 2009, Steinberg et al., 2013, Hart et al., 2014). In 
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this regard, our finding that, in rats trained to self-administer ethanol, lever press 

responding can be optogenetically manipulated through VTA-NAc DA 

transmission provides causal support for a distinct role of DA for seeking 

behavior in addition to DA's well established role for reinforcement learning. 

Moreover, the fact that tonic and phasic activation of this circuit has opposite 

effects on this measure of alcohol-seeking behavior emphasizes the importance 

of temporal DA release dynamics in modulating this measure of motivated 

behavior. 

What might explain these divergent behavioral responses promoted by tonic and 

phasic increases in accumbal DA release? One likely hypothesis is that driving 

accumbal DA transmission in a tonic mode may occlude phasic DA release that 

normally encodes motivated behaviors. This hypothesis has existed for many 

years, based primarily on results obtained with pharmacological challenges 

(Grace, 2000, Phillips et al., 2003, Oleson et al., 2009). To test this idea directly, 

we integrated in vivo optogenetics and FSCV methods to examine the interaction 

between tonic and phasic patterns of accumbal DA neurotransmission. We found 

that both tonic and phasic stimulation of the VTA-NAc pathway increased DA 

release, with the magnitude of DA release being significantly greater with phasic 

stimulation. However, simultaneous delivery of tonic and phasic patterns of 

stimulation led to a marked inhibition of the large DA responses observed with 

phasic stimulation alone. Thus, sustained tonic stimulation of accumbal DA 

terminals may decrease extinction probe trial responding by preventing DA 

terminals from engaging in phasic signaling patterns that normally promote 
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alcohol-seeking behaviors. In fact, a previous microdialysis study found that 

changes in tonic DA release are negatively correlated with the number of lever 

presses required to obtain reward (Ostlund et al., 2011). This is also consistent 

with a series of studies that have demonstrated that (−)-OSU6162, a monoamine 

stabilizer that increases tonic dopamine release in the NAc (Feltmann et al., 

2016), significantly decreased alcohol-seeking behaviors in rats and suppressed 

craving measures in alcohol-dependent individuals (Steensland et al., 2012, 

Khemiri et al., 2015). 

At first glance, the results of this study may seem inconsistent with our prior 

findings that tonic photoactivation of VTA DA neurons decreased alcohol intake 

in an intermittent two-bottle choice procedure, whereas phasic stimulation of 

these cells did not significantly modulate alcohol drinking (Bass et al., 2013). 

However, there is strong evidence that seeking and consummatory elements of 

alcohol drinking behavior are distinct processes. For example, a meta-analysis of 

the drinking behavior of 234 rats using the same operant procedure employed in 

this study found no correlation between prior day alcohol intake and extinction 

probe trial responding (Samson and Czachowski, 2003). Moreover, intra-NAc 

infusion of raclopride, a D2 receptor antagonist, significantly reduced extinction 

probe trial responding while having no effect on alcohol intake, if the operant 

response requirement was removed (Samson and Chappell, 2004). Here, we 

provide additional support for the dissociation between appetitive and 

consummatory alcohol-drinking behaviors, as we found no relationship between 
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extinction responding and alcohol drinking on the session preceding or following 

the extinction sessions. 

In summary, our findings provide causal evidence that tonic-phasic interplay 

within the VTA-NAc DA circuit can significantly modulate an alcohol-seeking 

behavior. Our data demonstrate that shifting accumbal DA transmission into a 

tonic mode, while rats are engaged in alcohol-seeking behavior, diminishes 

further motivation to obtain alcohol. We further show that this effect is likely 

mediated by an inhibition of phasic DA release that normally promotes this 

behavior. These findings may have important clinical implications for studies 

seeking to manipulate mesolimbic DA release as a treatment for AUD. Given 

recent evidence that NAc stimulation shows some promise in the treatment of 

AUD (Azevedo and Mammis, 2018, Salib et al., 2018), these results may guide 

optimal therapeutic parameters of stimulation that could be particularly effective 

in eliminating maladaptive drinking behaviors. 

