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ABSTRACT 

 

Melchior, James R. 
 

REGULATION OF DOPAMINE TERMINAL RELEASE IN THE NUCLEUS 
ACCUMBENS: IMPLICATIONS FOR ALCOHOL ADDICTION 

 
Dissertation under the direction of Sara R. Jones, Ph.D., Tenured Professor of Physiology 

and Pharmacology 
 

Alcoholism and drug addiction are both characterized by continued substance 

abuse despite adverse consequences.  Dopamine signaling in the nucleus accumbens is 

thought to encode reward and reinforcement, and aberrations in dopamine signaling are 

suggested to mediate some of the maladaptive motivational behaviors associated with 

addiction.  Measuring dopamine signaling in nucleus accumbens slices with fast scan 

cyclic voltammetry allows for pharmacological assessment of dopamine terminal release 

regulation and has provided a wealth of information regarding how drugs of abuse affect 

dopamine terminal function.  However, this experimental approach traditionally requires 

local electrical stimulation of the tissue in order to induce dopamine release, and 

electrical stimulation activates local endogenous microcircuits that modulate dopamine 

release through a variety of heteroreceptors located on dopamine terminals.  Ethanol 

effects on mesolimbic dopamine signaling are varied and complex, and likely involve 

both direct and indirect actions on dopamine neurons.  Here we employed optogenetics in 

order to selectively stimulate dopamine terminals in nucleus accumbens slices.  This 

method allowed us to measure stimulated dopamine release in response to acute ethanol 

insult and following chronic ethanol exposure in order to better understand the direct 

effects of ethanol on dopamine terminals.  We used this information to speculate on how 
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ethanol and dopamine interactions in the nucleus accumbens may contribute to the 

development of alcohol use disorders.  

We began by comparing dopamine release that was induced by selective light 

stimulation of dopamine terminals with traditional electrical stimulation of the tissue.  

We found that electrical stimulation induces bidirectional modulation of dopamine 

release by endogenous activation of multiple heteroreceptors during the applied 

stimulation, suggesting that electrical stimulation non-selectively activates local 

microcircuit regulation of dopamine release.  Conversely, optogenetically stimulated 

dopamine release was unaffected by heteroreceptor blockade, which supports the idea 

that optogenetically stimulated dopamine release occurs in isolation, without concurrent 

activation of local microcircuitry.   

Next, we used optically targeted stimulation in combination with voltammetry to 

measure the acute inhibitory effects of ethanol on dopamine release.  We found that, 

contrary to previous reports, ethanol inhibits dopamine release through intrinsic 

dopamine terminal targets and does not require activation of terminal heteroreceptors.  

Further, we found that ethanol inhibition of dopamine release was significantly less in the 

nucleus accumbens medial shell compared to the core, suggesting that the intrinsic 

terminal targets of ethanol are differentially expressed in dopamine terminal fields in 

these two regions. 

Finally, we examined chronic ethanol effects on dopamine release regulation, 

using optically targeted dopamine release to exclude ethanol effects on indirect 

modulatory mechanisms.  We found that chronic ethanol exposure resulted in 
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significantly increased uptake rates in the nucleus accumbens core but not the medial 

shell, suggesting differential adaptations across terminal fields in these two regions.  

Further, we found that chronic ethanol exposure resulted in an increased sensitivity to 

kappa opioid receptor inhibition of dopamine release.  Kappa opioid receptor function 

was upregulated in both regions to a similar extent, suggesting a local mechanism of 

kappa opioid receptor regulation that is generalized across the nucleus accumbens.   

The research presented in this dissertation supports a model which uses 

optogenetically targeted stimulation of dopamine terminal fields in combination with fast 

scan cyclic voltammetry ex vivo to probe direct terminal regulation by heteroreceptors 

and adaptations to dopamine terminal regulation following chronic exposure to drugs or 

alcohol.  This work provides a foundation for future investigations into the mechanisms 

by which ethanol modulates presynaptic dopamine release which may extend to 

transmitter release across cell types.  Further, the intrinsic differences in release dynamics 

and heteroreceptor regulation between terminal fields in the nucleus accumbens core and 

medial shell may underlie heterogeneous ethanol effects on dopamine signaling across 

the nucleus accumbens which may contribute to the development of alcohol use 

disorders.    
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PREFACE 
 

This dissertation contains work describing the neurochemical effects of acute and chronic 
ethanol exposure on optogenetically stimulated dopamine terminal release. This work 
was prepared by James R. Melchior as a partial fulfillment of the requirements for the 
degree of doctor of philosophy.  This dissertation was made under the supervision of Sara 
R. Jones, Ph.D. The works contained within have been either submitted for publication or 
published previously, and are republished with permission. Publications have been 
reformatted to fit the guidelines of thesis preparation at Wake Forest School of Medicine.  
Stylistic variations within the chapters are due to specific requirements for each journal.   
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CHAPTER I 

 

MESOLIMBIC DOPAMINE SIGNALING AND ALCOHOL ADDICTION  
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1.0 Clinical Manifestations of Alcoholism 

Alcoholism is a pharmacologically induced disorder of central nervous function 

which results in physical dependence and leads to considerable adverse health effects for 

the individual.  Prolonged alcohol abuse increases liver cirrhosis, pancreatitis, and heart 

disease (Maher 1997; Apte et al. 1997; Zakhari 1997); while the nutritional deficits 

associated with advanced alcoholism can result in Wernicke-Korsakoff’s syndrome (wet 

brain) or hepatic encephalopathy, conditions characterized by severe deficits in cognitive 

and motor function which may lead to death (Oscar-Berman et al. 1997).  Complicating 

matters, withdrawal from long term alcohol abuse may induce a myriad of symptoms 

including panic, hypertension, hallucinations, tremors and seizures; severe cases may 

manifest in delirium tremens which may be fatal if not immediately treated (Long et al. 

2017).  Thus, alcoholism is a disease with a poor prognosis if left untreated.  Beyond the 

mental and physical deterioration, alcoholism, and the larger spectrum of alcohol use 

disorders (AUD), negatively effect civil and social responsibilities and interpersonal 

relationships.  AUDs are associated with higher incidences of stress, anxiety, depression, 

and other mood disorders (Hasin et al. 2007), which may contribute to the maintenance 

of alcohol use as an anxiolytic (Blaine and Sinha 2017).  Further, the lost work, legal 

infractions and accidents caused by AUDs are estimated to cost the United States 200-

250 billion dollars, annually, in economic burden (Bouchery et al. 2011; Sacks et al. 

2015), making AUDs a significant public health issue.  Nearly 20% of Americans suffer 

from AUD at some point during their lifetime and up to 8% progress to severe AUDs 

(alcoholism) (Hasin et al. 2007).  In 2014, 23% (60.9 million people) of the US 

population over age 12 reported binge alcohol use in the previous month and 6.2% (16.3 
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million) reported more than 5 binges per month (SAMHSA, 2014).  Estimates of rate of 

relapse suggest that approximately 50% of people have reoccurrence of AUDs within the 

first few months after treatment, a number that increases at 1 to 3 years (Dawson et al. 

2007; McKay et al. 2006; Timko et al. 2000), presenting a significant challenge to 

therapists and clinicians.  Indeed, the insidious nature of the disease is that it may be 

prevented simply by abstaining from alcohol use, yet AUDs are characterized by 

persistent alcohol abuse (DSM-5).  These aberrant actions suggest alcohol abuse results 

from abnormalities in the neurocircuitry that underlies motivated behavior (Koob and 

Volkow 2016; Hyman et al. 2006; Ikemoto and Bonci 2014; Everitt and Robbins 2016; 

Stuber et al. 2010b).  

1.1 Alcohol Addiction 

The prevailing hypothesis on the development of alcohol and drug addiction is 

that repeated substance abuse results in neural adaptations that are intended to 

compensate for the continuing pharmacological insult to basal neuronal function, and that 

these compensatory adaptations result in a new basal state in which continued ingestion 

of the substance is neurobiologically expected (Koob and Volkow 2016).  The neuronal 

manifestations of this transition to dependence are both short and long term.  Short-term 

alterations in neuronal function result in increases or decreases in neurotransmission that 

underlie affective states, often resulting in increased dysphoria, anxiety and depression, 

which promote substance use as a means of negative reinforcement, providing relief from 

uncomfortable conditions (Koob 2013a).  Long-term alterations in neuronal function 

involve synaptic plasticity and the refinement of neural circuits intended to maximize the 

ability to seek and procure alcohol or drugs.  In this manner, the person becomes well 
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trained in the process of substance abuse through pairing of environmental stimuli with 

behavioral response contingencies, such that substance abuse behavior becomes a 

fundamental component in the habitual behavioral repertoire (Hyman et al. 2006; Everitt 

and Robbins 2005; Corbit and Janak 2016).  As such, environmental stimuli act as cues, 

generating inherent motivation to initiate well-rehearsed behaviors.  These stimulus-

response contingencies are maintained beyond the initial period of recovery, when drug-

induced alterations in physical and affective condition have generally subsided.  Together 

these short and long-term processes present a difficult scenario in which momentary 

shifts in emotional affect combine with conditioned behavioral responses to maintain a 

cycle of abuse and/or trigger relapse to  substance abuse even after the individual has 

maintained a period of abstinence. 

The development of alcohol addiction is progressive, resulting from repeated 

alcohol abuse episodes.  Alcohol abuse has been conceptualized as a three-stage cycle 

consisting of intoxication, withdrawal and anticipation which worsens over time (Koob 

2013b).  Initially, alcohol has rewarding effects, with acute analgesic (Woodrow and 

Eltherington 1988), anxiolytic (Blaine and Sinha 2017) and stimulatory (Hendler et al. 

2013) properties which may combine, in the proper environment, to generate subjective 

feelings of pleasure, loss of inhibitions, confidence or feelings of social acceptance (King 

et al. 2014; Sher 1985).  However, the rebound effect of these acute rewarding properties 

is a short duration increase in discomfort, anxiety and fatigue, which are characteristic of 

alcohol withdrawal.  It is proposed that increasing bouts of intoxication produce tolerance 

to the acute rewarding effects of alcohol, leading to greater ethanol consumption per 

abuse episode (Ahmed and Koob 1998).  Subsequently, increased bouts of intoxication 
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result in increased severity of withdrawal and increased anticipation (craving) for the next 

opportunity for intoxication; the anticipation stage is characterized by cognitive 

preoccupation and compulsive alcohol seeking which constitute the brain disease 

component of  alcohol addiction (Koob 2013b).  Thus, the acute neurobiological effects 

of alcohol are thought to induce neurochemical modifications in basal functioning over 

time, and this idea has prompted research into elucidating the ethanol-induced 

neuroadaptations that may underlie the switch from casual to obsessive attention towards 

alcohol.  These research efforts span numerous brain regions in an effort to understand 

both the foundations of natural behavior selection and the multiple facets of ethanol-

induced alterations in these systems.  One area of particular interest is the nucleus 

accumbens (NAc), which integrates diverse cognitive and limbic inputs onto motor plan-

initiating output signals of the basal ganglia, implicating this region, specifically, in 

motivation and behavioral selection (Willuhn et al. 2010). 

1.2 Alcohol and Dopamine Signaling in the Nucleus Accumbens: Implications in 

Addiction 

The importance of dopamine signaling in reward and reinforcement is strongly 

supported by research on drug abuse (Willuhn et al. 2010).  All abused drugs acutely 

increase dopamine signaling in the striatum, with the largest increases occurring in the 

ventral striatum (Di Chiara and Imperato 1988), consisting of the nucleus accumbens 

(including core and shell sub-regions) and the olfactory tubercle.  Psychostimulants (e.g. 

cocaine, amphetamine and methamphetamine) directly increase dopamine signaling via 

actions on dopamine terminals, altering dopamine release and uptake (Espana and Jones 

2013; Ferris et al. 2013; Siciliano et al. 2015b), whereas other abused drugs (e.g. opiates) 
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work indirectly, targeting pre-synaptic innervation to increase dopamine neuron activity.  

For example, a common mechanism of indirect increases in dopamine activity is through 

inhibition of local GABAergic interneurons, which results in dis-inhibition of dopamine 

neurons and increased dopamine signaling (Johnson and North 1992).  These increases in 

dopamine signaling are critical to the reinforcing effects of abuse drugs.  At low doses, 

dopamine receptor antagonists increase psychostimulant self-administration, which 

reflects compensatory behavior by the rodent in response to reduced rewarding effects of 

the drug; whereas, at high doses, dopamine receptor antagonists fully extinguish self-

administration (Yokel and Wise 1975; Roberts et al. 1977).  Further, these effects are re-

capitulated with intra-accumbal administration of dopamine receptor antagonists or 

following lesions of dopamine terminals in the nucleus accumbens (Roberts et al. 1980; 

Roberts and Koob 1982), supporting that dopamine signaling in the nucleus accumbens is 

critical for the maintenance of drug self-administration behavior (Pierce, 2006).   

Similarly, ethanol increases extrasynaptic dopamine levels in the nucleus 

accumbens of humans (Boileau et al. 2003) and rodents (Imperato and Di Chiara 1986; 

Ding et al. 2016; Yim et al. 1998; Blanchard et al. 1993; Robinson et al. 2009; Gonzales 

et al. 2004; Rodd et al. 2004).  The magnitude of ethanol-induced elevations in dopamine 

signaling are similar to those measured in response to opiates (~50-100%), and less than 

that seen with psychostimulants (~300-1000%), which might reflect differential actions at 

dopamine terminals.  That is, unlike psychostimulants, dopamine uptake inhibition is not 

a mechanism of ethanol-induced increases in dopamine signaling (Budygin et al. 2001; 

Mathews et al. 2006; Jones et al. 2006).  Instead, ethanol increases dopamine neuron 

excitability and these effects are reported in vitro (Brodie et al. 1999; Brodie 2002; 
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Mrejeru et al. 2015) and in vivo (Ostroumov et al. 2016; Foddai et al. 2004; Gessa et al. 

1985).  However, there is not a clear consensus on the mechanisms that underlie ethanol-

induced increases in dopamine signaling.  A comparison of the temporal pattern of 

dopamine and ethanol concentration following acute administration of ethanol suggests 

that ethanol may induce immediate stimulus-related increases in dopamine signaling, 

similar to an unexpected food reward, whereas the pharmacological effects of elevated 

dopamine signaling occur later and are longer-lasting (Bassareo et al. 2003; Vena and 

Gonzales 2015; Doyon et al. 2006).  Further, the ethanol-induced increases in dopamine 

signaling are differentially expressed across the striatum, with the highest and longest 

duration of increased dopamine occurring in the nucleus accumbens medial shell 

compared to the nucleus accumbens core (Howard et al. 2008; Di Chiara et al. 2004), and 

less sensitivity to dopamine elevating effects of ethanol being reported in the dorsal 

striatum (Vena et al. 2016).  This suggests that ethanol has differential effects across 

dopamine neurons (or terminal fields), which has been reported in mice and rats (Mrejeru 

et al. 2015; Robinson et al. 2009).  Ethanol effects on dopamine signaling may be either 

via direct actions on dopamine neurons or via indirect actions on afferent innervation of 

dopamine neurons and the differential effects of ethanol across dopamine neurons may 

reflect both direct and indirect effects based on differential expression of ethanol targets 

across cell types.   

Ethanol has been suggested to directly target ion channels expressed on dopamine 

neurons which alter the currents that shape the membrane potential (see section 2.3) and 

result in increased dopamine neuron firing (Brodie et al. 1999; Brodie 2002; Nimitvilai et 

al. 2016).  For instance, it is suggested that ethanol enhances hyperpolarization-activated 
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depolarizing cation currents (Ih), which would increase intrinsic activity in dopamine 

neurons (Okamoto et al. 2006).  Further, the HCN channels that mediate the Ih currents 

(see section 2.3) are differentially expressed across dopamine neurons (Neuhoff et al. 

2002) and species (Appel et al. 2003) which might account for differential ethanol 

effects.  Also, ethanol may alter the membrane hyperpolarization that activates HCNs.  In 

acute slice preparations, application of the ion channel blocker quinidine reduces ethanol-

induced excitation of dopamine neurons, with implications of ethanol effects on various 

potassium channel (K+)-mediated aspects of hyperpolarization (Appel et al. 2003).  For 

example, ethanol has been shown to modulate large-conductance potassium (BK) 

channels (Chu et al. 1998), G-protein-coupled inwardly rectifying K+ channels (GIRK) 

(Aryal et al. 2009) and K+-channel mediated M currents (Koyama et al. 2007).  Also, 

ethanol has been shown to alter L-type Ca2+ channels (Hendricson et al. 2003), which 

may alter dopamine cell firing.   

Alternatively, ethanol has been suggested to modulate dopamine neuron activity 

indirectly, through modulation of transmitter activity onto dopamine neurons.  For 

example, ethanol reduces activity of GABAergic interneurons (Gallegos et al. 1999), an 

effect thought to result in increased dopamine neurons activity.  However, an alternative 

report suggests that ethanol increases GABA release from interneurons (Theile et al. 

2011), and the discrepancy may involve ethanol actions on mu opioid receptors via 

endogenous release of β-endorphins (Xiao and Ye 2008).  It has also been suggested that 

ethanol increases glutamatergic transmission on dopamine neurons in a manner involving 

a positive feedback loop between presynaptic D1-type dopamine receptors and 

somatodendritic dopamine release, resulting in increased dopamine neuron activity (Xiao 
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et al. 2009).  This mechanism would seems to work in opposition to well established 

evidence that ethanol inhibits NMDA receptor mediated currents (Lovinger et al. 1989), 

which would be expected to decrease dopamine neuron activity (see section 2.3).   The 

nicotinic acetylcholine (nACh) receptor antagonist mecamylamine blocks ethanol-

induced elevations in dopamine which has led some to suggest that acetylcholine receptor 

signaling mediates ethanol actions on dopamine terminals (Ericson et al. 2003).  Finally, 

ethanol induced increases in dopamine signaling require cannabinoid receptor (CB1) 

activation (Cheer et al. 2007; Robinson et al. 2016), providing another potential source of 

ethanol actions.  Thus, while it is clear that ethanol has acute dopamine elevating effects 

in humans and rodents the mechanisms underlying this effect are varied and ambiguous, 

and may result from direct or indirect actions on dopamine neurons.    

Multiple species, including rodents (McBride and Li 1998; Cunningham et al. 