Limitations of the Study 

Our neurochemical experiments with dual stimulation of the VTA were designed 

to test empirically a long-existing general hypothesis regarding the interaction 

between tonic and phasic DA release patterns in the NAc. Although this 

experiment was conducted on alcohol-naive subjects, it should be noted that in 

our initial observations, we did not find any significant alcohol intake-related 

changes in optogenetically evoked DA signals. Nevertheless, future studies, 

using models of alcohol use disorder (e.g., chronic intermittent alcohol vapor), 
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should be conducted to determine whether prolonged alcohol exposure affects 

tonic-phasic interplay. Furthermore, this study was focused on the appetitive 

component of alcohol-drinking behavior. Previously, we and others provided 

evidence that VTA-NAc DA transmission modulates alcohol consumption in an 

intermittent two-bottle choice procedure. Whether this is also the case in operant 

models of alcohol self-administration should be clarified in future experiments. 

Methods 

All methods can be found in the accompanying Transparent Methods 

supplemental file. 
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APPENDIX B 

REAL-TIME ACCUMBAL DOPAMINE RESPONSE TO NEGATIVE STIMULI: 

EFFECTS OF ETHANOL 

 

The following manuscript is reprinted with permission from Mikhailova MA, Deal 

AL, Grinevich VP, Bonin KD, Gainetdinov RR, Budygin EA (2019) Real-Time 

Accumbal Dopamine Response to Negative Stimuli: Effects of Ethanol. ACS 

Chem Neurosci 10(4):1986-1991. Copyright 2020 American Chemical Society. 

 

Stylistic variations in this section result from the demands of the journal to which 

the manuscript was submitted. 
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Abstract 

Activity in the mesolimbic dopamine (DA) pathway is known to have a role in 

reward processing and related behaviors. The mesolimbic DA response to 

reward has been well-examined, while the response to aversive or negative 

stimuli has been studied to a lesser extent and produced inconclusive results. 

However, a brief increase in the DA concentration in terminals during nociceptive 

activation has become an established but not well-characterized phenomenon. 

Consequently, the interpretation of the significance of this neurochemical 

response is still elusive. The present study was designed to further explore these 

increases in subsecond DA dynamics triggered by negative stimuli using 

voltammetry in anesthetized rats. Our experiments revealed that repeated 

exposure to a tail pinch resulted in more efficacious DA release in rat nucleus 

accumbens. This fact may suggest a protective nature of immediate DA efflux. 

Furthermore, a sensitized DA response to a neutral stimulus, such as a touch, 

was discovered following several noxious pinches, while a touch applied before 

these pinches did not trigger DA release. Finally, it was found that the pinch-

evoked DA efflux was significantly decreased by ethanol acutely administrated at 

an analgesic dose. Taken together, these results support the hypothesis that 

subsecond DA release in the nucleus accumbens may serve as an endogenous 

antinociceptive signal. 

Keywords: Voltammetry, nucleus accumbens, pain, dopamine, ethanol 

  



 

220 
 

Introduction 

The perception that rewarding and aversive or negative stimuli as well as their 

predictors are different may suggest opposite electrophysiological and 

neurochemical responses triggered by those incentives in vertebrates. Dopamine 

(DA) signaling in the nucleus accumbens is involved in the integration of sensory 

information and the initiation of an action following diverse stimuli. In fact, earlier 

studies have demonstrated that mesolimbic DA transmission is enhanced by 

rewarding stimuli and inhibited, or at least unresponsive, under the influence of 

negative stimuli.(1,2) This resulted in the hypothesis that the increase in 

accumbal DA release is exclusively associated with reward-related 

incentives.(1,3,4) However, more recent evidence obtained from fast-scan cyclic 

voltammetry (FSCV) studies indicated that DA release can be both decreased 

and increased by negative stimuli.(5−8) In fact, FSCV is well-suited to explore 

real-time alterations in extracellular DA concentrations in relatively small brain 

areas and subregions without overlap.(9−12) For example, the increase in the 

frequency of DA transients was observed in an intruder rat during the interaction 

with an aggressive resident rat in a social defeat paradigm.(5) Furthermore, 

subsecond DA release was consistently increased upon presentation of the 

warning signal in a manner that reliably predicted successful punishment 

avoidance, while the release was decreased at the same cue during escape 

responses.(13) In anesthetized rat experiments, a tail pinch evoked DA efflux in 

the nucleus accumbens core, and the increase was time-locked to the negative 

stimulus.(6) However, DA release in the nucleus accumbens shell revealed 
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differential responses to the same stimulus, including a monophasic decrease, a 

monophasic increase with some delay,(6,7) and a biphasic response with an 

initial decrease and subsequent increase.(7) Electrophysiological findings in 

anesthetized(14) and freely moving rodents,(15,16) which support subregional 

differences, are in agreement with neurochemical results. Therefore, a brief 

increase in the DA concentration in terminals during nociceptive activation in an 

anesthetized preparation is an established, but not well characterized, 

phenomenon. For example, it is unknown whether the DA response is 

unchanged, blunted, or enhanced following rapid replication of these stimuli. How 

do substances with DA-ergic mechanisms and analgesic properties alter the 

stimulus-triggered DA efflux? The answers to this and other related questions 

could help shed light on the role of DA signaling in aversive conditions, which is 

still unclear. 

Therefore, the present study was designed to further explore increases in DA 

release in the nucleus accumbens core under effect of repetitive negative stimuli. 

We chose to focus on the core subregion because only a monophasic increase in 

DA concentration was previously revealed in response to a 3-s tail pinch in this 

brain region.(6) First, we explored real-time DA dynamics following repeated 

exposures to this aversive stimulus. Second, the acute effects of ethanol on tail 

pinch-induced DA efflux were studied. 

Results and Discussion 
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FSCV was used to measure DA release in rat nucleus accumbens in response to 

repetitive tail pinches. Importantly, anesthetized preparations allowed us to avoid 

confounding associative learning and avoiding behaviors, which take place in 

awake animals and certainly affect DA transmission.(8,17) Therefore, we could 

focus on fast DA alterations associated with the initial perception and descending 

modulation of nociceptive signals. Notably, nociceptive activation does not 

always induce averseness or painful sensation, and alternatively, these feelings 

can exist without nociceptive input.(18) 

As it was previously observed,(6) a tail pinch reliably evoked accumbal DA 

release that was time-locked to the stimulus. The increase in extracellular DA 

was sustained after consequent pinches without any weakening of the efflux 

(Figure 1). Moreover, the following pinch resulted in further enhancement of DA 

release, reaching higher concentrations (repeated measures ANOVA; F(1.037, 

4.150) = 8.15 p = 0.04, n = 5 rats) (Figure 2a). However, the analysis revealed no 

main effect of time on the delay of DA response to the nociceptive stimulus 
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(repeated measures ANOVA; F(1.326, 5.305) = 0.59) (Figure 2b). It is important 

to note that no drugs were used to improve DA recordings as it was previously 

performed for the evaluation of DA signaling in the nucleus accumbens shell in 

response to an identical stimulus.(7) Therefore, observed phasic transients at 

these concentrations should have physiological importance.  

Figure 1. (a) Changes in extracellular DA concentration measured by FSCV in rat nucleus 
accumbens core in response to successive tail pinches (upper panels). Color plot 
topographically depicts the voltammetric data, with time on the x-axis, applied scan potential 
on the y-axis, and background-subtracted faradaic current shown on the z-axis in pseudocolor 
(middle panels). Representative background-subtracted voltammogram showing characteristic 

oxidation and reduction peak potentials (∼ +0.6 V and ∼ −0.2 V, respectively) that identifies 
DA (lower panels). Anesthetized rats received a tail pinch every 5 s for a total of 4 pinches, 
while voltammetric recordings were performed over a 40 s time period. Yellow arrows indicate 
pinch onset. (b) Location of FSCV recordings in rat brain. On the left is a schematic drawing of 
a coronal slice (AP + 1.3 mm from bregma) from a rat brain atlas (Paxinos and Watson). The 
diagram simulates the location of the FSCV electrode that was revealed by histological 
analysis (right side). The dashed red circle indicates where the detecting part of electrodes 
was localized. On the right side is a photograph of a corresponding section where the 
electrode track is visible (red star indicates end of the electrode). The inset shows a 
magnification of the area where the detecting part of the electrode was located. 
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Unexpectedly, we revealed that a gentle tail touch could also trigger DA release 

in the same manner as a noxious pinch. However, the DA response to the touch 

became visible only following several (at least three) subsequent pinches (Figure 

3). Moreover, the DA concentrations, which were evoked by these dissimilar 

incentives, were not significantly different during the final trial (paired t test; t(4) = 