2000) and non-human primates (Siciliano et al. 2016), voluntarily consume alcohol with 

differences in preference based on species or strain (Yoneyama et al. 2008).  Further, 

animals can be trained to self-administer alcohol using operant conditioning to pair a 

behavior (lever press or nose poke) to receipt of alcohol (Schulteis et al. 1996; Lopez and 

Becker 2014); this demonstrates that ethanol is both rewarding and motivating, and 

provides a means through which motivational aspects of alcohol reinforcement may be 

measured.  Consistent with a role of dopamine signaling in ethanol self-administration, 

rats will self-administer ethanol directly into the ventral tegmental area (VTA) (Rodd et 

al. 2004).  Similar to psychostimulant administration, dopamine receptor antagonists 

injected systemically or intra-nucleus accumbens generally suppress ethanol consumption 

(Hodge et al. 1997; Rassnick et al. 1992; Samson et al. 1993; Gonzales et al. 2004).  
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Mice also show an increased locomotor response to ethanol which is indicative of 

enhanced striatal dopamine signaling (Tran et al. 2005), and ethanol conditioned place 

preference (CPP), a behavioral measure of ethanol reward learning and reward seeking 

(Cunningham et al. 2000).  Dopamine receptor antagonists given systemically (Pina and 

Cunningham 2014) or intra-nucleus accumbens (Young et al. 2014) block acquisition of 

ethanol CPP in mice.  Together these data show that interference with dopamine 

transmission in the nucleus accumbens reduces ethanol reinforcement and supports a role 

for dopamine in the reinforcing actions of acute ethanol. 

Chronic alcohol abuse, and likewise psychostimulant abuse, result in adaptations 

in the mesolimbic dopamine circuitry (Stuber et al. 2010b), and these adaptations are 

thought to underlie critical aspects of addiction (Koob and Volkow 2016), including 

repeated use (intoxication stage) and seeking (anticipation stage).  Within-system 

neuroadaptations occur when the primary cellular response to the drug adapts to 

neutralize the drug’s effect, and these adaptations persist upon removal of the drug, 

presenting opposing effects that contribute to the drug withdrawal response (Koob and 

Bloom 1988).  Consistent with this theory, withdrawal from chronic alcohol 

administration results in transient decreases in basal dopamine measurements in the 

nucleus accumbens of rats (Rossetti et al. 1992; Diana et al. 1993; Weiss et al. 1996), and 

decreased striatal tissue levels of dopamine and tyrosine hydroxylase (Rothblat et al. 

2001).  In humans, stimulant-induced dopamine signaling is 70% lower in the nucleus 

accumbens in alcoholics compared to control (Volkow et al. 2007), an effect that is 

mirrored in cocaine addicts (Volkow et al. 2014), further supporting the idea that acute 

alcohol has stimulant properties that may result in psychostimulant-like alterations in 
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dopamine transmission.  Following chronic alcohol exposure, dopamine neuron activity 

in the ventral tegmental area is also significantly reduced and this effect continues into 

protracted withdrawal (Bailey et al. 2001; Diana et al. 1993; Shen et al. 2007).   

Taken together these data suggest that in the early period of abstinence following 

chronic ethanol exposure, a hypo-dopaminergic state occurs in the nucleus accumbens 

(Diana et al. 1993; Volkow et al. 1996; Martinez et al. 2005; Volkow et al. 2007).  It is 

hypothesized that this hypo-dopaminergia results in deficits in basal reward processing, 

and these deficits contribute to anhedonia (Schulteis et al. 1995; Danjo et al. 2014) and 

bias choice towards previously reinforced alcohol seeking behaviors (Willuhn et al. 2014; 

Twining et al. 2015) over novel behaviors (Pierce et al. 1990; Rebec et al. 1997), 

resulting in continued and persistent alcohol use.  In clinical studies, a poor rate of 

recovery of dopamine systems predicted relapse and poor treatment outcomes (Heinz et 

al. 1995; Schmidt et al. 1996).  Here we are interested in how acute and chronic ethanol 

affect dopamine signaling in the nucleus accumbens, and how these effects may 

contribute to alcohol use disorders.   

1.3 Dopamine Terminal Regulation: Heteroreceptors 

In the last 15 years there has been a growing appreciation for the local regulation 

of dopamine terminal release (Sulzer et al. 2016; Rice and Cragg 2008).  In addition to 

dopamine-mediated auto-regulatory control of dopamine release and uptake by D2-type 

autoreceptors and dopamine transporters respectively, dopamine terminals express a 

variety of heteroreceptors that allow other transmitters and neuropeptides in the nucleus 

accumbens to modulate dopamine release (Zhang and Sulzer 2012).  In this manner, local 
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microcircuits may coordinate and tune dopamine terminal release, across otherwise 

diffuse terminal fields, to yield dopamine signals that are functionally appropriate to the 

immediate environment (Rice et al. 2011).  

Fast scan cyclic voltammetry (FSCV) is an electrochemical detection technique 

that allows measurement of dopamine release and uptake in high temporal resolution 

(Wightman et al. 1988; Robinson et al. 2008).  FSCV detects electroactive analytes 

(including dopamine) by producing a modest potential that drives oxidation of dopamine 

to dopamine-o-quinone; the oxidation of dopamine results in the loss of electrons which 

are detected at the electrode as current, and the current is proportional to the 

concentration of dopamine molecules.  Thus, based on the electroactive properties of 

dopamine, FSCV may detect dopamine levels, specifically, within a heterogeneous 

environment of transmitter signaling.  FSCV is often used in ex vivo slice preparations to 

allow pharmacological manipulations of local release regulation; bath application of 

compounds which target specific intracellular or membrane bound proteins provide clues 

as to the direction and degree of modulation those proteins contribute to dopamine 

release.   For example, FSCV has provided a wealth of information as to the mechanisms 

of acute psychostimulant actions on dopamine terminal function (Jones et al. 1998b; 

Jones et al. 1998a; Jones et al. 1999a; Jones et al. 1999b), as well as the alterations in 

basal dopamine terminal regulation that occur following chronic exposure to 

psychostimulants (Espana and Jones 2013; Ferris et al. 2013; Siciliano et al. 2015b; 

Calipari et al. 2015).   

Combining anatomical ultrastructural analysis with FSCV has been useful in 

delineating specific receptor types that may modulate dopamine terminal release.  
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Receptors that have been anatomically identified on dopamine terminals include D2-type 

dopamine receptors, nicotinic acetylcholine receptors (nACh), GABAB receptors, 

metabotropic glutamate 1 receptors (mGluR1), and delta and kappa opioid (κ-opioid) 

receptors.  Conversely, receptors that have been examined, but failed to show anatomical 

localization on dopamine terminals include ionotropic glutamate receptors 

(AMPA/NMDA), mu opioid receptors, cannabinoid 1 receptors (CB1) and adenosine 2a 

receptors (A2A) (Zhang and Sulzer 2012).   

Using FSCV with targeted pharmacology provides a functional measure of 

heteroreceptor-mediated dopamine release modulation that may complement the 

anatomical studies.  However, a caveat to this approach is that FSCV, ex vivo, requires 

electrical stimulation to induce dopamine release.  The locally applied electrical 

stimulation excites all the neuronal subtypes in the stimulation field simultaneously, thus 

activating microcircuits within the nucleus accumbens and introducing a host of 

endogenous intercellular signaling mechanisms.  The comparatively slow rise of 

extracellular dopamine measured with FSCV (~500 ms to peak release detection) allows 

ample time for the co-activation of endogenous microcircuitry to modulate the dopamine 

release phase (Phillips et al. 2002).  This confound makes assessments of whether 

heteroreceptor modulation is occurring through direct (terminal receptors) or indirect 

(multi-synaptic) mechanisms difficult to determine.   For example, mu opioid receptors 

are absent on dopamine terminals (Trovero et al. 1990).  However, mu opioid receptor 

agonists inhibit stimulated dopamine release measured with FSCV, ex vivo, (Schlösser et 

al. 1995); and this is in contrast to the dopamine elevating effects of mu opioid receptor 

agonists in vivo (Hipólito et al. 2008).  Thus, FSCV is detecting indirect effects of mu 
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opioid receptor agonists on dopamine release.  Knowing whether heteroreceptors are 

acting directly or indirectly is critical for understanding the basic mechanisms that 

mediate presynaptic dopamine release; mechanisms that may underlie regionally 

heterogeneity in dopamine signaling (Jones et al. 1996; Calipari et al. 2012), 

heterogeneity in dopamine neuron degeneration during Parkinson’s disease (Mosharov et 

al. 2009), or long-term aberrations in release function which are associated with addiction 

(Volkow et al. 2009; Koob and Simon 2009).  Having a clear understanding of the 

execution and regulation of transmitter release will be critical to understanding the 

molecular underpinnings of ethanol effects on striatal function and pinpointing 

therapeutic targets for alcohol use disorders.   

1.4 Ethanol and Dopamine Terminals 

Similar to the actions of mu opioid receptor agonists, the actions of ethanol on 

dopamine release has also been difficult to delineate.  Low to moderate doses of ethanol 

provide clear increases in dopamine signaling in the nucleus accumbens in vivo (Imperato 

and Di Chiara 1986; Robinson et al. 2009), which is likely mediated by increased activity 

of dopamine neurons in the VTA in response to ethanol, an effect that has been 

demonstrated ex vivo (Brodie et al. 1999).  However, at high doses ethanol decreases 

dopamine signaling in the nucleus accumbens and this coincides with sedation (Imperato 

and Di Chiara 1986).  Further, the nucleus accumbens medial shell shows a greater 

increase in dopamine in response to moderate doses of ethanol compared to the core, but 

the dorsal striatum shows little reactivity to ethanol at moderate doses (Howard et al. 

2008; Vena et al. 2016).  These differences suggest that ethanol effects on dopamine 

release in the nucleus accumbens may be mediated by indirect mechanisms.  
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Further, when ethanol is applied acutely to dopamine terminal fields in the 

nucleus accumbens ex vivo, it appears that ethanol does not acutely alter uptake rates 

(Budygin et al. 2001; Mathews et al. 2006); rather, ethanol appears to inhibit dopamine 

release at high doses (Budygin et al. 2001).  This inhibitory effect can be detected at 

more moderate doses when a multiple-pulse stimulation paradigm is used to induce 

greater dopamine release (Yorgason et al. 2014).  However, the multiple pulse 

stimulation allows the recruitment of indirect effects on dopamine terminals, and this 

mechanism is important because it is suspected that endogenous activation of nACh 

receptors, and/or GABAB receptors on dopamine terminals is necessary to mediate the 

ethanol effect on dopamine release (Yorgason et al. 2015; Schilaty et al. 2014).  

However, this does not determine what cell types express ethanol targets or to what 

degree ethanol may be contributing directly to dopamine terminal function.  For instance, 

acetylcholine and GABAergic interneurons are prominent modulators of striatal function, 

each with specific pathway contributions (see sections 3.4 and 3.5).  Identifying ethanol 

targets helps to understand how chronic alcohol abuse may be effecting dopamine 

systems, and uncovering these mechanisms may be necessary to combat long term 

adaptations to dopamine terminals that occurs following chronic alcohol abuse.  

Alcohol reward is thought to be mediated through two separate neural systems, 

the opioid system and the dopamine system (Ettenberg et al. 1982; Negus and Banks 

2017).  Elevations in dopamine are proposed to underlie the acute stimulant properties of 

alcohol and mediate the reinforcement learning of alcohol associated cues, consistent 

with the role of dopamine in behavior (Wise 2004).  Modulation of endogenous opioid 

systems are thought to mediate analgesic aspects of alcohol reward (Ikeda et al. 2002), 
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and may contribute to physical withdrawal symptoms (Gendron et al. 2016).  It has long 

been demonstrated that the opioid receptor antagonist naltrexone decreases alcohol self-

administration (Gonzales and Weiss 1998) and decreases self-reports of positive effects 

associated with alcohol use (Drobes et al. 2004).  Conversely, opioid receptor activation 

in the nucleus accumbens increases alcohol self-administration (Barson et al. 2009; 

Richard and Fields 2016).  Endogenous opioid systems function through activation of 

three receptor types; mu, delta, and κ-opioid receptors. Mu and κ-opioid receptor 

activation produce opposing effects on reported affect with mu receptor agonists (i.e. 

morphine) producing euphoria (Stoops et al. 2010) and κ-opioid receptor agonists 

producing dysphoria (Pfeiffer et al. 1986).  Ethanol induces increased release of β-

endorphin (Jarjour et al. 2009), the endogenous ligand for mu opioid receptors, and 

dynorphin (Marinelli et al. 2006), the endogenous ligand for κ-opioid receptors; thus 

ethanol activates both endogenous opioid systems.  Further, it has been proposed that the 

dynorphin/κ-opioid system is upregulated following chronic ethanol exposure (Sirohi et 

al. 2012), and this upregulation contributes to a negative affective state (Bruchas et al. 

2010), characterized by reduce reward function and increased stress responses, which 

mediates escalated alcohol consumption as a means of negative reinforcement (Smith et 

al. 2011; Koob 2013b).  Specifically, the κ-opioid receptor antagonist nor-

binaltorphimine (nor-BNI) reduces the escalation of intake observed in alcohol dependent 

animals while having no effect on non-dependent animals (Walker and Koob 2008), 

suggesting that recruitment of κ-opioid receptor activity contributes to dependence.   

The opioid and mesolimbic dopamine systems are not independent, opioid 

receptor activation modulates dopamine signaling.  For example, mu opioid receptor 
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activation increases dopamine neuron activity (indirectly) through inhibition of 

GABAergic interneuron activity in the VTA, thus dis-inhibiting dopamine neurons 

(Chefer et al. 2009).  Dopamine signaling in the nucleus accumbens is elevated by mu 

agonists  and decreased by kappa agonists (Di Chiara and Imperato 1988).  κ-opioid 

receptors are expressed within the NAc where they inhibit DA release  upon local 

infusion of κ-opioid receptor agonists (Spanagel et al. 1992).  Further, dynorphin is 

expressed in D1-MSNs in response to D1 receptor activation and is released in order to 

blunt dopamine-mediated excitation of D1-MSNs (Gerfen and Surmeier 2011; Steiner 

and Gerfen 1996).  Dynorphin peptides are released by recurrent collateral axons within 

the nucleus accumbens in order to decrease dopamine or glutamate transmitter release via 

presynaptic κ-opioid receptors (Steiner and Gerfen 1993).  

Previous work from our lab has demonstrated that chronic ethanol exposure 

results in an increased sensitivity to inhibition of dopamine release by the κ-opioid 

agonist U50,488 in mice and non-human primates (Karkhanis et al. 2015; Rose et al. 

2016a; Siciliano et al. 2015a).  However, κ-opioid receptors are differentially expressed 

on afferent terminals where they provide cell-type and pathway specific inhibition of 

nucleus accumbens innervation (Tejeda et al. 2017), suggesting that κ-opioid-mediated 

inhibition of dopamine terminals may be occurring through direct or indirect 

mechanisms.   

Similarly, D2 autoreceptors work to regulate release by providing feedback 

inhibition.  Like κ-opioid receptors, D2 autoreceptors are Gi/o coupled metabotropic 

receptors and provide potent inhibitory modulation to dopamine release (Ford 2014).  

However, D2 receptors are also prominent mediators of post-synaptic dopamine 
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signaling.  D2 receptors are widely expressed across nucleus accumbens neuronal 

phenotypes (see section 3.0) where they provide inhibitory modulation of synaptic 

function, including a prominent, reciprocal inhibition of nucleus accumbens acetylcholine 

interneurons (Straub et al. 2014; Chuhma et al. 2014).  Increased sensitivity to D2-

mediated inhibition of dopamine release has been reported following chronic ethanol 

exposure in mice with zero time into abstinence (Karkhanis et al. 2015); however, this 

effect has been less robust across paradigms and species.  A potential mechanism would 

be that D2 receptor changes are happening differentially across cell types (e.g. 

cholinergic interneurons) in the nucleus accumbens resulting in inconsistent detection of 

effects in dopamine signals across species and ethanol administration paradigms.  

Further, it is unclear how much D2 and κ-opioid receptor signaling overlap within 

dopamine terminals (Rose et al. 2016b).  Both receptors are Gi/o-coupled GPCRs and 

inhibit release via downstream activation of GIRK channels, however the functional 

impact of receptor activation results from which GIRK subunits are expressed and the 

level of coupling between the respective receptor and GIRK channels (Rifkin et al. 2017; 

Labouèbe et al. 2007).  Thus it would be important to differentiate precise differences in 

D2 and κ-opioid receptor signaling profiles on dopamine terminals after chronic ethanol 

administration, and this would be difficult to do if FSCV detection of dopamine signals 

includes multiple contributing cell types, each of which may or may not express D2 or κ-

opioid receptors.   

1.5 Optogenetics 

The recent advancement of optogenetics has allowed selective activation of 

neuronal populations by combining a) the ability to depolarize cells with a light-sensitive 
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channelrhodopsin protein with b) the ability to genetically target channelrhodopsin 

expression to specific neuron phenotypes (Boyden et al. 2005).  Optogenetic activation of 

dopamine terminals in nucleus accumbens, ex vivo, has advanced our understanding of 

dopamine signaling in the striatum by revealing unique characteristics that were 

previously masked by electric stimulation.  For example, dopamine axons may express 

and co-release glutamate; and this phenotype is differentially expressed in dopamine 

terminals in nucleus accumbens subregions, and not expressed in dopamine terminals in 

the dorsal striatum (Stuber et al. 2010a; Tecuapetla et al. 2010).  Also, dopamine 

terminals in the dorsal striatum may take up and co-release GABA (Tritsch et al. 2012).  

Further, optogenetics has revealed that ChIs may exert potent modulation of dopamine 

terminals via nACh receptors located on dopamine terminal membranes (Threlfell et al. 

2012; Cachope et al. 2012).  Thus, optogenetically targeted stimulation in the striatum 

has advanced our understanding of dopamine terminal phenotype and how local 

microcircuits may regulate, and in some cases even circumvent, the translation of 

dopamine cell activity into dopamine release in the nucleus accumbens.     

The goal of this dissertation work was to utilize optogenetic techniques in order to 

target stimulation to dopamine terminal fields in the nucleus accumbens, ex vivo, and 

measure optically-stimulated dopamine signals with FSCV.  We wanted to compare 

targeted, light-stimulated dopamine release with electrically-stimulated dopamine release 

to probe for differences in microcircuit activation and the subsequent modulation of 

dopamine release that occurs with each stimulation type.  Further, we wanted to apply 

this technique to examine ethanol-induced modulations in dopamine release to determine 

if ethanol exerts its effects via direct or indirect actions.  Finally, we wanted to measure 
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how chronic ethanol exposure modulates dopamine terminal regulation by 

heteroreceptors, using light-stimulated dopamine release, to determine direct 

heteroreceptor effects on dopamine release.  We also extend our analysis of ethanol 

effects on dopamine terminals in the nucleus accumbens to include both the nucleus 

accumbens core and medial shell subregions.  Using targeted light stimulation we were 

able to characterize differences dopamine terminal fields in these two regions that were 

intrinsic to the cells and not the result of underlying microcircuitry.  In the following 

chapters we present our findings and discuss the immediate implications of each set of 

experiments.  We conclude with a general discussion of how ethanol effects on dopamine 

release might influence behavior with regards to alcohol addiction.   
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Section Preamble:  The following sections describe the morphology and physiology of 

dopamine neurons and how dopamine signaling is integrated into nucleus accumbens 

function in order to provide a basis for discussions as to the role of dopamine signaling in 

behavior and how alterations in dopamine signaling may contribute to addiction. 