1.332, p = 0.25, n = 5) (Figure 3b). No difference was revealed in the delay of DA 

release onset between the pinch and touch exposure (paired t test; t(4) = 0.6667, 

p = 0.54, 0.28 ± 0.04 vs 0.24 ± 0.07 s). Because rats were anesthetized, it is 

unlikely that a touch could work as a cue, which would predict a negative 

incentive; however, this possibility cannot be completely ruled out. More likely, 

some sensitization could take place, and therefore, DA release was triggered by 

weaker inducement, such as a tail touch. Perhaps, minimal tissue damage on the 

rat’s tail may result in nociceptor activation and possibly sensitization under 

Figure 2. (a) Effects of repetitive tail pinch administration on the maximal amplitude of DA 
release in rat nucleus accumbens core. (b) The time between detected DA release and onset 
of the tail pinch during multiple pinch exposure. Pinches were performed with 5 s intervals. 
Data are presented as means ± SEM of five rats. Pinches were performed at the same 
location on the tail. There was a significant difference in the amplitude of DA efflux (one-way 
repeated measures ANOVA; P < 0.05), while no significant changes in the time between 
detected DA release and onset of the tail pinch were found (P > 0.05). 
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current circumstances. In fact, a lowered response threshold for an acutely 

applied stimulus can be observed in the absence of ongoing pain.(19) For 

example, in lightly sunburned skin, a normally innocuous heat stimulus is felt as 

burning pain.(20) Thus, allodynia can be developed following recurring exposure 

Figure 3. (a) A schematic representation of the experiment with consecutive administration of 
tail pinches followed by tail touch. During a 30 s recording session, a tail touch was performed 
at 5 s (white arrow) for a duration of 3 s (red bar), and then a tail pinch (yellow arrow) was 
performed at 15 s for the same duration. The same procedure was repeated 3 more times 
with a 2 min interval between each. (b) Representative voltammetry data on DA measures 
during consecutive tail touch and pinch sessions. Changes in extracellular DA concentration 
versus time (upper panels) measured by FSCV in rat nucleus accumbens core of a single rat. 
Color plots topographically depict the voltammetric data with time on the x-axis, applied scan 
potential on the y-axis, and background-subtracted faradaic current shown on the z-axis in 
pseudocolor (middle panels). Representative background-subtracted voltammograms 

showing characteristic oxidation and reduction peak potentials (∼ +0.6 V and ∼ −0.2 V, 
respectively) that identify DA (lower panels).The tail pinches and touches were conducted at 
the same location on the tail for each trial. The tail touch elicited a similar DA response as the 
aversive stimulus after repeated exposure to the pinch. White arrows indicate touch onset, 
while yellow arrows indicate pinch onset. 
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to a noxious stimulus, leading to innocuous stimuli eliciting the same response. 

Additionally, the repeated exposure to a painful stimulus can result in central 

nervous system alterations, enabling a quicker and more efficacious response 

when a possibly harmful action is initiated again. Both of these mechanisms may 

serve to generate protective responses aimed at preventing further tissue 

damage and, perhaps more importantly, suppress pain perception. The latter 

mechanism is essential for survival because this conserved mechanism of pain 

modulation allows organisms to engage in adequate defensive responses.(19,21) 

Therefore, perhaps, the anesthesia cannot completely overcome this 

evolutionarily preserved nociceptive input. Our data provide support for this 

notion. 

The conception that mesolimbic DA transmission plays an important role in pain 

control is relatively well-accepted.(22,23) Remarkably, pleasurable stimuli, which 

trigger subsecond DA increase in the nucleus accumbens, may induce significant 

analgesic effects.(24,25) In agreement with these findings, increased affective 

pain ratings were revealed after dietary DA depletion in humans.(26) 

Interestingly, the initial support for this idea came from observations that some 

drugs which increase tonic DA concentration also have analgesic actions in 

animal models.(23) However, some recent studies did not find effects of DA-ergic 

manipulations on a variety of pain tests, opposing a simplistic view of DA as an 

antinociceptive mediator.(27) Therefore, the increased accumbal DA in response 

to an acute painful stimulus was alternatively interpreted as a signal that triggers 

avoidance behavior.(27) In fact, in our experimental condition, it was impossible 
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to initiate escaping actions because the animals were under anesthesia. 

Furthermore, in sharp contrast to previous studies, which were focused on 

prolonged changes in DA release measured by microdialysis during persistent or 

tonic pain,(23) transient DA response induced by the stimulus was explored in 

the present experiments. This fundamental difference should be taken into 

account when interpreting and comparing the current results with the above-

mentioned studies. 