 

2.0 Dopamine Neuron Morphology and Physiology 

Midbrain dopamine neurons project to various forebrain nuclei to provide 

ascending modulatory transmission that contributes to multiple facets of cognition and 

motor function to profoundly influence behavior.  Dopamine signaling has been directly 

implicated in processes such as emotional affect, learning and motor coordination, which 

has prompted the question as to how a single source of modulation can influence such 

diverse cognitive processes.  The relative size of the midbrain dopamine nuclei belie their 

extensive and varied projection territories, and this diffuse structural arrangement led to 

an original model of volume transmission, in which gradual changes in tissue levels 

provide a background that enables more specific mechanisms of neuronal transmission 

and physiology to occur (Agnati et al. 1995; Fuxe et al. 2005).  However, this manner of 

transmission seems inadequate to explain the diversity of functions for which dopamine 

signaling has been associated.  Advances in technology have provided researchers insight 

into dopamine transmission that paint a more textured role of dopamine in which spatial 

and temporal heterogeneity in transmission allow dopamine signals to encode 

environmentally and behaviorally discrete components of cognitive function.  Here we 

will review the anatomy and physiology of mesolimbic dopamine neurons with an 
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emphasis on the contributions of dopamine signaling to synaptic function in the nucleus 

accumbens.   

2.1 Morphology of Dopamine Neurons 

Midbrain dopamine neurons consist of the A9 and A10 dopamine cell groups 

which are located laterally in the substantia nigra pars compacta (SNc) and medially in 

the ventral tegmental area (VTA), respectively.   The majority of midbrain dopamine 

projections target the striatum, which they massively innervate with a topographical 

organization (Ikemoto 2007).  That is, generally, the laterally located SNc dopamine 

neurons project to the caudate/putamen nuclei of the dorsolateral striatum and the 

medially located VTA dopamine neurons project to the dorsomedial and ventral striatum, 

which includes the nucleus accumbens and olfactory tubercle. The dopamine neurons in 

the SNc are specifically subject to neural degeneration in parkinson’s disease (PD), 

which results in obvious motor function impairment, with much less pronounced deficits 

in limbic function, supporting that these cells contribute primarily to motor-associated 

functions.  The VTA dopamine neurons, in addition to their striatal projections, project to 

multiple cortical and subcortical forebrain targets that encode limbic information 

including the prefrontal cortex, hippocampus, amygdala and bed nucleus of the stria 

terminalis (BNST), which suggest these neurons contribute to limbic-associated 

dopamine function.   Early studies combined retrograde labeling of multiple VTA target 

regions and found little overlap among individual VTA neurons, supporting the idea that, 

unlike other monoamine projection systems, individual dopamine neurons project 

primarily to one target region (Swanson 1982; Albanese and Minciacchi 1983).  More 

recent use of viral labeling of individual VTA neurons (dopaminergic and non-
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dopaminergic) in the mouse found four distinct projection phenotypes; 

mesocorticolimbic, mesocortical, mesolimbic and mesostriatal; with little axon 

collateralization and multi-regional innervation outside of mesocorticolimbic projections.  

That is, mesocorticolimbic projections primarily innervate the frontal cortical regions 

with some collateral innervation of limbic structures like the amygdaloid complex and 

olfactory tubercle, however, these innervation patterns were distinct from mesostriatal 

projects which showed little collateral innervation outside of the striatum (Aransay et al. 

2015).  Labeling of distinct, individual, identified neurons in vivo, in combination with 

visualization of full neuronal architecture ex vivo, is difficult.  Advances in genetic 

targeting techniques, and strategies combining techniques, as well as whole-brain, three-

dimensional visualization techniques (Chung et al. 2013) will add to the relative paucity 

of information about individual neuron morphology.  

Estimations of the quantity of midbrain dopamine neurons range from 

approximately 20,000 in mice to 40,000 in rats and 500,000 in humans (German et al. 

1983; Blum 1998).  In the striatum, dopamine axons elaborate extensively resulting in 

dense terminal fields.  For example, a single dopamine neuron from the SNc may have a 

terminal field that covers up to 5% of the total volume in the striatum of rats, suggesting 

considerable overlap of terminal fields from individual dopamine neurons (Matsuda et al. 

2009; Aransay et al. 2015).   The total density of dopaminergic innervation decreases 

somewhat along a dorsolateral to ventromedial gradient, and this may be due to decreased 

numbers of innervating axons or a reduction in the extent of individual axonal 

arborization (Doucet et al. 1986); nonetheless, mesostriatal dopamine axons retain the 

general profile of elaborate terminal fields (Beier et al. 2015).  In contrast, midbrain 
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dopaminergic projections to cortical and non-striatal subcortical regions have far less 

terminal elaboration, and likely suggests differences in structural/functional strategies for 

dopamine transmission in these regions (Garris and Wightman 1994; Aransay et al. 

2015).   

2.2 Synaptic Organization of Dopamine Terminals 

In the 1990’s a series of reports provided ultrastructural analysis of dopamine 

terminals in the striatum; dopaminergic varicosities were identified by the expression of 

tyrosine hydroxylase (TH), the enzyme necessary for the conversion of tyrosine into L-

dopa, and subcellular localization of dopamine release sites and dopamine associated 

membrane proteins and receptors were analyzed using electron microscopy.   

Ultrastructural analysis of dopamine terminals in the dorsal striatum suggest only 30-40% 

of varicosities were synaptic while 60-70% of dopamine varicosities examined were 

asynaptic, without clear post-synaptic associations (Descarries et al. 1996; Pickel et al. 

1996), suggesting that dopamine signaling occurred primarily through volume 

transmission.  However, the relevance of the asynaptic dopamine varicosities has been 

called into question by recent findings in the Sulzer lab, which used fluorescent false 

transmitters to observe patterns of release from vesicular monoamine transporter-2 

(VMAT2)-expressing vesicles.  They found that up to 70% of TH-GFP labeled axonal 

puncta containing vesicle clusters at the plasma membrane did not release transmitter 

upon local electrical stimulation, ex vivo, in spite of stimulation-dependent Ca2+ entry 

(Gubernator et al. 2009; Rodriguez et al. 2013; Pereira et al. 2016).  Thus, they 

concluded that there are  functionally ‘silent’ dopaminergic boutons present within the 

striatum.  Further, the majority of these fluorescently labeled puncta were not associated 
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with an active zone, representing a proportion similar to the 70% of asynaptic varicosities  

reported in ultrastructural studies.  More research is needed to determine the mechanisms 

restricting release at these sites, and whether or not they are nascent release sites that may 

be recruited to functionality upon demand.  Nevertheless, this research suggests that 

specializations that were originally hypothesized to promote volume transmission may 

instead be functionally ‘silent’ dopamine varicosities. 

The question remained of whether dopamine signaling occurs through ‘wired’ 

transmission, where neurotransmission is restricted to classical synapses, or ‘volume’ 

transmission, where dopamine escapes the synapse to stimulate distant dopamine 

receptors (Agnati et al. 1995; Sarter et al. 2009).  A better understanding of ‘synaptic’ 

transmission can be conferred based on the spatial relationship between terminals and 

‘post-synaptic’ dopamine receptors.  Ultrastructural analysis determined that 30-40% of 

presumptive dopamine varicosities showed symmetrical synaptic membrane junctions 

with opposing dendritic shafts and spines (Descarries et al. 1996; Freund et al. 1984).  

Specifically, the symmetrical synapses of presumed dopamine varicosities formed on the 

neck of spines with asymmetric synapses (presumably from glutamatergic terminals) 

formed at the head of spines; prompting the hypothesis that dopamine could act 

downstream of excitatory inputs to modulate post-synaptic excitability (Freund et al. 

1984).  Plasma membrane labeling of the dopamine transporter (DAT) was exclusive to 

TH-positive varicosities and occurred in proximity to aggregates of synaptic vesicles, 

supporting its role in the re-uptake of extracellular dopamine (Nirenberg et al. 1996).  

However, no DAT labeling was detected within active zones; instead, it is expressed 

exclusively in perisynaptic membrane locations where it may remove synaptic spillover, 
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suggesting that it primarily regulates nonsynaptic dopamine transmission (Hersch et al. 

1997).  Labeling of D2-type (D2) dopamine receptors  is much more diffuse within the 

striatum (Sesack et al. 1994), consistent with expression on pre- and post-synaptic 

elements across various neuronal phenotypes.  However, co-localization of D2 receptors 

and TH staining supports the expression of D2 receptors on dopamine axon varicosities, 

where it presumes an auto-regulatory role in dopamine release (Ford 2014; Tepper et al. 

1997).  Similar to DAT expression, D2 autoreceptors are primarily extra-synaptic, located 

on the pre-terminal axonal membrane (Sesack et al. 1994), where they may directly 

interact with DAT to form D2-DAT protein complexes (Lee et al. 2007).  Thus, 

presynaptic regulators of dopamine transmission are located extra-synaptically.   

The post-synaptic targets for dopamine transmission are the family of G-protein 

coupled dopamine receptors (D1-D5) which are expressed with cellular specificity in the 

striatum.  The five dopamine receptor subtypes are divided into two classes based on 

their ability to modulate adenylyl cyclase activity and subsequently alter cAMP 

production (Beaulieu and Gainetdinov 2011), although there is evidence for multiple 

dopamine receptor-mediated intracellular effects including processes independent of G-

protein signaling, such as β-arrestin activity (Luttrell and Lefkowitz 2002).  The D1-type 

receptors include D1 and D5 receptors, which are Gαs/olf coupled and activate adenylyl 

cyclase (AC); whereas the D2-type receptors include D2, D3 and D4 receptors, are Gαi/o 

coupled, and reduce AC activity.  The profile of dopamine receptor expression in the 

striatum is overwhelmingly D1 and D2 receptors with lower levels of D3 receptor 

expression seen primarily in the ventral striatum (Araki et al. 2007); little to no 

expression of D4 receptors have been reported and D5 receptor expression is low and 
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highly targeted to interneurons (Rivera et al. 2002).  The D1 and D2 receptor expression 

appears to be both synaptic and extra-synaptic, however, the vast majority of dopamine 

receptor expression is in the plasma membranes peri- and extra-synaptic to dopamine 

varicosities (Uchigashima et al. 2016).  Thus, dopaminergic transmission is characterized 

predominantly as non-synaptic or extra-synaptic (Rice and Cragg 2008). 

On the post-synaptic membrane, dopamine receptor expression is most prominent 

at the post synaptic density (PSD), a protein-dense specialization just under the post-

synaptic membrane at the head of dendritic spines (Levey et al. 1993).  The effective 

sphere of dopamine transmission following quantal release is 2-12 um (Rice and Cragg 

2008; Yao et al. 2008), depending on the affinity of the dopamine receptor; thus, the 

location of dopamine terminals in opposition to the necks of dendritic spines allows 

transmission to activate dopamine receptors located near the heads of spines. Therefore, it 

has been suggested that dopamine ‘synapse’ formation may serve to increase 

dopaminergic modulation of striatal outputs by anchoring dopamine release sites to 

dopamine-sensing targets (Uchigashima et al. 2016). 

Taken together, the organization of dopamine release sites and pre- and post-

synaptic dopamine receptors support a model of primarily extra-synaptic transmission, in 

which dopamine overflow is required to activate receptors located distal to sites of 

vesicular release.  By definition, the movement of dopamine through the extracellular 

fluid, regardless of distance, is volume transmission (Fuxe et al. 2010).  However, the 

anchoring of dopamine release sites in the immediate vicinity of active zones on dendritic 

spines gives dopamine terminals synapse-like structural organization, whereby dopamine 

transmission occurs via short distance transmission to modulate both pre- and post-
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synaptic activity (dependent on the location of dopamine receptors) during classical 

‘wired’ synaptic transmission.  The previous notions of gradual (seconds to minutes) 

changes in dopamine ‘volume’ transmission (Fuxe et al. 2005; Agnati et al. 2006) are 

somewhat outdated (Sarter et al. 2009) and belie the specific anatomical and functional 

dopamine terminals, which can influence synaptic transmission on the scale of 

milliseconds.   

2.3 Activity of Dopamine Neurons  

In the 1980s, Grace and Bunney performed a series of recordings of putative 

dopamine cells in the midbrain of anesthetized rats which provided the initial 

characterization of dopamine neurons activity and have since become hallmarks of these 

neurons (Grace and Bunney 1983a; Grace and Bunney 1983b; Grace and Onn 1989).  

First, they showed that dopamine neurons show a long duration depolarization with a 

wide current spike followed by a prominent hyperpolarization.  Second, they described an 

irregularity of firing in which spikes could occur in slow, regular patterns, or could occur 

in clusters of rapid sequence, which they termed bursts.  They went on to define the 

‘burst’ as beginning when the interval between two spikes (interspike interval) is less 

than 80ms in duration, and the burst ends when the interspike interval exceeds 160 ms.  

Thus bursts are defined by 3 or more spikes that occur in high frequency, which generally 

ranges from 10-30 Hz (ref) but is capable of reaching frequencies > 50 Hz (Paladini and 

Roeper 2014).  They went on to define dopamine neuron ‘burstiness’ (a characteristic 

than can vary from cell to cell) by the percentage of total spikes that occur within the 

parameters defining a burst, or the spike firing in bursts percentage (SFB%).   
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In slice preparations, in which most afferent innervation is severed, dopamine 

neurons show little bursting activity and are instead predominantly in a slow, regular 

mode (~3 Hz) of spike firing.  This slow, spontaneous firing results from intrinsic 

physiological properties of the cell.  Specifically, hyperpolarization-activated cation 

currents (Ih), cause the cell to depolarize following the hallmarked prominent 

hyperpolarization that occurs after an action potential.  These Ih currents are mediated by 

hyperpolarization-activated cyclic-nucleotide (cAMP)-gated ion channels (HCN), and 

give dopamine neurons ‘pacemaker’ activity (Lacey et al. 1989; Neuhoff et al. 2002; 

Zolles et al. 2006; Wanat et al. 2008) in which calcium-dependent spontaneous firing 

occurs in slices, even in the presence of sodium channel blockade with tetrodotoxin 

(TTX) (Yung et al. 1991). Further, HCNs are differentially expressed across dopamine 

neurons giving each cell a unique level of intrinsic excitability (Neuhoff et al. 2002; 

Eshel et al. 2016). 

Using slice preparations, it was found that glutamatergic activity at NMDA 

receptors increased bursting (Overton and Clark 1992; Zweifel et al. 2009); further, that 

inhibition of GABA activity at GABAA receptors also increased bursting activity 

(Paladini and Tepper 1999), suggesting that GABA activity could slow dopamine neuron 

firing.  Together these data demonstrated that synaptic drive on dopamine neurons was 

responsible for the irregular activity patterns observed in anesthetized animals, and could 

drive bursts or pauses in activity.  Congruent with this idea, examination of putative 

dopamine neuron activity in awake rats showed irregular firing patterns, with individual 

cells displaying both slow ‘tonic’ activity with spikes generally occurring at < 7 Hz and 

‘phasic’ burst activity with multiple spikes occurring at > 15 Hz (Hyland et al. 2002; 
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Paladini and Roeper 2014).  Further, they showed that the amount of bursting in cells was 

increased when the animal was performing task-related operant behavior.  Overall, the 

pattern of activity of dopamine neurons is irregular, with highly variable spurts and 

stalls, and the categorizing of burst and non-burst activity should not suggest dopamine 

neurons operate in two distinct states, rather that they have a range of activity which 

increases in response to salient environmental stimuli.    

Investigations of nuclei innervating the VTA support the role of synaptic drive on 

dopamine neuron activity.  For example, the pedunculopontine tegmental nucleus (PPTg) 

provides excitatory input to VTA dopamine neurons.  When the PPTg is activated, 

dopamine neurons increase burst firing by 50%; conversely, pharmacological inhibition 

of the PPG decreased burst firing by 50% (Floresco et al. 2003).  The PPG sends 

glutamatergic inputs as well as cholinergic inputs to the VTA, which suggests that 

acetylcholine receptors may also contribute to bursting activity in dopamine neurons.  

Prominent inhibitory inputs arrive from the ventral pallidum (Grace et al. 2007), which 

provide GABAergic synaptic transmission capable of pausing activity in dopamine 

neurons.  It has been postulated that these ventral pallidal inputs hold subsets of 

dopamine neuron functionally silent (Floresco et al. 2003; Lodge and Grace 2008).  

Further it has been suggested that tonic activity is a requirement for transition to bursting 

activity, thus the population of ‘silent’ dopamine neurons gates the potential for 

responsiveness to excitatory activity (Grace 2016a).  Virally-mediated mono-synaptic 

tracing studies have revealed that VTA dopamine neurons receive inputs from a variety 

of cortical and subcortical nuclei (Watabe-Uchida et al. 2012; Morales and Margolis 

2017), with the most prominent projections arising from the striatum, pallidum, lateral 
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hypothalamus and dorsal raphe nucleus (Ogawa et al. 2014).  Further, analysis of 

neuronal activity across many of the regions projecting to the VTA suggests that burst 

activity in response to salient stimuli is a feature that is widely distributed across brain 

regions (Tian et al. 2016).   

Dopamine neuron activity in the VTA results in dopamine release in the striatum 

(Sombers et al. 2009).  Specific activity in subsets of neurons leads to a transient 

elevation in extrasynaptic dopamine levels (dopamine transients) in the striatum. 

Dopamine transients are spatially heterogeneous across the striatum; for example, 

electrochemical detection methods suggest that within the nucleus accumbens dopamine 

transients may be differentially detected across 100 µm of tissue (May and Wightman 

1989; Wightman et al. 2007; Owesson-White et al. 2009).  This likely results from 

heterogeneity in dopamine neuron bursting as activity in different subpopulations have 

been linked to discrete parameters of stimuli and behavior (Marinelli and McCutcheon 

2014; Paladini and Roeper 2014).  Thus, dopamine transients give dopamine signaling 

spatial and temporal specificity; which is conveyed upon striatal dopamine receptors in 

response to salient environmental stimuli.  The irregular activity across a population of 

dopamine neurons with overlapping terminal fields results in sustained striatal dopamine 

concentrations in the 10-20 nM range (Owesson-White et al. 2012).  This steady level of 

basal dopamine tone is thought to play an enabling role in movement and cognition 

(Schultz 2002).  When a particularly relevant environmental stimulus is presented, a 

synchrony of increased activity occurs across the population of dopamine neurons 

(Watabe-Uchida et al. 2012) which results in large transient elevations in extrasynaptic 

dopamine levels that may reach > 1 µM in peak extrasynaptic concentration and occur 
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over a duration of 500-1000 ms (Robinson et al. 2003).  These large transient increases in 

dopamine levels may also be induced by electrical stimulation of the VTA (Garris, 1997) 

or local electrical stimulation of dopamine terminal fields (Jones et al. 1995).   

Dopamine receptors (D1-type and D2-type) show varying affinities for dopamine.  

The D2-type receptors are primarily in a high affinity state (EC50: 10 nM) and thus are 

proportionally activated during low dopamine tonic activity, with increases in receptor 

activation occurring in response to dopamine transients.  The D1 receptor is primarily in 

a low affinity state (EC50: 1 µM) (Richfield et al. 1989), and is thought to be 

preferentially activated by the phasic dopamine transients, thus providing a means for 

temporally discrete dopaminergic modulation of synaptic communication in response to 

specific discrete environmental stimuli.   

Phasic dopamine transients offer sharp contrast to basal dopamine tone, and the 

difference in amplitude (Δ-dopamine concentration) provides a specific parameter to 

encode differences in the value of the stimulus.  Thus, Δ-dopamine can be effected by 

changes in either the amplitude of transient spikes or the level of basal tone upon which 

transients occur.  It has been proposed that changes in population activity of dopamine 

neurons gate the level of dopamine tone, with estimations that up to 50% of dopamine 

neurons may be silent at a given point in time (Bunney and Grace 1978; Grace et al. 

2007).  The basal dopamine tone has been suggested to contribute to appetitive states and 

aberrations in basal dopamine activity may underlie disorders such as addiction and 

schizophrenia (Grace 2016b); for example, chronically inhibiting D2 receptors is the 

central strategy of anti-psychotic medication (Howes and Kapur 2009).   
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In summary, advances in understanding of morphology and physiology suggest 

that while dopamine transmission may indeed be primarily extrasynaptic volume 

transmission, dopamine signaling  is phasic and heterogeneous, which allows dopamine 

neuron activity to encode discrete moments of saliency relevant to environmental cues; 

thus, dopamine signaling provides more than just a permissive signal to striatal function. 

 

3.0 Nucleus Accumbens Heterogeneity 

3.1 Basal Ganglia and Striatum 

 The basal ganglia are a collection of forebrain nuclei including the striatum, 

globus pallidus, subthalamic nucleus and substantial nigra pars reticulata, which are 

critically involved in motor function (Lanciego et al. 2012).  Disorders in basal ganglia 

function underlie a spectrum of motor impairments including a variety of hypokinetic 

disorders such as bradykinesia, tremors and rigidity which are associated with 

Parkinson’s disease; and hyperkinetic disorders such as chorea and tics, associated with 

Huntington’s disease and Tourette’s syndrome, respectively, and the development of 

dyskinesia with L-DOPA treatment in Parkinson’s patients (DeLong and Wichmann 

2007; Borgkvist et al. 2015).  The striatum is the largest subcortical nucleus in the brain 

and the interface of afferent input to the basal ganglia.  The striatum receives diverse 

cortical and subcortical innervation from regions encoding sensory and associative 

information which converge on the striatal projection neurons responsible for directing 

basal ganglia output (Surmeier et al. 2007).  Thus, the striatum is thought to translate net 
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sensory integration into motor activation signals (via the basal ganglia), providing a locus 

for behavioral action selection and initiation (Macpherson et al. 2014).  

The striatum is commonly divided into dorsal and ventral regions based in part on 

anatomical boundaries; caudate and putamen nuclei are located dorsally (these nuclei are 

merged into a single structure in rodents) and the nucleus accumbens (including the 

accumbens core, shell and olfactory tubercle) makes up the ventral striatum.  The 

striatum is homogeneously populated with striatal projection neurons and receives 

glutamatergic inputs from nearly every cortical area of the brain; however, the dorsal and 

ventral striatum are further differentiated by the pattern of  innervation by midbrain 

dopamine neurons.  Neurons in the substantial nigra pars compacts (SNc, A9 group) 

project to the dorsolateral striatum, while neurons in the ventral tegmental area (VTA, 

A10 group) project to the ventral striatum and along the dorsomedial edge. 

Functionally, the dorsolateral striatum appears more involved with stimulus-

response, habitual (procedural) motor functions (Packard and Knowlton 2002) while the 

ventral striatum mediates more appetitive behavior and reinforcement learning (Cardinal 

et al. 2002).  However, some reinforcement learning functions have also been associated 

with the dorsomedial striatum, and area that receives dopaminergic input from the 

primarily ventrally-projecting neurons of the VTA (Burton et al. 2015).  Thus, 

functionally, the dorsal and ventral striatum appear to be distinguished along a 

dorsolateral to ventromedial gradient (Voorn et al. 2004).  Further, there are reciprocal 

projections from striatum to midbrain dopamine neurons which suggest a hierarchy of 

information integration that begins in the ventromedial nucleus accumbens shell and 

proceeds dorsolaterally through the accumbens core to the dorsolateral striatum.  This 
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anatomical arrangement is purposed to underlie a limbic-cognitive-motor interface which 

mediates the transition from novel to habitual behaviors (Haber et al. 2000).   

3.2 Striatal Projection Neurons 

The striatal projection neurons are commonly referred to as medium spiny 

neurons (MSNs) based on the observation that their dendrites are punctated with spiny 

protrusions (Gerfen and Surmeier 2011).  MSNs account for more than 90% of all 

neurons in the striatum and are the only neurons that project from the striatum.  The 

population of MSNs are GABAergic meaning functional striatal output occurs via 

inhibition of the endogenous activity of downstream targets.  The population of MSNs 

consist of two distinct phenotypes, which are interspersed and equally distributed across 

the dorsal and ventral striatum, and  differentiated based on three prominent 

characteristics. The first major distinction is in the expression of dopamine receptors.  

Approximately half the MSN population express D1-type receptors (D1-MSN), which 

couple to Gs/olf proteins and generally increase stimulatory cellular activity, and the other 

half of MSNs express D2-type receptors (D2-MSN) which couple to Gi/o proteins and 

generally reduce stimulatory activity.    

The second major distinction between MSN populations is the expression of 

endogenous opioids.  D1-MSNs express dynorphin and substance P, while D2-MSNs 

express enkephalin.  The influence of dopamine receptor activation on gene expression 

was demonstrated in a seminal study by Gerfen et al. (1990).  In mice in which dopamine 

was depleted via lesions, it was found that expression of substance P was reduced in D1-

MSNs and enkephalin expression was increased in D2-MSNs.  Following treatment with 
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dopamine receptor specific agonists, it was found that activation of D1 receptors 

increased and restored substance P expression in D1-MSNs and D2 receptor activation 

reduced enkephalin expression in D2-MSNs (Gerfen et al. 1990).    

The third major distinction is the projection targets.  D1-MSNs project to the 

internal segment of the globus pallidus (GPi) and the substantial nigra pars reticulata 

(SNr), which are the primary output nuclei of the basal ganglia; thus, D1-MSN 

projections are termed the direct pathway.  D2-MSNs project to the subthalamic nucleus 

and external segment of the globus pallidus (GPe), and these nuclei project to the GPi and 

SNr, making D2-MSN projections the indirect pathway.  Also, MSNs are interconnected, 

sending axon collateral connections to other MSNs; this lateral transmission is modulated 

by dopamine receptors located on the axon terminals (D1 or D2 receptor based on cell 

type) (Tecuapetla et al. 2009; Chuhma et al. 2011). 

These motor-function pathways are established throughout the striatum, however, 

the nucleus accumbens includes unique subsets of MSN projections that support the 

limbic-associative properties of this region.  For example, both D1 and D2-MSN project 

from the accumbens to the ventral pallidum, and area closely associated with the basal 

ganglia, and thought to contribute specific reward related information into behavior 

selection (Smith et al. 2009; Smith et al. 2013).  Further, a subset of D1-MSNs project 

from the nucleus accumbens to the lateral hypothalamus, where activation of these inputs 

induce feeding behavior, even in food-sated rats (Kelley 1999; Kelley 2004).  Finally, 

D1-MSNs project to the ventral tegmental area where they provide striatal feedback to 

modulate dopamine neuron activity (Bocklisch et al. 2013).    
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Direct activation of MSNs in the nucleus accumbens is reinforcing, resulting in 

robust self-stimulation in rodents (Britt et al. 2012).  Selectively targeting activation of 

MSN-type in the dorsomedial striatum suggest this effect is mediated primarily by D1-

MSNs, with a transient punishment observed with D2-MSN activation (Kravitz et al. 

2012).  Further, activation of D1-MSNs increases the rewarding effects of cocaine, 

measured with CPP, while D2-MSN activation decreases cocaine-induced CPP (Lobo et 

al. 2010).  Depression-like behaviors following chronic social defeat stress result from 

decreased excitatory drive on D1-MSNs and were prevented by excitation of D1-MSNs, 

while activation of D2-MSNs could create a depression-like phenotype in stress-naïve 

mice (Francis et al. 2015).  Together these data support that activation of D1-MSNs in 

the nucleus accumbens and dorsomedial striatum is critical to reinforcement learning and 

D2-MSN activation transiently opposes these behaviors.  Further, the reinforcing  (or 

punishing) behavioral manifestations of direct MSN activation were insensitive to 

dopamine receptor antagonists (Kravitz et al. 2012), supporting that MSN activity is 

downstream of meso-cortico-limbic inputs, appraising their role as the output neurons of 

the striatum, and directly linking their activity with reward processing and reinforcement 

learning.  Thus, a major goal in biological addiction research is to understand aberrations 

in the synaptic regulation of MSN activity and the subsequent expression of maladaptive 

reward related behaviors.  In the following sections we will introduce region-specific 

inputs to the nucleus accumbens which uniquely contribute to net MSN activity, each of 

which may provide a source of maladaptive synaptic signaling underlying addiction.  
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3.3 Glutamatergic Innervation of Nucleus Accumbens  

The striatum receives glutamatergic innervation from nearly every cortical region 

of the brain.  A prominent idea in reward-related learning is that dopamine signaling 

encodes a motivational-limbic component that combines with cortical glutamatergic 

signaling encoding specific aspects of sensory and associative environmental cues and 

context (Haber 2016).  Therefore, one clue as to which cortical glutamatergic inputs are 

important for reward processing is examination of the cortical regions that also receive 

dopaminergic innervation.  Midbrain dopamine neurons project to the prefrontal cortex 

(PFC), the basolateral amygdala (BLA) and the hippocampus which, in combination with 

midbrain dopamine projections to the striatum, constitute the meso-cortico-limbic reward 

circuit (Lüscher and Malenka 2011). 

PFC innervation to the nucleus accumbens is implicated in behavioral flexibility, 

specifically the ability to shift between behavioral strategies in order to obtain 

reinforcement in a changing environment.  For example, inactivation of PFC-to-

accumbens afferents reduces the ability to ‘set shift’ and results in perseveration on 

stimuli that are no longer viable for reinforcement (Floresco et al. 2008).  Aberrations in 

the executive control contribution of the PFC to accumbal signaling are implicated in 

addiction (Chen et al. 2013; Goto and Grace 2005a).  Interestingly, PFC glutamatergic 

transmission to MSNs is selectively altered following cocaine administration compared to 

glutamatergic inputs arising from other regions of the cortex (Suska et al. 2013), 

supporting cell-type specific plasticity in drug addiction.  Further, dopamine receptors 

gate synaptic plasticity of PFC-MSN synapses; specifically, D2 agonists prevent the 

induction of long term potentiation (LTP) of excitatory transmission by PFC projections 
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(Goto and Grace 2005a).  Thus, in states of exaggerated dopaminergic activity, such as 

during acute psychostimulant administration, PFC contributions to MSN activity are 

attenuated (Goto and Grace 2008), and chronic stimulant abuse may lead to long term 

down-regulation of PFC input to nucleus accumbens function that results in compulsive 

drug seeking (Chen et al. 2013).    

The BLA sends glutamatergic projections to the nucleus accumbens and selective 

activation of these afferents is reinforcing and supported by self-stimulation (Stuber et al. 

2011).  This supports the BLA as a sub-nucleus of the amygdala complex that signals 

positive valence (Tye et al. 2011) and further supports the nucleus accumbens as region 

of integration of reward related stimuli.  The reinforcing effects of BLA afferent 

stimulation is D1 receptor-dependent, and unaltered when D2 receptors are blocked 

(Stuber et al. 2011).  Further, it has been suggested that BLA inputs to the nucleus 

accumbens may promote increased dopamine terminal release (Jones et al. 2010), 

possibly via direct interaction with glutamate receptors on dopamine terminals.   

The ventral hippocampus (vHipp) sends glutamatergic projections to the nucleus 

accumbens, which primarily target MSNs in the medial nucleus accumbens shell.  vHipp 

activation reinforces instrumental behaviors and supports self-stimulation.  Further, 

vHipp activation drives cocaine-induced locomotion; augmenting locomotor 

responsiveness when activated and attenuating locomotor responsiveness when inhibited 

(Britt et al. 2012).  Activation of vHipp inputs also elicits the largest excitatory 

postsynaptic currents (EPSCs) in MSNs of all the glutamatergic inputs in the meso-

cortico-limbic circuit; in some instances vHipp afferent activation was sufficient to 

generate postsynaptic action potentials in MSNs, a feature that is uncommon in response 
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to excitation of only PFC or BLA inputs (O’Donnell and Grace 1995).  Excitatory drive 

from vHipp afferents is necessary to move the MSN into the less polarized “up-state” 

which makes it possible for converging excitatory inputs to summate and drive spiking in 

MSNs.  In this way it has been proposed that vHipp activation gates MSN responsivity to 

PFC innervation (Goto and Grace 2008).  vHipp excitatory responses in MSNs are 

facilitated by D1 receptor agonists and inhibited by D2 agonists.  Further, when high 

frequency tetanic stimulations are applied to vHipp afferents it results in LTP of vHipp 

synapses on MSNs, but concurrently produces LTD at PFC and BLA synapses; and vice 

versa (O’Donnell and Grace 1995; Mulder et al. 1998).  Thus, converging glutamatergic 

inputs compete for dominant excitatory inputs on MSNs and these processes are uniquely 

modulated by activation of the dopamine receptors specific to each input.   

A separate, prominent population of glutamatergic input to the nucleus 

accumbens occurs via the thalamus, which sends excitatory afferent innervation to both 

populations of MSNs, which converge on the same neurons as corticostriatal afferents 

(Ding et al. 2008).  However, thalamostriatal afferents have higher release probability 

than their corticostriatal counterparts, making them well suited to contribute to MSN 

activation in response to salient environmental stimuli.  Further, thalamostriatal afferents 

target cholinergic (Ding et al. 2010) and GABAergic interneurons (Sciamanna et al. 

2015) which provide indirect mechanisms through which they may modulate nucleus 

accumbens activity.  The precise role of thalamostriatal innervation in reward and 

reinforcement processing, and how these inputs may be modulated by dopamine receptor 

activation, has not been fully explored. 
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In summary, direct activation of each meso-cortico-limbic glutamatergic 

projection to the striatum is reinforcing, presumably via increased excitation of D1-MSNs 

(Britt et al. 2012).  Further, each glutamatergic input is modulated, differentially, by 

dopamine transmission, and these dopaminergic actions result in long term changes in 

glutamatergic synaptic functionality (Shen et al. 2008).  Dysregulation of glutamatergic 

activity in the nucleus accumbens is thought to underlie critical aspects of the transition 

to addiction (Kalivas 2009). 

3.4 GABAergic Interneurons  

Whereas striatal MSNs receive extensive excitatory input from the cortex and 

thalamus, the principle source of inhibitory transmission comes from GABAergic 

interneurons located throughout the striatum (Koós and Tepper 1999).  GABAergic 

interneurons make up only 2-3% of all striatal neurons (MSNs account for over 90%), 

however their interconnectivity and direct inhibitory effects make them potent 

modulators of MSN excitability.    

There are several discrete phenotypes of GABAergic interneurons;  parvalbumin 

expressing, fast-spiking interneurons (FSI), low-threshold spiking interneurons (LTS) 

characterized by their expression of nitric oxide, neuropeptide Y and samatostatin, and a 

third group expressing claretinin (Tepper et al. 2010).  A fourth group of interneurons 

express tyrosine hydroxylase (Ibáñez-Sandoval et al. 2010), however they are 

GABAergic and do not release dopamine (Xenias et al. 2015).   Each interneuron subtype 

produces strong inhibitory postsynaptic potentials in MSNs (Tepper and Bolam 2004).  

The FSI are the most studied of the GABAergic interneuron, and form a dense axonal 
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plexus that filters cortical input to MSNs (Mallet et al. 2005) and is proposed to 

coordinate firing across ensembles of MSNs (Damodaran et al. 2014).   These neurons 

are potently excited by dopamine via D5 receptors (Bracci et al. 2002; Centonze et al. 

2002) and dopamine depletion in rodent models show disrupted function in FSI networks 

and worsened the striatal imbalance between MSNs (Mallet et al. 2006). 

3.5 Acetylcholine Interneurons  

Striatal cholinergic interneurons (ChI) are large neurons with a dense plexus of 

axonal arborizations that provide cholinergic transmission, via volume transmission, 

throughout the striatum, including the nucleus accumbens (Zhou et al. 2002).  

Importantly, ChIs signal in response to salient environmental stimuli positioning them to 

contribute to reward processing and reinforcement behaviors, similarly to dopamine 

(Atallah et al. 2014).  However, while both ChI and VTA dopamine neuron activity are 

time-locked to reward presentation, they work in opposition to each other.  That is, ChIs 

initially burst at the presentation of reward, followed by a discrete pause in activity and a 

subsequent rebound burst in activity; dopamine neurons burst during the pause in ChI 

activity (Morris et al. 2004).  Further, after conditioning, dopamine neurons burst at the 

presentation of the cue predicting the reward and this activity spike is coupled with a 

corresponding pause in ChI activity, supporting that these systems have coincident but 

distinct actions in response to salient stimuli.  The notion of an acetylcholine-dopamine 

antagonistic balance was further highlighted by the efficacy of anti-cholinergic 

medication (before the use of L-DOPA) in treating the motor dysfunction symptoms of 

Parkinson’s disease (Pisani et al. 2003; Kharkwal et al. 2016). 
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ChIs receive cortical and thalamic glutamatergic afferent innervation which 

differentially gate aspects of bursting activity in response to environmentally salient 

stimuli (Doig et al. 2014). This further positions ChIs to integrate and/or filter excitatory 

input to MSNs.  ChIs target GABAergic interneurons and selective ChI activation leads 

to increased frequency of IPSCs in MSNs (Witten et al. 2010), suggesting one 

mechanism of cholinergic integration is through inhibition of nucleus accumbens activity 

(English et al. 2012).  Acetylcholine activity is also thought to modulate plasticity of 

glutamatergic synapses on MSNs which underlie reward learning.  For example, 

selectively modulating activity in striatal ChIs shifts behavioral responses in reward 

learning and extinction in mice exposed to cocaine (Witten et al. 2010; Lee et al. 2016). 

These alterations in reinforcement learning are thought to be mediated by acetylcholine-

induced depression of glutamatergic synapses on MSNs (Lee et al. 2016), primarily via 

inhibition of presynaptic input.  Whether this inhibition was mediated directly by 

nicotinic acetylcholine receptors (nAChR) or indirectly via GABA interneuron activation 

is unknown. 