Alcohol has robust analgesic properties(28) as well as established effects on 

accumbal DA.(10,29−34) Therefore, we hypothesize that if the detected phasic 

DA release is acting as an antinociceptive signal, alcohol should reduce the tail 

pinch-triggered efflux. First, we confirmed that the maximal DA response to the 

stimulus can be quite stable when a 10 min interval was kept between pinches 

(Figure 4a). The present data are in line with the earlier study, where unchanging 

amplitudes of DA efflux were observed with pinches performed every 2–3 min.(6) 

Figure 4. (a) Effects of raclopride and saline on tail pinch induced DA release in rat nucleus 
accumbens. (b) The comparison of ethanol effects on accumbal DA release evoked by the 
electrical stimulation of the VTA and tail pinch exposure. Anesthetized rats received a tail 
pinch or electrical stimulation of the VTA every 10 min until a stable baseline of DA release 
was established (at least 3 recordings with no more than 10% variance). Immediately 
following the last baseline recording, an intraperitoneal injection of saline, 2 g/kg ethanol, or 2 
mg/kg raclopride was given. DA response was recorded for at least 1 h post injection. Data 
are presented as mean ± SEM n = 5 rats for each tail pinch group and n = 4 rats for electrical 
stimulation. **p < 0.01, ***p < 0.001. 
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Expectedly, no changes in the pinch-evoked DA were found following saline 

administration, while the selective D2 DA autoreceptor antagonist raclopride (2 

mg/kg, i.p.) significantly altered measured signal (F(2,12) = 28.18; p < 0.0001) 

with dynamics, which were previously established after an electrical stimulation 

of the VTA.(35) Dunnett’s multiple comparisons test found that raclopride was 

significantly different than the saline group (p < 0.001). Importantly, the observed 

drug effect confirms that the substance detected during nociceptive activation is 

DA and not norepinephrine. Therefore, the stability of the tail pinch-evoked DA 

signal and its predictable pharmacological responsiveness allowed us to reliably 

evaluate the changes in DA dynamics under the effect of ethanol. These 

experiments revealed that the DA efflux elicited by tail pinch was extremely 

sensitive to administration of ethanol (2 g/kg, i.p.) (Figure 4b). A two-way 

repeated measures ANOVA calculated a main effect of the drug (p < 0.0001) and 

a significant interaction (F(16,96) = 7.332; p < 0.0001). Dunnett’s multiple 

comparisons test found that ethanol (p < 0.05) was significantly different than the 

saline group. 

It should be highlighted that the acute effects of ethanol on DA release were 

intensively explored by FSCV in vivo during the last two decades, and these 

results and their interpretations are controversial to some extent. The most 

consistent findings are that ethanol decreases terminal DA release induced by 

electrical stimulation of cell body regions.(10,29−32) Consequently, the observed 

reduction in the pinch-evoked DA release could be just a consequence of the 

pharmacological action of ethanol on evoked DA release, which may be totally 
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independent from its analgesic effect. However, the direct comparison of ethanol-

induced changes in DA levels, which were elevated by VTA stimulation versus 

tail pinch (Figure 4b), supports the assumption that the analgesia can be partly 

accountable for the observed decrease in the negative stimulus-triggered DA 

release. In fact, ethanol more effectively suppressed DA concentrations after the 

pinch than after the electrical stimulation (F(1,7) = 27.3; p < 0.01). These 

pharmacological results support the idea that phasic DA release may act as an 

endogenous antinociceptive signal because an analgesic dramatically diminished 

this neurochemical response. This is not necessarily contradictory to the role of 

DA in avoidance behavior.(27) Perhaps different cell populations are responsible 

for these two separate actions. 

In summary, the main findings of this study fit well with the possible 

antinociceptive role of subsecond DA release in the nucleus accumbens core in 

response to negative stimuli. Therefore, along with the well-established role of 

mesolimbic DA release in reward and motivation,(36) more evidence is available 

regarding the involvement of this neurotransmitter in mechanisms of nociceptive 

activity.(37,38) The experimental paradigm used here offers new possibilities to 

further explore the dopaminergic component of these mechanisms with 

subsecond time resolution. 

Methods 

Animals 
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Naïve 2.5 month Sprague–Dawley rats were housed on a 12/12 h light/dark cycle 

with food and water available ad libitum. Animal handling and all procedures 

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

Care and Use of Laboratory Animals. All protocols were approved by the Wake 

Forest University School of Medicine Institutional Animal Care and Use 

Committee. 