Dopamine signaling has direct and fast modulatory influence on ChIs in the 

striatum.  ChI express inhibitory D2 receptors as well as excitatory D5 receptors 

(Bergson et al. 1995; Lim et al. 2014).  Selective phasic activation of dopamine terminals 

results in cessation of tonic ChI activity.  This inhibition of cholinergic activity is 

mediated by D2 receptors located on ChIs, and thought to underlie the ‘pauses’ in ChI 

activity, seen in vivo, in response to salient stimuli (Straub et al. 2014; Chuhma et al. 

2014; Wieland et al. 2014).  Dopamine terminal release may also contribute to burst 

excitation of ChIs.  The bursting activity in response to selective dopamine terminal 
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activation is inconsistent across regions of the striatum, occurring with more regularity in 

the nucleus accumbens medial shell than the dorsal striatum.  The mechanisms 

underlying dopamine terminal-mediated burst activity in ChIs is less clear and may 

involve excitatory D5 receptors (Wieland et al. 2014) on ChIs or differential glutamate 

co-release from dopamine terminals across regions (Chuhma et al. 2014).  It is also 

unclear how dopamine terminal-mediated bursting in ChIs integrate with bursting activity 

induced from cortico- and thalamostriatal ChI innervation in the cholinergic response to 

salient stimuli.  Nonetheless, these observations support a clear, direct striatal interaction 

between dopamine terminals and ChIs, with dopamine being the moderator of cholinergic 

signaling.   

3.6 VTA Projections to Nucleus Accumbens 

The VTA contains a mixture of dopaminergic, GABAergic and glutamatergic 

neurons with the clear majority of cells being dopamine-expressing.  Compared to the 

neighboring substantia nigra pars compacta, in which 90% of the neurons are 

dopaminergic, the neuronal population in VTA is more diverse.   The co-expression of 

transmitter-specific neural markers across a subset of neurons makes clear quantitative 

analysis of neuronal phenotypes in the VTA more difficult (Morales and Margolis 2017); 

nonetheless, it is estimated that that VTA projections to the striatum are 65% 

dopaminergic, 25% GABAergic and 10% glutamatergic (Margolis et al. 2006; Swanson 

1982).   

The VTA GABA-projection neurons represent the only known GABA projections 

innervating the striatum and combine with the striatal GABAergic interneurons to be the 
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entirety of striatal GABAergic transmission.  VTA-GABAergic projections innervate 

MSNs, and D1-type receptors on GABA terminals lead to long term depression of these 

GABAergic synapses (Ishikawa et al. 2013).  VTA GABA projections also selectively 

target striatal ChIs forming inhibitory synaptic contacts that pause ChI activity in a 

manner associated with associative learning of salient stimuli (Brown et al. 2012).  These 

behaviors contrast activation of intra-VTA GABAergic interneurons, which produces 

conditioned aversion and stops reward seeking, highlighting the functional heterogeneity 

of these GABA neurons. 

The glutamatergic projection from the VTA to the nucleus accumbens produces 

conditioned aversion via synaptic transmission to striatal GABAergic interneurons.  This 

too is in contrast to intra-VTA glutamatergic activation which drives reward seeking.  

The behavioral impact of VTA glutamatergic projections is just beginning to be 

understood (Morales and Margolis 2017), and the various degrees of glutamate and 

dopamine co-expression in subsets of neurons provides a new level of complexity which 

will require advancements in subcellular stimulation targeting techniques to better 

dissociate specific VTA-glutamatergic function in the nucleus accumbens.   

3.7 VTA Dopamine Innervation and Synaptic Modulation 

The majority of the projections from the VTA to the nucleus accumbens are 

dopaminergic and result in dense innervation of the striatum (Matsuda et al. 2009). 

Dopamine signaling is extra-synaptic yet temporally discrete, conveying time locked 

information about environmental stimuli (Schultz 2015; Wightman et al. 2007).  

Dopamine signaling contributes an array of short and long term modulation of synaptic 
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function in the nucleus accumbens, the nature of which is determined by which dopamine 

receptor subtype is being activated and on what cell-types the receptor is expressed.    

Dopamine directly modulates MSN function (Surmeier et al. 2011).  MSNs are 

maintained at a hyperpolarized membrane potential via constitutively active inwardly 

rectifying potassium channels (Kir), which is referred to as the “down state.”  

Independent excitatory inputs are insufficient to induce spiking in the down state.  

However, converging excitatory transmission may overwhelm the Kir channels and 

ultimately increase the membrane potential of MSN soma, resulting in a transition to the 

“upstate,” which may last for several hundred milliseconds.  Transition to the upstate 

does not itself induce spiking in the MSN, instead it allows independent excitatory input 

to induce spiking.  D1 receptor activation promotes transition to the upstate and facilitates 

upstate spiking, whereas D2 receptor signaling impedes transition to the upstate and 

diminishes upstate spiking (Surmeier et al. 2007).  This is accomplished via dopamine 

receptor-mediated modulation of voltage-dependent ion channels, with the net direction 

of channel modulation being respective to the dopamine receptor type being stimulated. 

Alternatively, dopamine receptors modulate presynaptic glutamatergic release at 

MSNs  and this modulation may be differential across glutamatergic inputs (O’Donnell 

and Grace 1995; Goto and Grace 2005b).  In this manner, dopamine may indirectly 

modulate MSN spiking when in the upstate.  However, dopamine receptors also modulate 

long term synaptic plasticity of glutamatergic synapses on MSNs.  For example, using 

acute slice preparations, a stimulation protocol that normally results in long term 

potentiation (LTP) of excitatory synapses on D1-MSNs instead results in long term 

depression (LTD) in the presence of D1 receptor blockade (Shen et al. 2008).  Similarly, 
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in D2-MSNs, a stimulation protocol that normally produces LTD had no effect in the 

presence of D2 receptor blockade and results instead in LTP with co-application of an 

A2a adenosine receptor agonist.  Long term synaptic modulations are likely the result of 

glutamate receptor trafficking.  D2 receptors decrease AMPA mediated currents, possibly 

through dephosphorylation of GluR1 subunits and subsequent trafficking of AMPA 

receptors out of the membrane (Håkansson et al. 2006).  Conversely, D1 receptor 

activation enhances surface expression of both AMPA and NMDA receptors, likely via 

PKA activation (Snyder et al. 2000; Hallett et al. 2006).  Thus, dopamine receptors do 

not simply modify the immediate excitability but modulate long lasting changes in 

synaptic transmission (Reynolds et al. 2001; MacAskill et al. 2014; Creed et al. 2015). 

This idea was demonstrated in a model of cocaine induced locomotor sensitization, which 

results in LTP of glutamatergic synapses onto D1-MSNs.  Application of a LTD 

producing protocol was sufficient to reverse the cocaine-induced LTP and relieve the 

cocaine-induced sensitization of locomotor activity, but only when the LTD protocol was 

applied in the presence of a systemically administered D1 receptor antagonist (Creed et 

al. 2015).  

Finally, dopamine receptor activation may lead to expression and release of 

neuropeptides, such as endogenous opioids or cannabinoids, that may modulate 

presynaptic transmission in a manner of retrograde inhibition of release (Steiner and 

Gerfen 1996).  Dynorphin is expressed in D1-MSNs in response to D1 receptor activation 

and is released in order to blunt dopamine-mediated excitation of D1-MSNs (Gerfen and 

Surmeier 2011; Steiner and Gerfen 1996).  Dynorphin peptides are transported to axon 

terminals where they are released by D1-MSN axon terminals in the ventral tegmental 
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area or from recurrent collateral axons within the nucleus accumbens in order to decrease 

dopamine or glutamate transmitter release via presynaptic κ-opioid receptors (Steiner and 

Gerfen 1993).  In a similar manner, D2 receptor stimulation increases release of 

endocannabinoids from D2-MSNs which may inhibit glutamatergic transmission 

selectively based on glutamatergic terminals that express cannabinoid (CB1) receptors 

(Giuffrida et al. 1999; Yin and Lovinger 2006).  

Dopamine signaling directly and indirectly modulates multiple aspects of short 

and long term synaptic function and MSN excitability (Fig. 1).  Taken together, 

glutamatergic transmission to MSNs by cortical and thalamic inputs, and its modulation 

by dopaminergic, cholinergic, and GABAergic inputs, are the basis of functional 

regulation in the basal ganglia. 
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Figure 1: Dopamine signaling modulates multiple aspects of synaptic function. 
Top, dopamine axon boutons contain vesicles of dopamine (red).  Dopamine uptake 
occurs through dopamine transporters (DAT, orange) located perisynaptic to release 
sites.  Dopamine release is regulated by D2 receptors (red) which act as 
autoreceptors, located perisynaptic to release sites, and decrease Ca2+ dependent 
release.  Heteroreceptors (green, purple) expressed on the axon terminal membrane 
modulate (increase or decrease) dopamine release dependent on receptor type.  
Bottom, D1 receptors (blue, +, excite) increase cell excitability in D1-MSNs, 
promote pre-synaptic terminal release and promote long term potentiation of 
glutamatergic synapses on D1-MSNs, in part, by trafficking receptors to the 
membrane.  D2 receptors (red, -, inhibit) decrease excitability in D2-MSNs, decrease 
pre-synaptic terminal release and promote long term depression of glutamatergic 
synapses on MSNs either by receptor trafficking out of the membrane or by 
promoting release of neuropeptides that provide retrograde inhibition of transmitter 
release. 
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Abstract: 

The nucleus accumbens is highly heterogeneous, integrating regionally distinct afferent 

projections and accumbal interneurons, resulting in diverse local microenvironments.  

Dopamine (DA) neuron terminals similarly express a heterogeneous collection of 

terminal receptors that modulate DA signaling.  Cyclic voltammetry is often used to 

probe DA terminal dynamics in brain slice preparations; however, this method 

traditionally requires electrical stimulation to induce DA release.  Electrical stimulation 

excites all of the neuronal processes in the stimulation field, potentially introducing 

simultaneous, multi-synaptic modulation of DA terminal release.  We used optogenetics 

to selectively stimulate DA terminals and used voltammetry to compare DA responses 

from electrical and optical stimulation of the same area of tissue around a recording 

electrode.  We found that with multiple pulse stimulation trains, optically stimulated DA 

release increasingly exceeded that of electrical stimulation.  Further, electrical stimulation 

produced inhibition of DA release across longer duration stimulations.  The GABAB 

antagonist, CGP 55845, increased electrically stimulated DA release significantly more 

than light stimulated release.  The nicotinic acetylcholine receptor antagonist, dihydro-β-

erythroidine hydrobromide, inhibited single pulse electrically stimulated DA release 

while having no effect on optically stimulated DA release.  Our results demonstrate that 

electrical stimulation introduces local multi-synaptic modulation of dopamine release that 

is absent with optogenetically targeted stimulation. 
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Introduction: 

Mesolimbic dopamine (DA) signaling has been suggested to underlie numerous 

processes including reward learning, motivated behavior and addiction, prompting 

extensive investigation into the mechanisms that regulate DA signaling.  Within the 

nucleus accumbens (NAc), DA axons branch to provide extensive innervation with 

signaling occurring primarily via volume transmission (fluxes in extracellular DA tone); 

therefore, much attention has focused on the local regulation of DA terminal release and 

uptake.  Fast scan cyclic voltammetry allows detection of extracellular DA levels with 

rapid temporal sensitivity, providing insights into DA signaling dynamics.  Voltammetry 

can be combined with local stimulation of the NAc in brain slices to specifically measure 

DA terminal properties and how they are altered following various manipulations 

(Calipari et al. 2012; Siciliano et al. 2014; Ferris et al. 2014; Mateo et al. 2005; Yorgason 

et al. 2014; Rose et al. 2013).  However, even in a reduced preparation such as accumbal 

slices ex vivo, DA signaling is not examined in isolation.  For example, ex vivo 

voltammetry studies typically use electrical stimulation of the tissue to induce action 

potential dependent DA release.  This method lacks specificity in heterogeneous tissue, 

resulting in excitation of all cell types in the stimulation field.  Optogenetics allows 

direct, selective activation of the terminal fields which belong to the ventral tegmental 

area (VTA)-to-NAc projections, making it possible to ask the question of how traditional 

electrically stimulated DA release in accumbal slices is different from selective 

stimulation of the DA terminals that emerge from the VTA. 

The NAc is highly heterogeneous, containing afferent terminals from 

glutamatergic, serotonergic, dopaminergic and GABAergic projections as well as 
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innervation from local GABAergic and cholinergic interneurons (Tepper and Bolam 

2004; Zhou et al. 2001).  Adding to this complexity in neurotransmitter release is the fact 

that DA terminals express a diversity of heteroreceptors, including metabotropic 

glutamate receptors, GABAB receptors, nicotinic acetylcholine receptors, kappa opioid 

receptors, and others.  Each of these receptor types modulates DA terminal release 

(Zhang and Sulzer 2003; Schmitz et al. 2002; Zhou et al. 2001; Schlösser et al. 1995).  

For example, accumulating evidence suggests a particularly prominent regulation of 

presynaptic DA terminals by acetylcholine (Rice and Cragg 2004; Zhang and Sulzer 

2004), including a mechanism by which synchronous excitation of cholinergic 

interneurons was sufficient to evoke DA release from unstimulated DA terminals 

(Threlfell et al. 2012; Cachope et al. 2012); further demonstrating the impact of the local 

environment on DA terminal release. 

Electrical stimulation results in the depolarization of all axonal processes, 

dendrites and cell bodies in the stimulation field.  This results in a cumulative regulation 

of DA release by introducing the release of diverse neurotransmitters and numerous 

mechanisms for modulation of presynaptic DA terminals.  Concurrent modulation in this 

manner represents a divergence from normal physiology because in the intact brain 

release of transmitters from the different regional projections to the NAc are likely to be 

temporally distinct, thus, total synchronous excitation is unlikely to occur.  Often, rapid 

multi-pulse stimulations (stimulation trains) are applied to slices to induce DA release 

representative of burst activity in the VTA.  Controlling the activity of non-dopaminergic 

neurons is especially crucial when conducting experiments utilizing stimulation trains 
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because the duration of stimulation is sufficient to activate metabotropic heteroreceptors 

on dopaminergic terminals (Phillips et al. 2002) and inhibit DA release.  

Our goal in this study was to examine DA release using optogenetic stimulation 

of DA terminals and compare optical- to electrically-stimulated DA release.  We 

hypothesized that electrical stimulation recruits non-dopaminergic processes in the local 

environment, resulting in a net inhibition of DA release via heteroreceptors on the DA 

terminals.  In order to stimulate DA release from only the midbrain projection neurons, 

we injected an AAV virus expressing channelrhodopsin-2 (ChR2) directed either to the 

general population of projection neurons or specifically to DA neurons in the VTA of 

C57Bl/6 mice (Wild type or TH:Cre).  Voltammetry was performed on slices containing 

NAc to assess DA release following local stimulation of terminal fields using optical and 

electrical stimulation.  Here we characterize the relationship in the profile of DA release 

resulting from either optical or electrical stimulation, and thus provide continued 

qualitative analysis of the optogenetic technique.  Further, we characterize the differences 

in release elicited by multi-pulse stimulation trains applied with each stimulation method.  

In order to evaluate the potential contribution of non-dopaminergic transmitters on 

electrically stimulated release, we chose to target the signaling which occurs from local 

interneurons (GABAergic and cholinergic) which would be concurrently stimulated using 

electrical stimulation, while being insensitive to optical stimulation.  Thus, we blocked 

GABAergic receptors or nicotinic acetylcholine receptors (nAChR) and measured DA 

release resulting from either electrical or light stimulation of the same area of tissue in 

order to gauge the differential modulation of release that occurs due to the method of 

stimulation.   
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Materials and Methods: 

Animals:  Adult (25-40g) male C57BL/6J mice (Jackson Laboratories) were group 

housed in the mouse colony until surgery.  All animals were maintained according to the 

National Institutes of Health guidelines and all experimental protocols were approved by 

the Institutional Animal Care and Use Committee at Wake Forest School of Medicine.  

Mice were anesthetized with 100 mg/kg ketamine and 8 mg/kg xylazine and placed in a 

stereotaxic frame.  A custom-made glass micropipette (80 µm outer diameter) was 

inserted directly above the VTA (coordinates from Bregma in mm: -3.3 AP, ±0.5 ML, -

4.3 DV).  Individual injections were performed on each side of the midline resulting in 

bilateral infusion.  Microinjections were administered using a Picrospritzer® III 

Intracellular microinjection dispense system (Parker Hannifin Co) by applying small 

pulses of pressure (30-40 psi, 50-100msec duration) to the infusion pipette.  Each 

hemisphere of the VTA was injected with 0.4 µl of purified AAV5 (4 x 1012 virus 

molecules/ml; Virus Vector Core, University of North Carolina) coding for 

hChR2(H134R)-eYFP under control of the Calcium/calmodulin dependent protein kinase 

IIα (CaMKIIα) promoter, over a period of 20 min, followed by an additional 10 min of 

non-activity to allow diffusion away from the pipette tip.  The pipette was carefully 

removed, the drilled out holes in the skull were sealed with bone wax and the scalp 

incision was closed using tissue adhesive.  Following surgery, mice were returned to the 

mouse colony, single housed, and maintained for an average of 67 days (range 28-117 

days) to allow incubation and expression of channelrhodopsin-2 (ChR2).  

Tyrosine Hydroxylase (TH)-internal ribosome entry site (IRES)-Cre Recombinase knock-

in mice on a C57Bl/6J background (TH:Cre) were acquired from Dr. Garret Stuber at the 
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University of North Carolina, and were originally obtained from the European Mutant 

Mouse Archive (EM 00254).  Mice were bred in-house, and litters were genotyped to 

identify males expressing the Cre Recombinase gene.  TH:Cre mice were housed, 

maintained, and surgeries were performed as described above.  Adult (25-40g) male 

TH:Cre mice were injected with 0.4 µl of a Cre dependent virus rAAV5-DIO-Ef1α-

ChR2(H134R)-eYFP (4 x 1012 virus molecules/ml; Virus Vector Core, University of 

North Carolina), bilaterally, within the VTA to specifically express ChR2 in TH positive 

neurons and axons as described previously (Tsai et al. 2009; Adamantidis et al. 2011).  

Heterogeneous cellular phenotypes exist in the VTA and may express differing levels of 

TH depending on an individual cells’ transmitter profile; however, the ventral midbrain 

neurons that project to the NAc core are located in the lateral regions of the VTA 

(Ikemoto 2007).  Previous studies have demonstrated a greater than 98% overlap between 

TH staining and ChR2 expression in these regions, in this mouse model (Tsai et al. 2009; 

Chaudhury et al. 2013; Stamatakis et al. 2013; Tye et al. 2013).  Mice were maintained 

for a minimum of 28 days following surgery to allow incubation and expression of ChR2.   

Histology:  Immunohistochemistry was used to verify expression of ChR2 at the site of 

injection and in axon terminals in the ventral striatum.  Mice were anesthetized with 

ketamine (100mg/kg) and xylazine (8 mg/kg) and transcardially perfused with phosphate-

buffered saline (PBS) followed by 10% buffered formalin phosphate (Fischer Scientific).  

Brains were then removed, submerged in 10% buffered formalin phosphate for an 

additional 24-48 hours, and subsequently transferred to 30% sucrose in PBS for 72 hours.  

Sections (40um) were obtained on a microtome (American Optical Company) and stored 

in PBS for immunohistochemistry.   
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Sections were permeablized in 0.3% Triton (Sigma) in PBS (PBS-Tx) for 2 hours, 

blocked in 5% normal goat serum (Vector Labs) in PBS-Tx, and incubated in primary 

antibody in the blocking solution for 24-48 hours.  Primary antibodies include Chicken 

anti-GFP (Aves labs, 1 µg : 500 µl) and Rabbit anti-Tyrosine Hydroxylase (Cell 

Signaling, 1 µg : 1000 µl).  Sections were rinsed and transferred to secondary antibody in 

blocking solution for 1.5 hours.  Secondary antibodies include Fluorescein-labeled Goat 

anti-Chicken IgY (Aves labs, 1 µg : 250 µl) and Goat anti-Rabbit Alexa Fluor 594 IgG 

(Molecular Probes, 1 µg : 250 µl).  Sections were mounted on 1mm slides with 

Vectashield (Vector Labs) mounting medium and images were obtained with an Olympus 

BX-51 Microscope and Optronics Microfire digital camera.  Images were processed in 

adobe photoshop.  In some images the interpeduncular nucleus was removed for clarity.  

Fast Scan Cyclic Voltammetry:  Slice preparation and ex vivo voltammetry was done as 

described previously (Ferris et al. 2012).  Briefly, animals were anesthetized with 

Isoflurane, decapitated, and the brain rapidly removed and cooled in ice-cold, pre-

oxygenated (95% O2/5% CO2) artificial cerebral spinal fluid (aCSF) consisting of (in 

mM): NaCl (126), KCl (2.5), NaH2PO4(1.2), CaCl2(2.4), MgCl2(1.2), NaHCO3(25), 

glucose (11), L-ascorbic acid (0.4) and pH was adjusted to 7.4.  Multiple coronal slices 

(300 µm thick) containing the NAc were prepared from each animal with a vibrating 

tissue slicer (Leica VT1000S; Leica Instruments, Nussloch, Germany).  Slices were 

maintained in oxygenated aCSF at room temperature for > 1 hour before transfer to a 

submersion recording chamber through which 32°C oxygenated aCSF was perfused at a 

rate of 1 ml/min; an additional 30 minutes of incubation allowed slices to equilibrate.  A 

carbon fiber microelectrode (100-150 µM length, 7 µM diameter) was placed into the 
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NAc core, extending approximately 100 µM below the surface.  Extracellular DA was 

monitored at the carbon fiber electrode every 100 msec (10 Hz) using fast scan cyclic 

voltammetry (Wightman et al. 1988) by applying a triangular waveform (-0.4 to +1.2 to -

0.4 V vs Ag/AgCl, 400 V/s). 

For electrical stimulation, a stimulating electrode was placed on the surface of the slice in 

close proximity to the carbon fiber electrode.  DA was evoked by an electrical pulse (350 

µA, 4 ms duration) applied as a single pulse or as a multi-pulse train (5, 10 and 20 pulses) 

at a frequency of 20 Hz every 5 min.  Optic stimulation was delivered from a 200 µM 

diameter optic fiber (Thor Labs) coupled to a 100 mW, 473 nm diode-pumped, solid-state 

blue laser (Viasho Technology) with a VD-IIIA DPSS laser driver.  The optic fiber was 

positioned in the slice bath, above the tissue, and aimed to deliver light to the area of 

tissue immediately surrounding the recording electrode.  DA was evoked by an optical 

pulse (~5 mW, 4 ms duration) applied as a single pulse or as a multi-pulse train (5, 10 

and 20 pulses) at a frequency of 20 Hz every 5 min.  The electrical stimulator and optical 

fiber were best positioned to stimulate the same area of tissue around the recording 

electrode.  Switching between electrical and optical stimulation occurred at the computer 

such that the tissue was not disturbed.  For experiments incorporating TH:Cre mice, only 

optical stimulation of the tissue was performed;  the parameters of optical stimulation 

were identical, as described above.  

Once the extracellular DA response to single pulse electrical stimulation was stable (less 

than 10% variation, not trending up or down, across three successive recordings), 

baseline electrical pulse train stimulations were performed in series (1, 5, 10 and 20 

pulses @ 20 Hz), followed by a return to 1p stimulations, with 5 minute intervals 
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between stimulations. The same procedure was then repeated using optical stimulation.  

For pharmacological experiments, 1 and 20 pulse baseline recordings were obtained for 

electrical followed by optical stimulations.  A “return” 1 pulse stimulation always 

followed a 20 pulse stimulation, and the before and after 1 pulse recordings were 

averaged obtain the reported 1p value.  Once baseline measures were obtained, TTX (1 

μM), R 04-1541 (10 μM), CGP 55845 (10 μM) or DHβE (100 nM) was applied to the 

buffer.  Single pulse stimulations occurred every 5 min, alternating electrical and optical 

stimulations. Following 40 minutes of incubation in drug, 1 and 20 pulse electrical 

stimulations, followed by 1 and 20 pulse optical stimulations, were performed.  Upon 

completion of each experiment, recording electrodes were calibrated by recording their 

response (in current; nA) to DA (3 μM) in aCSF using a flow-injection system. This 

value was used to convert electrical current to DA concentration. 

All voltammetry data were collected and modeled using Demon Voltammetry and 

Analysis Software (Yorgason et al. 2011). Parameters of evoked levels of DA are 

determined based on Michaelis–Menten kinetics (Wightman et al. 1988), following 

standard voltammetric modeling procedures (Ferris et al. 2012). 

Data Analysis:  All statistical analysis was performed using GraphPad Prism statistical 

software (Version 5, GraphPad Software).  Data are presented as means ± s.e.m.  For 

electrochemistry experiments, ‘n’ refers to a single recording location within a slice (one 

location per slice), and is expressed as the [number of recordings (slices) / number of 

animals].  Baseline voltammetry data were analyzed using a two-way Analysis of 

Variance (ANOVA) to determine main effects or interactions.  Also, planned 

comparisons (paired two-tailed t-test) were used for direct comparisons between 
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stimulation types at specific measures (e.g. pulse number or time) as determined a priori.  

Data obtained after administration of drugs were analyzed using a paired two-tailed t-test 

for individual comparisons of drug effect vs predrug. 

 

Results:  

Viral mediated ChR2 expression in VTA and NAc 

 In order to achieve optically stimulated DA release in NAc slices we targeted 

expression of channelrhodopsin-2 (ChR2), under regulation of a CaMKIIα promoter, to 

the neurons of the VTA.  Injection of the viral construct resulted in robust GFP 

immunolabeled ChR2 expression throughout the VTA (n=6, Fig. 1A).  Specifically, 

ChR2 expression was co-localized with tyrosine hydroxylase (TH) immunoreactivity 

within both anterior and posterior portions of VTA.  High magnification analysis of 

individual hemispheres of VTA revealed prominent expression of ChR2 in numerous 

processes extending within a territory rich in DA neuron soma, indicating successful 

targeting of the viral injection (Fig. 1B).  ChR2 expression could also be seen in a 

relatively few non-dopaminergic neurons within the target area, which was expected 

since CaMKIIα expression is not limited to DA neurons within the VTA.  The striatum 

exhibited noticeable ChR2 expression, particularly in the ventral/accumbal target region 

(Fig. 1C); also extending within the dorsomedial striatum, and generally fading in 

expression in the dorsolateral region.  High magnification (Fig. 1D) revealed ChR2 

expression within the dense network of terminal fibers in the striatum, with 

comparatively little fluorescence in the neighboring cortex.   
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Figure 1: Expression of ChR2-eYFP in the VTA and NAc.  A) Coronal midbrain section 
containing VTA from a virally transfected mouse following an incubation period of 76 
days. ChR2-eYFP expression immunolabelled with anti-GFP (green), midbrain DA 
neurons immunolabelled for TH (red), and merged overlay showing ChR2-eYFP 
expression at the site of injection in the VTA.  B) Higher magnification of one hemisphere 
of VTA showing prominent co-localization of ChR2-eYFP and TH expression.  C) Coronal 
section of striatum showing expression of ChR2-eYFP in the terminal fields of midbrain 
projection neurons, including NAc.  D) Higher magnification of the bracketed area in C 
reveals the density of ChR2-eYFP positive terminals in the striatum relative to the 
neighboring cortex. 
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Light stimulated DA signals in NAc 

 Coronal slices containing NAc were examined using voltammetry to measure 

light stimulated DA release (n = 28 animals).  In these experiments we targeted ChR2 

expression using the CaMKIIα promotor.  To compare light and electrically stimulated 

release, we positioned the electrical stimulating electrode on the tissue approximately 150 

uM from the recording electrode, and the optic fiber in the slice bath approximately 200 

uM above the tissue; aiming the light on the area of tissue between the electrical 

stimulator and the recording electrode.  This approach allowed us to alternate between 

stimulation types without moving the recording electrode or disturbing the tissue.  Single 

pulse light stimulation produced DA signals with a nearly identical shape and duration, 

and displaying common oxidation/reduction peaks, compared to electrical stimulation of 

the same tissue (Fig.2).  Light stimulation with 20 pulses (20 Hz) also produced robust 

DA release with similar profiles to 20 pulse electrical stimulation; however, generally 

resulting in larger amplitude signals. To further characterize the light stimulated signal, 

we added Ro 4-1248 (10 µM), a specific and potent inhibiter of vesicular monoamine 

transporters which, similar to reserpine, depletes vesicular release of DA. Consistent with 

results from electrical stimulation (Jones et al. 1998), Ro 4-1284 decreased the light-

evoked signal with each successive stimulation until the stimulated release was 

completely abolished within 1 hour; including eliminating release from 20 pulse 

stimulations (Fig 3, inset).  ChR2 are cation channels which have calcium permeability 

(Nagel et al. 2003).  Therefore, optical activation of ChR2 expressed in DA terminal 

membranes has the potential to trigger transmitter release via aberrant calcium entry into 

the terminal.  In order to determine if, and to the extent that, light stimulated release was 



 
 

90 
 

action potential dependent, we applied the sodium channel blocker, tetrodotoxin (TTX, 1 

μM).  TTX eliminated light stimulated DA release within minutes of reaching the tissue 

(n=3), using either 1 or 20 pulse stimulations (Fig.3).  Figure 3 shows an example trace in 

which a 20 pulse light stimulation was completely abolished in the presence of TTX. 

Electrical versus Optical Stimulation 

 A direct comparison of baseline single pulse DA release between stimulation 

types is difficult due to multiple different contributing factors including the amount of 

ChR2 expression in the local field, the amplitude differences between electronic and 

photonic activation, as well as the heterogeneity of fibers being targeted with each 

method.  Therefore, no attempt was made to match single pulse baseline signals.  Instead, 

we aimed to investigate the relative responsiveness of each stimulation type to multiple 

pulse stimulations within the same area of tissue.  Thus, DA release was evoked with 

single pulse and pulse trains (5, 10 and 20 pulses at 20 Hz) for each stimulation type.  

Light stimulations utilized CaMKIIα promotor-dependent ChR2 expression.  On average, 

single pulse optical excitation (mean ± s.e.m. release, 0.62 ± 0.10 uM, n=12) resulted in 

less DA release compared to electrical stimulation (mean ± s.e.m., 0.88 ± 0.14 uM, n=12) 

of the same area (t(11) = 2.7, p < 0.05).  However, optically stimulated DA release 

consistently surpassed that of electrically stimulated release at 5, 10 and 20 pulses.  In 

order to focus on the relative differences in signal proliferation during multi-pulse 

stimulations we normalized the single pulse DA release between the two stimulation 

techniques (Fig. 4A).  Thus, the relative DA release was the multi-pulse signal as a 

percentage of the single pulse signal. A two-way analysis of variance (ANOVA) revealed  
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Figure 2: Light stimulated DA release in NAc, ex vivo.  Representative voltammetric 
traces of DA release following electrical or light stimulation of the same location within 
a slice. Left: Single pulse light stimulation produced DA signals with similar profiles of 
shape and duration, displaying common oxidation/reduction peaks (inset), and similar 
representative color plots (below) compared to electrical stimulation of the same tissue. 
Right: Light stimulation with 20 pulses also produced robust DA release with similar 
profiles to 20 pulse electrical stimulation; however, generally resulting in larger 
amplitude signals.  Intersecting dotted lines indicate signal location for current vs. time 
plots and current vs. voltage (inset) data.   
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Figure 3: Light stimulation results in action potential dependent, vesicular 
release. A 20 pulse light stimulation produced ~10 uM DA release in baseline 
conditions. Following application of tetrodotoxin (TTX, 1 uM, red) the signal was 
completely eliminated. Inset: 20 pulse light stimulated signals were abolished in the 
presence of TTX (n = 3 slices from 2 animals, 3/2), as well as Ro 4-1284 (n = 3/2); 
suggesting that release is dependent on both endogenous Na+ channels and vesicular 
transport. *** p < 0.001 vs predrug.  

 



 
 

93 
 

a main effect of stimulation type on relative DA release (F(1, 66) = 8.01, p < 0.01), and 

an interaction effect between pulse number and stimulation type (F(3, 66) = 5.07, p < 

0.01), with the difference in relative DA release between stimulation types increasing 

with the number of pulses in the pulse train.  Further, we ran planned comparisons 

analysis of electrical versus light stimulation and found the relative DA release was 

significantly different between stimulation types at each pulse train tested (5 pulses, p < 

0.001; 10 pulses, p < 0.001; 20 pulses, p < 0.001).  DA per pulse (DA/p; DA release / # 

of pulses) was then plotted as a percent of the 1 pulse baseline DA release. There was a 

decrease in the DA/p as pulse number increases (Fig. 4B), consistent with previous 

reports with similar stimulation parameters in mice (Zhang et al. 2009).  However, the 

decrease in DA/p was significantly reduced using optical stimulation (F(1, 66) = 6.31, p < 

0.05).  

To further demonstrate the increased sensitivity of fields to optical stimulation, 

we overlaid example traces from a 1, 5, 10 and 20 pulse stimulation series for each 

stimulation type (Fig. 5), in which we normalized the 1 pulse release, to view the relative 

increases in DA release with multi-pulse stimulations.  The slope of the rising phase was 

perfectly straight and consistent for all optical stimulations (A), while for electrical 

stimulations (B), there was a rightward deflection in the curves, resulting in a reduction in 

the steepness of the slope.  To quantify this observation, we analyzed the 10 pulse 

stimulation group data.  We divided the total DA release into 100 ms segments that cover 

the duration of the stimulation train (10 pulses @ 20 Hz = 500 ms).  Thus, we could 

determine the percentage of the total DA signal elicited every 100 ms, across the 500 ms  
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stimulation duration (Fig. 5C).  A two-way analysis of variance (ANOVA) revealed an 

interaction effect between stimulation type and time (F(4, 88) = 9.21, p < 0.001).  We 

found that 41% of the total electrically stimulated DA release occurred in the first 100 ms 

of the stimulation train, while 35% of the signal was contributed during the final 300 ms 

combined.  Conversely, 28% of the optically stimulated DA release occurred in the initial 

100 ms, while 49% of the signal was contributed across the final 300 ms.  Thus, overall, 

electrically stimulated DA release was greater early in the stimulation train (100 ms, p < 

0.001) and declined more rapidly across the duration of the stimulation train relative to 

optical stimulation (300 ms, p < 0.001; 400 ms, p < 0.001; 500 ms, p < 0.001), which 

showed more consistent release throughout the stimulation.  

DA uptake occurs during DA release and can offset the amplitude of extracellular 

DA.  However, there was no difference in the maximal rate of uptake (Vmax) between 

stimulations methods (Fig. 5D) (t(31) = 0.8, p = 0.432), suggesting that differences in 

relative release amplitude between stimulation methods is not due to differences in DA 

uptake, and therefore exist within the release parameters.  We hypothesized that electrical 

stimulation recruits non-dopaminergic processes in the local environment and the net 

effect of this recruitment is an inhibition of DA release via heteroreceptors on the DA 

terminals. The NAc contains GABAergic and cholinergic interneurons (Tepper et al., 

2010; Tepper and Bolam, 2004; (Zhou et al. 2001), and these interneurons present logical 

targets as sources of electrically stimulated, non-dopaminergic inhibition. Therefore, we 

tested our hypothesis by investigating possible GABAergic and cholinergic influences on 

electrically and light stimulated DA release.  
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Figure 4: Multi-pulse light stimulation results in greater DA release than 
electrical stimulation. DA release with 1, 5, 10 and 20 pulse stimulations with either 
electrical (red) or light (blue) stimulation of the same location (n = 12/8).  A) Average 
multi-pulse (5, 10 and 20 pulses) DA release, presented as a percentage of the single 
pulse (1p) baseline release, is greater using light stimulation versus electrical 
stimulation).  B)  Average DA release per stimulus pulse (DA/p; total DA / # pulses), 
normalized to 1p baseline release, decreases across multi-pulse trains (5, 10 and 20 
pulses) for both electrical and light stimulation; however, light stimulation results in 
less inhibition of DA/p than electrical stimulation (n = 12/8). * p < 0.05 vs elec stim; 
*** p < 0.001 vs elec stim. 
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Figure 5: Electrical stimulation shows inhibition of DA release.  Representative 
DA release curves resulting from 1, 5, 10 and 20 pulse stimulations, within the same 
location of NAc and with normalized 1p baselines, are overlaid for light and electrical 
stimulation. The slope of the rising phase is perfectly straight and consistent for all 
light stimulations (A), while in (B), there is a rightward deflection in the curves, 
resulting in a reduction in the steepness of the slope. (C) Total 10 pulse stimulation 
data was analyzed for contribution per 100 ms to total DA signal. Electrical 
stimulation shows greater contribution during the first 100 ms of stimulation with less 
contribution to the total signal during the final 300 ms of stimulation duration, 
compared to light, which was more consistent throughout the duration of stimulation 
(n = 12/8). (D) There was no difference in the maximal rate of uptake between 
stimulation types (n = 16/11). *** p < 0.001 vs elec stim. 
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GABAergic influence on stimulated DA release 

 To date, GABAA receptors have been tested but fail to show direct modulation of 

DA release at terminals (Smolders et al., 1995; Morikawa and Morrisett 2010); 

unpublished lab results); however, GABAB receptors have been identified on DA 

terminals (Charara et al. 2000) and GABAB receptor activation decreases DA release 

(Pitman et al. 2014; Schmitz et al. 2002).  We used CGP 55845, a highly potent GABAB 

receptor antagonist, to block GABAB receptors during single and 20 pulse stimulated DA 

release using either electrical or light stimulation of the same tissue location.  CGP 55845 

(10 uM) significantly increased electrically stimulated DA release resulting from both 

single pulse (t(11) = 5.8, p < 0.001), and 20 pulse (t(11) = 6.4, p < 0.001) stimulations 

(Fig. 6).  However, CGP 55845 showed consistent augmentations of both single pulse 

(20.9%) and 20 pulse (21.5%) stimulations, thereby not altering the multi-pulse 

responsiveness (20:1 ratio, data not shown), only the net release from electrical 

stimulation.  Optical stimulations in the CaMKIIα promotor model of ChR2 expression 

showed increased release with GABAB antagonism (Fig. 6b) when single pulse 

stimulations were applied (t(11) = 3.5, p < 0.01), however with 20 pulse stimulations 

there was no effect of CGP 55845 (t(11) = 1.0, p = 0.33).  This suggests that local 

GABAB activation occurs with multi-pulse electrical stimulation and significantly 

inhibits DA release compared to optical stimulation of the same tissue.   