FSCV 

Rats were anesthetized with urethane (1.5 g/kg, i.p.) and secured in a stereotaxic 

frame. Two holes were drilled into the skull for electrode placement for the 

experiment with tail pinch exposure. A carbon fiber recording electrode was 

lowered into the nucleus accumbens core (AP + 1.3, ML + 1.3, from bregma, DV 

−6.8 to −7.2 mm; 100–150 μm exposed fiber tip, 7 μm diameter, Goodfellow, 

Oakdale, PA, United States) and an Ag/AgCl reference electrode was placed in 

the contralateral hemisphere. A third hole was drilled for the stimulating electrode 

and was inserted into the VTA (AP + 5.6, ML + 1.0, DV −7.4 to −7.7 mm) for the 

study of ethanol effects on electrically evoked DA efflux. The electrodes were 

connected to a voltammetric amplifier, and voltammetric recordings were taken at 

the carbon fiber electrode by applying a triangular waveform (−0.4 to +1.3 and 

back to −0.4 V vs Ag/AgCl, 400 V/s). DA was identified with background-

subtracted cyclic voltammograms and characterized by oxidation and reduction 

peaks at ∼ +0.6 and ∼ −0.2 V, respectively (vs Ag/AgCl reference). 
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Tail pinches were conducted as previously described.(6,7) Soft rubber gloves 

were used to minimize tissue damage and electrical noise artifacts. Importantly, 

the tail pinches and touches were conducted at the same location on the tail for 

each trial. The tail of the rat was held between the thumb and index finger and 

the pinch or the touch was performed for 2–3 s, approximately 1 cm from the 

posterior tip of the tail with pressure (P) of 3.12 ± 0.62 and 0.21 ± 0.15 MPa, 

respectively. P was calculated by measuring the contact area between the 

fingers and the tail and by a measurement of the applied force using a Pasco CI-

6537 Force Sensor (Roseville, CA, United States). When pinches (4) were 

administered, intervals between applied stimuli were 5 s. There were no visible 

reactions, such as ear or whisker twitching, to the touch or tail pinches. When the 

administration of pinches was combined with neutral touches, neutral stimuli 

were performed 10 s prior to noxious stimulations. This combination was 

repeated 4 times with 2 min intervals to observe DA release after the touch 

(Figure 3a). For pharmacological experiments with the tail pinch, saline or 

raclopride (2 mg/kg, i.p.) or 20% ethanol (2 g/kg, i.p.) were injected after a stable 

baseline DA response to tail pinch was established (at least 3 measures with no 

more than 10% variance), and recordings were taken every 10 min for 1 h. The 

scheme for the experiment, where the effect of ethanol on electrically evoked DA 

release was explored, was the same as with the tail pinch experiment. The VTA 

stimulation (2 s, 50 Hz, 80–130 μA) was adjusted to induce DA efflux with an 

amplitude, which was equivalent to that observed with a tail pinch. The predrug 
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values for the pinch- and electrically evoked DA release were 49 ± 5 and 46 ± 3 

nM, respectively. 

Data were digitized and stored on a computer. Following an experiment, the 

carbon fiber recording electrodes were calibrated in vitro using a flow injection 

analysis system with a known concentration of DA (1 μM) and performed in 

triplicate. The voltammetric current was measured at the peak oxidation potential 

and averaged to calculate a calibration factor. This factor was used to normalize 

the in vivo recordings of DA signals. 

Histological Verification of Electrode Placement 

Electrode placements in the nucleus accumbens core were confirmed as 

previously described.(6) Rats were perfused transcardially with a 0.9% saline 

wash followed by 10% buffered formalin fixative. Brains were rapidly removed, 

placed into 10% buffered formalin, and refrigerated overnight. They were then 

put through a series of refrigerated sucrose solutions (10, 20, or 30% in 0.1 M 

PB, pH 7.4) and sliced at 20 μm on a Leica M3050S cryostat. Slices were wet 

mounted from 1× PBS and stained with cresyl violet, and images were taken 

using Neurolucida 64-bit software (MBF Biosciences) with an Olympus BX51 

microscope at 2× magnification to verify electrode location. 

Statistical Analysis 

Data were analyzed using GraphPad Prism (GraphPad Software version 7.04, 

San Diego, CA, United States). Two-way and one-way repeated measure 
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ANOVAs and paired t tests were conducted to determine statistical significance. 

Data are presented as a mean ± SEM, and the criterion for significance was set 

at p < 0.05. 
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