While the majority of neurons projecting from the VTA to the NAc are 

dopaminergic (~65%), reports suggest that approximately 25% of this projection 

population are GABAergic neurons (Margolis et al. 2006; Stuber et al. 2012).  Therefore, 

optogenetically targeting VTA projections allows for possible GABAergic stimulation 
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and subsequent GABA modulation of DA release.  In order to determine if the increase in 

single pulse light stimulated release observed following application of CGP 55845 was 

due to tonic GABA activity within the slice or the co-stimulation of GABAergic 

terminals arising from the VTA, we used a second optogenetic model.  We injected a 

Cre-inducible ChR2 expression viral vector into the VTA of tyrosine hydroxylase-IRES-

Cre (TH:Cre) knock-in mice (Tsai et al. 2009; Stamatakis et al. 2013).  This model 

isolates expression of ChR2 to dopaminergic neurons within the lateral VTA regions, 

which are the source of projections to the NAc core (Ikemoto 2007); thus only the 

dopaminergic terminal fields in the NAc would be activated by light stimulation.  We 

found that CGP 55845 had no effect on single pulse (t(7) = 2.2, p > 0.05; Fig  7B) or 20 

pulse (t(7) = 0.8, p > 0.05) light stimulations in the TH:Cre mouse model.  Combined, 

these results suggest that recruitment of GABA signaling occurs during electrical 

stimulation and produces an inhibition of DA release at 1p and 20p, the latter of which is 

not present when only VTA projection terminals are stimulated (CaMKIIα promoter 

model); while inhibition with either 1p or 20p stimulation is absent when only DA 

terminals from the VTA are stimulated (TH:Cre mouse model).  However, because 

electrically stimulated release increased equally at both single pulse and 20 pulse 

stimulation parameters, the 20p:1p ratio (Fig. 4A) was not affected by GABAB blockade.  

Acetylcholine influence on stimulated DA release 

A second potential source of modulation comes from local cholinergic 

interneurons. Acetylcholine has demonstrated a prominent regulation of release acting 

through nicotinic acetylcholine receptors (nAChR) on DA terminals; particularly β2 

subunit containing nAChRs in the NAc (Grady et al. 2007; Exley et al. 2008; Threlfell et 
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al. 2010).  We used dihydro-β-erythroidine hydrobromide (DHβE), a competitive 

antagonist for the α4β2-containing subunits of the nAChR, to determine if acetylcholine 

modulates the single and multi-pulse sensitivity of electrically and light stimulated DA 

release.  

We added DHβE (100 nM) to examine the single pulse and 20 pulse release in the 

same location using either electrical or light stimulation.  DHβE significantly decreased 

single pulse DA release with electrical stimulation (t(10) =  7.6, p < 0.001), in a manner 

consistent with previous reports (Zhou et al. 2001); however, DHβE did not affect 20 

pulse stimulated release (Fig. 7A).  Also, DHβE had no effect on single pulse or 20 pulse 

light stimulated release using the CaMKIIα promoter model. The lack of effect on light 

stimulated release was further demonstrated using the TH:Cre mouse model.  We 

calculated the ratio of 20 pulse to 1 pulse release (i.e. % baseline) and found that DHβE 

significantly increased the 20:1 pulse ratio of electrically stimulated DA release (t(10) = 

12.99, p < 0.001), while there was no effect on the 20:1 pulse ratio for light stimulated 

release (Fig. 6B).  Furthermore, the 20:1 pulse ratio was significantly greater for 

electrical stimulation compared to light stimulation in the presence of DHβE (t(10) = 2.7, 

p < 0.05), as opposed to it being significantly less in the baseline data (Fig. 4B, 7B).   

To examine whether nAChRs contribute to the differences we saw in the release 

phase responsiveness between stimulation types (Fig 5C), we examined the effect of 

DHβE on the release of DA across the first 500 ms of the stimulation using either 

stimulation type (Fig 8).  Light stimulated release in these experiments utilized the 

CaMKIIα promoter model of ChR2 expression.  We found that in the presence of DHβE 

(100 nM) there was no longer a significant interaction effect between stimulation type 
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and time (F(4, 80) = 0.46, p > 0.05).  Specifically, we found that electrically stimulated 

release became more consistent in the presence of DHβE, with 25% of the total signal 

occurring in the first 100 ms and 53% occurring across the final 300 ms.  Further, these 

numbers were very similar to light stimulation in DHβE, in which 26% of the signal 

occurred in the first 100 ms, and 53% occurred across the final 300 ms.   
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Figure 6: GABAergic modulation of DA release. (A) The GABAB receptor 
antagonist CGP 55845 significantly increased electrically stimulated DA release 
with 20 pulse stimulation trains (n = 12/7), while having no effect on 20 pulse light 
stimulations in either optogenetic model tested. (B) CGP 55845 increased 1p 
electric stimulated DA release and 1p light stimulated DA release in models of non-
specific ChR2 expression in VTA projection neurons (CaMKIIα; n = 12/7); but had 
no effect on 1p light stimulated DA release in models targeting ChR2 specifically 
to DA neurons projecting from the VTA (TH:Cre; n = 8/4). ** p < 0.01 vs predrug; 
*** p < 0.001 vs predrug. 
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Figure 7: Cholinergic modulation of DA release. (A) The nicotinic acetylcholine 
receptor (nAChR) antagonist DHβE significantly reduced single pulse electrically 
stimulated DA release (n = 11/6), with no effect on light stimulated DA release, 
within the same location, using non-specific ChR2 expression in VTA projection 
neurons (CaMKIIα; n =11/6). DhβE also had no effect on single pulse light 
stimulated DA release in models targeting ChR2 specifically to DA neurons 
projecting from the VTA (TH:Cre; n = 8/4). DHβE had no effect on 20 pulse 
stimulated DA release with either electric or light stimulation (elec/CaMKIIα, n = 
11/6; TH:Cre, n = 8/4).  (B) DHβE increased the 20p to 1p ratio of DA release 
resulting from electrical stimulation, with no effects on the ratio of DA release 
resulting from light stimulation.  *** p < 0.001 vs predrug.  (C) the percentage of 
the total DA signal contributed during each 100 ms across the 500 ms stimulation 
duration.  In the presence DHβE (100 nM), electrical and light stimulation show 
comparatively similar release responsiveness across the 10 pulse stimulation. (n = 
11/6) 
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Discussion: 

We compared electrical and light stimulation of DA release within the NAc core 

using voltammetry in mouse brain slices.  We found that viral mediated expression of 

ChR2 in VTA neurons induced robust ChR2 expression in terminal fields within the 

NAc.  These terminal fields were responsive to light pulses, resulting in DA signals 

which were very similar in overall physiological profile to electrically stimulated DA 

release in the same slices.  However, compared to electrical stimulation, DA release was 

much greater with optical stimulation when applied as multi-pulse stimulation trains.  

Our results indicate that activating DA terminal fields with light stimulation results in a 

less negatively modulated DA signal compared to electrical stimulation, which includes 

concurrent activation of local cholinergic and GABAergic interneurons.   

Our results are consistent with other studies which used light stimulation in 

combination with voltammetry ex vivo and measured robust DA release in NAc slices in 

mice (Stuber et al. 2010; Tecuapetla et al. 2010; Adrover et al. 2014; Stamatakis et al. 

2013) and rats (Witten et al. 2011; Bass et al. 2013).  Specifically, this study aimed to 

compare DA release induced using light stimulation with traditional electrical stimulation 

of the tissue.  We found similarities in DA release profiles between the stimulation 

methods, including a dependence on vesicular monoamine transport (Tecuapetla et al. 

2010), which is necessary for endogenous, action potential dependent release.  Light-

evoked signals were likewise sensitive to TTX, revealing that stimulated release was 

dependent on voltage gated sodium channel activity (Tecuapetla et al. 2010; Tritsch et al. 

2012; Threlfell et al. 2012; Adrover et al. 2014; Witten et al. 2011).  A further 

interpretation of this TTX effect may extend to the cation permeability of ChR2, 
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particularly to Ca2+ (Berthold et al. 2008; Nagel et al. 2003).  When stimulating DA 

terminals, it is possible that ChR2 expression in or around the terminal membrane would 

permit Ca2+ entry and trigger release.  However, TTX completely abolished release.  

Therefore, our data support the idea that Ca2+ entry via ChR2 within the terminal 

membranes is at levels insufficient to independently generate release or that release is 

below the level of detection using voltammetry.  Further, this supports the idea that ion 

flow through the ChR2 during the initial phase of excitation consists primarily of protons 

and sodium (Schneider et al. 2013; Berthold et al. 2008); and that the sodium flow alone 

is insufficient to generate an action potential when the native voltage gated sodium 

channels are blocked with TTX.   

We extend the analysis of previous studies (Stuber et al. 2010; Tecuapetla et al. 

2010; Stamatakis et al. 2013; Adrover et al. 2014) by providing an examination of 

multiple pulse stimulations.  The NAc has been implicated in reward signaling during 

phasic bursting of DA neurons; therefore, in a slice it is useful to apply stimulation trains 

to the tissue to analyze modulations of release profiles representing bursting.  We found 

that under these conditions, light stimulated release was significantly greater than 

electrically stimulated release, resulting in nearly a two-fold increase in relative DA 

release at 20 pulses.  No difference in uptake rate was noted, which is consistent with 

other reports comparing DA signal decay constants across stimulation methods (Adrover 

et al. 2014; Tecuapetla et al. 2010), and suggests that uptake rate is not influencing 

differences in release.  Instead, our evaluation pointed to a marked inhibition of the 

electrically stimulated release compared to light.  We propose a dual modulation of the 
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multi-pulse electrically stimulated release in which release from the initial stimulation is 

augmented by acetylcholine while the total DA release is inhibited by GABA.   

GABAergic modulation of dopamine release 

To investigate the role of GABA transmission in modulating DA release we 

utilized two models of optogenetically targeted ChR2 expression.  The CaMKII promotor 

mouse model limits light activation to terminal fields that arise from projection neurons 

of the VTA.  This population of neurons is reported to be ~65% dopaminergic and ~25% 

GABAergic, with some small percentage of neurons currently unaccounted for (Margolis 

et al. 2006; Stuber et al. 2012). Therefore, even with light stimulation the terminals from 

a population of GABAergic projection neurons arising from the VTA may be stimulated.  

However, we found that blockade of GABAB receptors with CGP 55845 had no effect on 

20 pulse light stimulated release in this model; while 20 pulse electrically stimulated 

release was increased.  This suggests that GABA release arising from local NAc GABA 

interneurons generates significantly more activation of GABAB receptors on DA 

terminals compared to release from GABAergic projection neurons.  It is unclear why 20 

pulse light stimulated release showed no increase in the presence of CGP 55845, whereas 

single pulse release in the same model was increased.  It may be that a 20 pulse 

stimulation increases the release probability beyond a level where the available GABA 

could modulate DA release (Citri and Malenka, 2008; Brimblecombe et al., 2014).  That 

is, increasing the probability of release occludes some modulatory effects on dopamine 

release which may only be present at low release probability stages (Brimblecombe et al. 

2014).  An increase in release probability would occur with multiple pulse stimulations as 

each pulse allows the accumulation of Ca2+ in the terminals (Citri and Malenka 2008).  
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Perhaps the level of GABAB activation that occurs during light stimulation is insufficient 

to modulate a dopamine terminal that has been excited with 20 pulses.  Such a scenario 

would further highlight the increased level of GABAB activation elicited by electrical 

stimulation (via GABA release from interneurons), during which there was a significant 

modulation of DA release following 20 pulse stimulations. 

Single pulse evoked DA release using either electrical or light stimulation was 

increased with GABAB blockade, although to a larger extent following electrical 

stimulation.  One explanation might be the presence of GABA via stimulation of GABA 

terminals originating the VTA, which inhibits DA release and would be present in both 

the electrical and optical induced stimulation when using the CaMKIIα promotor.  

Alternatively, it has been demonstrated that DA terminals take up and co-release local 

GABA with DA (Tritsch et al. 2012; Tritsch et al. 2014).  To address this we used the 

TH:Cre mouse model in which ChR2 is targeted to tyrosine hydroxylase expressing 

neurons of the VTA; thus our light stimulation was limited to only the DA projection 

terminals.  Using this model, GABAB blockade was ineffective in increasing either single 

pulse or 20 pulse light stimulated release.  This suggests that activation of VTA GABA 

projection neurons, and not GABA co-release from DA terminals, accounts for the 

modulation of single pulse DA release.  Thus, cumulatively, these data suggest 1) that 

endogenous GABA tone is either absent in slices or, if present, does not modulate DA 

release, 2) GABA release occurring from stimulation of VTA GABA projections is 

sufficient to modulate single pulse electrically stimulated DA release, and 3) stimulation 

of GABA interneurons modulates multiple pulse electrically stimulated DA release. 
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Acetylcholine modulation of dopamine release 

 In comparing stimulation types we found a differential effect of the nAChR 

antagonist DHβE on DA release, such that single pulse electrical stimulation was 

significantly reduced, whereas optical stimulation of the same tissue was unaffected.  

This data suggests that electrical stimulation induces a cholinergic augmentation of DA 

release which does not occur with selective, optical stimulation of DA terminals.  Our 

data is consistent with previously published data showing no effect of DHβE on light 

stimulated release in the dorsal striatum of mice under single pulse conditions (Threlfell 

et al. 2012).  Here we extend the findings of insensitivity of light stimulated recordings to 

DHβE modulation to the ventral striatum, using two different optogenetic mouse models, 

C57Bl/6 mice with CaMKII promoter-dependent expression of ChR2 and TH:Cre knock-

in mice with Cre-dependent ChR2 expression. 

It has been demonstrated that selective stimulation of a local population of 

cholinergic interneurons, using optogenetic methods, results in measurable DA release 

from unstimulated DA terminals (Threlfell et al. 2012; Cachope et al. 2012), establishing 

that nAChRs exert strong influence over presynaptic DA terminals.  Further, when 

electrical stimulation is applied, this nAChR-driven DA release may be in addition to 

release resulting from direct DA terminal stimulation (Wang et al. 2014), resulting in a 

cumulative DA signal.  Our data support this model by showing that the electrical signal 

is significantly reduced by blocking nAChRs with DHβE, while in the light stimulated 

model, in which cholinergic interneurons are not stimulated and thus produce no 

synchronized cholinergic release, DHβE has no effect.  We propose that the differences 

in release between electrical and optical stimulation across 10 pulse stimulation trains 
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(Fig. 5C) result from electrically induced cholinergic augmentation of dopamine release 

during the initial stimulation, a phenomenon which is not present during light stimulation 

or in the presence of DHβE, where electrical and light stimulated release profiles look 

very similar (Fig. 8).  Similarly, the difference in release sensitivity (20p:1p ratios, Fig 

7B) between light and electrically stimulated DA release results from cholinergic 

augmentation of the single pulse electrically stimulated signal as there were no effects of 

DHβE on 20 pulse stimulated release using either stimulation method.  Thus, cholinergic 

modulation via nAChRs accounts for the differences in observed multi-pulse to single 

pulse ratio of stimulated release.  Our demonstration of increased sensitivity to multi-

pulse light stimulations in the core is consistent with what has been reported in the NAc 

core of mice (Stamatakis et al. 2013) and rats (Bass et al. 2013).      

In conclusion, we have reinforced the validity of using optogenetically targeted 

light stimulation of DA terminals in NAc slices to allow for acute investigations of DA 

terminal dynamics ex vivo.  Furthermore, we have shown that light stimulation may be 

more beneficial for examining DA release, especially when multiple pulse stimulations 

are applied, because electrical stimulation induces local interneuron activity which 

corrupts the DA signal.  The optogenetic model provides greater resolution in the 

interpretation of pharmacological effects on DA terminal dynamics by allowing measures 

of specific receptor types present on and directly modulating DA terminals, while 

reducing indirect modulation that may occur via the presence of the same receptor type 

on non-dopaminergic processes (e.g. interneurons or other afferent inputs) contributing to 

the DA signal.  This is especially important when measuring features of terminal 

plasticity following a chronic treatment, where receptor expression or functional efficacy 
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may be altered, because different cellular phenotypes may differentially alter the same 

receptors.   
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Abstract 

Chronic ethanol exposure is hypothesized to result in deficits in reward function that 

promote continued ethanol seeking and use. Dopamine signaling in the nucleus 

accumbens (NAc) encodes aspects of reward and reinforcement, and alterations in 

dopamine terminal release may be involved in the dysregulation of reward processing 

induced by drug and alcohol abuse. Acute ethanol application inhibits stimulated 

dopamine release measured using cyclic voltammetry in NAc slices, however, the 

mechanism of this inhibition is unknown.  Here we induced dopamine release in NAc 

core slices by applying multiple pulse stimulation trains using either electrical stimulation 

or optogenetic stimulation targeted to dopamine terminals.  Next we bath applied 

antagonists for heteroreceptors expressed pre- and/or post-synaptic to dopamine release 

including nicotinic acetylcholine (nACh) receptors, GABAB receptors, D1 and D2-type 

dopamine receptors and kappa opioid (κ-opioid) receptors.  The antagonists revealed that 

electrically stimulated dopamine release is markedly and bidirectionally modulated by 

endogenous activation of heteroreceptors during the applied stimulation, suggesting that 

electrical stimulation non-selectively activates local microcircuit regulation of dopamine 

release.  Conversely, optogenetically stimulated dopamine release was unaffected by the 

antagonists, which supports the idea that optogenetically stimulated dopamine release 

occurs in isolation, without concurrent activation of local microcircuitry.  Ethanol (80 

mM) was applied to slices, in the presence of the antagonist cocktail, and inhibited 

dopamine release to the same extent using electrical or optical stimulation.  Also, using 

optical stimulations, we compared ethanol effects in the NAc core and medial shell of 

slices.  Ethanol-induced inhibition of dopamine release was significantly greater in the 
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core compared to the medial shell, where the ethanol effect was minimal.  These data 

suggest that ethanol has direct inhibitory effects on dopamine terminals that are 

independent of heteroreceptor activity.  Further, ethanol targets may be differentially 

expressed in terminal fields in the nucleus accumbens core versus the medial shell, 

providing a means by which these two regions may be differentially susceptible to long 

term neuroadaptations in response to chronic alcohol abuse.  
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Introduction: 

Chronic alcohol abuse is thought to engender neuronal adaptations in reward and 

stress systems that result in a prolonged negative affective state.  This dysphoria is 

hypothesized to promote continued alcohol use and/or alcohol dependence through 

negative reinforcement, or avoidance of an aversive state (Koob 2013).   The mesolimbic 

dopamine system, including dopamine neurons in the ventral tegmental area (VTA) and 

their projections to the nucleus accumbens (NAc), encodes multiple aspects of reward 

and reinforcement (Willuhn et al. 2010), and perturbations in mesolimbic dopamine 

signaling would likely underlie aspects of dysphoria (Nutt et al. 2007).  Consistent with 

this, a hypodopaminergic state has been suggested for chronic alcoholics (Martinez et al. 

2005; Volkow et al. 1996; Volkow et al. 2007).   However, the cellular mechanisms by 

which alcohol use would generate deficits in dopamine signaling are unclear.   

All drugs of abuse, including alcohol, acutely increase dopamine signaling in the nucleus 

accumbens and it is generally surmised that repeated exposure to these acute effects 

results in compensatory, long-term changes in dopamine signaling (Leshner 1997; Koob 

and Volkow 2016).  Psychostimulant effects on dopamine transporters are well 

characterized (Espana and Jones 2013; Ferris et al. 2013; Siciliano et al. 2015), and 

subsequent impairments in terminal release dynamics are believed to result from these 

direct interactions during acute exposure; however, the effects of alcohol on dopamine 

neurons are less clear.  For example, acute ethanol, at low to moderate doses, increases 

dopamine neuron activity in the VTA (Brodie et al. 1999; Mrejeru et al. 2015) which 

leads to increased dopamine signaling in the NAc (Imperato and Di Chiara 1986; Cheer 

et al. 2007; Robinson et al. 2009).  However, high doses of ethanol cause a reduction in 
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dopamine signaling which coincides with sedation (Imperato and Di Chiara 1986).  

Further, the initial acute effects of ethanol on dopamine signaling are different in the 

nucleus accumbens core and shell subregions, with the shell showing greater relative 

elevations in dopamine (Howard et al. 2008; Di Chiara et al. 2004).  This biphasic, 

regionally heterogeneous pattern of ethanol actions suggests a non-linear mechanism of 

action on dopamine cell function.  Indeed, ethanol may have several different actions in 

the VTA to influence dopamine cell activity (Morikawa and Morrisett 2010).  For 

example, alcohol is thought to reduce GABAergic interneuron activity and result in dis-

inhibition of dopamine neurons and ultimately increased dopamine signaling (Gallegos et 

al. 1999; Steffensen et al. 2000).   However, alcohol is also thought to target ion channel 

function where it may modulate the intrinsic pacemaker activity of dopamine neurons and 

increase dopamine signaling (Okamoto et al. 2006; Nimitvilai et al. 2016).  Together, the 

body of evidence paints a complex picture culminating in the idea that ethanol effects on 

dopamine neuron activity are occurring via both direct and indirect mechanisms. 

An additional way ethanol may modulate dopamine signaling is through actions 

on dopamine terminals in the NAc.  Examination of dopamine release and uptake 

parameters using fast scan cyclic voltammetry (FSCV) in the NAc suggests that acute 

ethanol does not alter uptake rates as psychostimulants do; rather, ethanol has subtle 

inhibitory actions on dopamine release (Budygin et al. 2001; Jones et al. 2006).  This 

effect is highlighted when multiple pulse stimulations are applied in slices, a paradigm 

intended to model the large transient increases in extracellular dopamine that results from 

bursting activity in dopamine neurons (Schultz 2002; Cheer et al. 2007; Robinson et al. 

2009).  Multiple pulse-stimulated dopamine release unveils a clear inhibitory effect of 
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ethanol at doses that are commonly attained by alcoholics (Yorgason et al. 2014a; Brick 

and Erickson 2009).  This suggests that in vivo ethanol has local inhibitory actions on 

dopamine terminals, and these inhibitory actions may provide the framework for potential 

long term reductions in basal dopamine release that occur following chronic alcohol 

abuse (Volkow et al. 2007; Martinez et al. 2005; Weiss et al. 1996; Rose et al. 2016; 

Karkhanis et al. 2015).  However, in order to answer these questions it is important to 

better understand the mechanisms underlying the ethanol-induced inhibition of dopamine 

release.  

The question of direct vs indirect mechanisms also pertains to ethanol effects on 

dopamine terminals in the NAc.  Dopamine terminals receive local microcircuit 

regulation of release which occurs through a variety of heteroreceptors located on 

terminal membranes (Zhang and Sulzer 2012);  dopamine terminal receptors include 

nicotinic acetylcholine receptors (nAChR), GABAB receptors, and kappa opioid (κ-

opioid) receptors.  Several of these receptors have been implicated in mediating ethanol 

effects on dopamine signaling, including indirect effects on cell activity (Blomqvist et al. 

1997; Steffensen et al. 2000).  Applying multiple-pulse electrical stimulations to induce 

dopamine release, ex vivo, recruits local microcircuit activity (Rice et al. 2011) which has 

been suggested as a mechanism mediating the ethanol-induced inhibition of dopamine 

release (Yorgason et al. 2014a).  However, it is unknown whether ethanol acts directly or 

indirectly to modulate endogenous heteroreceptor activity or which receptor types are 

critical for the ethanol-induced inhibition of dopamine release; conversely, ethanol 

actions on dopamine release may be independent of heteroreceptor activity, instead 

targeting terminal ion channels or intracellular release machinery.  Further, it has not 
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been explored as to whether the ethanol-induced inhibition of dopamine release is 

consistent across terminal fields of the nucleus accumbens, and whether or not the 

differential effects of ethanol on dopamine release between core and medial shell in vivo 

might encompass differential effects of acute ethanol on these two dopamine terminal 

fields.  

Here we examined dopamine terminal responses to acute ethanol in order to better 

understand whether ethanol actions are 1) direct vs indirect, 2) mediated by 

heteroreceptors or other cell-intrinsic mechanisms, and 3) consistent across nucleus 

accumbens terminal fields.  We used NAc slice preparations in combination with 

voltammetry and either non-selective electrical stimulation or optogenetically-targeted 

dopamine terminal stimulation to measure ethanol inhibition of dopamine release.  We 

measured the ethanol effect with pharmacological blockade of heteroreceptors and across 

accumbens core and medial shell terminal fields.  A comparison of ethanol effects across 

groups suggests that ethanol inhibits dopamine release through intracellular mechanisms, 

independent of heteroreceptor activity, and that ethanol-induced inhibition is manifested 

differentially across accumbens subregions, with the medial shell being significantly less 

sensitive to ethanol.   

 

 

 

 



 
 

122 
 

Methods: 

Animals: Adult (25-40g) male mice were bred and maintained in group housing in the 

lab mouse colony.  All animals were maintained according to the National Institutes of 

Health guidelines and all experimental protocols were approved by the Institutional 

Animal Care and Use Committee at Wake Forest University School of Medicine.  The 

mouse strain utilized in these studies was a tyrosine hydroxylase (TH)-internal ribosome 

entry site (IRES)-Cre recombinase knock-in mice (TH:Cre) on a C57Bl/6J background  

(European Mouse Mutant Archive; stock number: EM:00254; Lindeberg et al. 2004; Tsai 

et al. 2009; Stamatakis et al. 2013) Mice were bred, genotyped for Cre recombinase 

transgene expression and maintained in-house.  At 8-12 weeks of age mice underwent 

intracranial viral injection surgeries.  Mice were anesthetized (100 mg/kg ketamine and 8 

mg/kg xylazine) and placed in a stereotaxic frame.  A custom-made glass micropipette 

(80 µm outer diameter) was inserted bilaterally above the VTA (coordinates from 

Bregma in mm: -3.3 AP, ±0.5 ML, -4.3 DV).  Microinjections were administered using 

an air pressure injection system and consisted of applying small pulses of pressure (30 

psi, 50-100msec duration) to the infusion pipette.  Individual injections consisted of 

approximately 0.4 µl of AAV5-EF1α-hChR2(H134R)-eYFP (5.5 x 1012 virus 

molecules/ml; Virus Vector Core, University of North Carolina).  Following surgery, 

mice were returned to the mouse colony, single housed, and maintained for 6 weeks to 

allow viral transfection and expression of ChR2. 
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Ex Vivo Voltammetry:  Fast scan cyclic voltammetry was used to characterize dopamine 

kinetics in the nucleus accumbens slices ex vivo.  Animals were anesthetized with 

isoflurane, decapitated, and the brain rapidly removed and cooled in ice-cold, pre-

oxygenated (95% O2/5% CO2) artificial cerebral spinal fluid (aCSF) consisting of (in 

mM): NaCl (126), KCl (2.5), NaH2PO4(1.2), CaCl2(2.4), MgCl2(1.2), NaHCO3(25), 

glucose (11), L-ascorbic acid (0.4) and pH was adjusted to 7.4. Multiple coronal slices 

(300 µm thick) containing the nucleus accumbens (NAc) were prepared from each animal 

with a vibrating tissue slicer (Leica VT1000S; Leica Instruments, Nussloch, Germany).  

Slices were maintained in oxygenated aCSF at room temperature for 1 hour before 

transfer to a submersion recording chamber through which 32°C oxygenated aCSF was 

perfused at a rate of 1 ml/min.  Often two voltammetry rigs were used; in such cases 

slices were divided along the midline and each hemisphere was transferred to the 

recording chamber of the corresponding voltammetry rig.  In experiments comparing 

nucleus accumbens core and shell, the core and shell recordings occurred simultaneously, 

across two voltammetry rigs, using separate hemispheres of the same brain slice.   

Carbon fiber microelectrodes (100-150 µM length, 7 µM diameter) were assembled with 

an epoxied seal and used across experiments. The carbon fiber electrode was placed into 

the nucleus accumbens slice approximately 100 µM below the surface.  For electrical 

stimulation, a stimulating electrode was placed on the surface of the slice in close 

proximity to the carbon fiber electrode.  Dopamine was evoked by an electrical pulse 

(350 µA, 4 ms duration) applied as a single pulse or as a multi-pulse train (5 or 10 pulses) 

at a frequency of 20 Hz every 5 min. Light stimulation was delivered from an optic fiber 

coupled to a 100 mW, 473 nm blue laser. The optic fiber was positioned in the slice bath, 
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above the tissue, and aimed to deliver light to the area of tissue immediately surrounding 

the recording electrode.  Dopamine was evoked by an optical pulse (~5 mW, 4 ms 

duration) applied as a single pulse or a multi-pulse train (5 or 10 pulses) at a frequency of 

20 Hz every 5 min.  Extracellular dopamine was monitored at the carbon fiber electrode 

every 100 msec using fast-scan cyclic voltammetry (Wightman et al. 1988) by applying a 

triangular waveform (-0.4 to +1.2 to -0.4 V vs Ag/AgCl, 400 V/s).  Following 

experiments, recording electrodes were calibrated by measuring responses (in electrical 

current; nA) to a known concentration of dopamine (3 μM), using a flow-injection 

system. This was used to convert electrical current to dopamine concentration.   

All experiments began with single pulse stimulations which were repeated every 5 

minutes until the dopamine signal reached stability, defined by less than 10% variation in 

magnitude and not trending up or down across three successive recordings; stability is 

generally reached approximately 90 minutes after the slice has been placed in the 

recording chamber. Once stable single pulse evoked dopamine signals were obtained, 

multi-pulse, 20 Hz stimulations were applied once every 5 minutes.  In control slices, we 

found that light-evoked dopamine signals remained stable for approximately 2 hours 

using this stimulation protocol, after which the peak amplitude would slowly decline (< 

1%) with each successive stimulation. All pharmacology experiments began after the 

establishment of a stable baseline of multi-pulse stimulated dopamine release. Once 

stable baselines were established drug was added to the perfusion buffer.  Mecamylamine 

(2 μM), CGP 55845 (2 μM), SCH 23390 (2 μM), sulpiride (2 μM), and nor-

binaltorphimine (nor-BNI; 10 μM) were applied in series with each drug application 

allowed to perfuse the recording chamber and incubate the slice for 30 minutes before the 
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next drug was added; dopamine signals were recorded continuously, at 5 minute 

intervals, throughout the experiment to ensure stability of drug effects before proceeding 

to the next drug.  Similarly, in ethanol experiments, ethanol (80 mM) was applied to the 

perfusion buffer after establishment of baseline 10 pulse-stimulated dopamine signals.  

Quantification of ethanol effects occur by averaging the release across the final three 

baseline stimulations to obtain a single baseline value and averaging the final three 

stimulations in the presence of ethanol to obtain a single ethanol effect value for each 

slice.   

All voltammetry data were collected and modeled using Demon Voltammetry and 

Analysis Software (Yorgason et al. 2011). Parameters of evoked levels of DA are 

determined based on Michaelis–Menten kinetics (Wightman et al. 1988), following 

standard voltammetric modeling procedures (Ferris et al. 2012).  

Histology:  Immunohistochemistry was used to verify ChR2 expression in dopamine 

axons in the nucleus accumbens as previously described (Melchior et al. 2015).  Mice 

were anesthetized with ketamine (100mg/kg) and xylazine (8 mg/kg) and transcardially 

perfused with phosphate-buffered saline (PBS) followed by 10% buffered formalin 

phosphate (Fischer Scientific, Waltham, MA, USA).  Brains were then removed, 

submerged in 10% buffered formalin phosphate for an additional 24-48 hours, and 

subsequently transferred to 30% sucrose in PBS for 72 hours.  Sections (40 µm) were 

obtained on a microtome (American Optical Company, Buffalo, NY, USA) and stored in 

PBS for immunohistochemistry.   



 
 

126 
 

Sections were permeablized in 0.3% triton (Sigma, St Louis, MO, USA) in PBS (PBS-

Tx) for 2 hours, blocked in 5% normal goat serum (Vector Laboratories, Burlingame, 

CA, USA) in PBS-Tx, and incubated in primary antibody in the blocking solution for 24-

48 hours.  Primary antibodies include chicken anti-GFP (1 µg : 500 µl; Aves labs, Tigard, 

OR, USA) and rabbit anti-tyrosine hydroxylase (1 µg : 1000 µl; Cell Signaling, Danvers, 

MA, USA).  Sections were rinsed and transferred to secondary antibody in blocking 

solution for 1.5 hours.  Secondary antibodies include fluorescein-labeled goat anti-

chicken IgY (Aves labs, 1 µg : 250 µl) and goat anti-rabbit alexa fluor 594 IgG (1 µg : 

250 µl; Molecular Probes, Eugene, OR, USA).  Sections were mounted on 1mm slides 

with Vectashield (Vector Labs) mounting medium and images were obtained with an 

Olympus BX-51 Microscope and Optronics Microfire digital camera (Goleta, CA, USA).  

Images were processed in Adobe Photoshop. 

Statistics: Graph Pad Prism (version 5, La Jolla, CA, USA) was used to statistically 

analyze data sets and create graphs. Planned comparisons in dopamine release and uptake 

measures across groups were analyzed using an unpaired, two-tailed t-test.  Drug effects 

on dopamine release were analyzed using a paired two-tailed t-test or one-way anova 

when more than two groups were being compared. Differences between cumulative drug 

response curves were compared using two-way anova.  Differences in grouped data were 

considered to be statistically significant when p values < 0.05.  

Drugs:  Mecamylamine hydrochloride, CGP 55845 hydrochloride and SCH 23390 

hydrochloride were obtained from Tocris Bioscience (Bristol, United Kingdom).  

Sulpiride (-) was obtained from Sigma-Aldrich.  Nor-BNI was obtained from Research 

Triangle Institute (Research Triangle Park, NC).  Mecamylamine, SCH 23390 and nor-
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BNI were dissolved in water; CGP 55845 and sulpiride were dissolved in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich) and diluted to volume for experiments (final 

concentration < 1% DMSO).  Stock concentrations for each drug were generated and kept 

at -200 C until use.  Pure ethyl alcohol was obtained from Warner-Graham Co. 

(Cockeysville, MD). 

Results: 

Histology of channelrhodopsin expression 

In order to target isolated dopamine terminal stimulation we expressed 

channelrhodopsin (ChR2) in neurons that express tyrosine hydroxylase (TH), the enzyme 

that converts tyrosine to the dopamine precursor L-DOPA.  This was accomplished by 

using transgenic mice that express Cre recombinase based on the transcription of TH 

mRNA (TH:Cre) (Lindeberg et al. 2004).  We injected the ventral tegmental area (VTA) 

of TH:Cre knockin mice (Tsai et al. 2009; Stamatakis et al. 2013b) with a virus encoding 

Cre-dependent expression of ChR2 to target ChR2 expression in dopamine neurons in the 

VTA.  Six weeks after viral injection surgeries selected animals were sacrificed for 

immunohistochemical analysis of ChR2 expression in the VTA and in the nucleus 

accumbens (NAc).  Histological analysis showed that ChR2 was robustly expressed 

within the VTA neuron population, and restricted to the midbrain with no expression 

dorsal or lateral to the VTA (Fig. 1A).  Further, ChR2 was expressed in VTA neuronal 

projections including robust expression, distal to the injection region, in the VTA neuron 

terminal fields in the striatum; this resulted in robust ChR2 expression in the NAc (Fig 

1B).     
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Figure 1: Verification of ChR2 expression in the midbrain and the 
striatum.  A. Co-expression of TH and ChR2 in the VTA.  Top, midbrain 
dopamine neurons are labeled with antibody for TH (red).  Middle, ChR2 
expression is labeled with antibody for eYFP (green).  Bottom, merged image 
showing that ChR2 expression is robust and targeted to the VTA.  B. ChR2 
expression in the striatum.  Midbrain projections densely innervate the striatum.  
ChR2 expression is robust within the striatum including the nucleus accumbens 
core (white outline) and shell. 



 
 

129 
 

Analysis of electrical- and light-stimulated dopamine release 

Slices of NAc were examined for stimulated extracellular dopamine release using 

fast scan cyclic voltammetry (Ferris et al. 2013).  Local electrical stimulation  (5 pules at 

20 Hz) resulted in large amplitude changes in current with the signal characterized by 

distinct rising and falling phases (Fig. 2).  Peak changes in current were detected at 0.6 V 

and -0.2 V along the voltage scan, which are consistent with the oxidation and reduction 

of dopamine, respectively (inset).  Color plot representations show the changes in current 

(z-axis) with respect to voltage (y-axis) and time (x-axis).  Similarly, local light 

stimulations (5 pulses at 20 Hz) elicited prominent changes in current that were similar in 

shape and duration to those measured using electrical stimulation.  Also, light-stimulated 

signals showed oxidation and reduction peaks at 0.6 V and -0.2 V, respectively, 

supporting that light stimulation was also generating dopamine release.  Thus, light 

stimulation produces extrasynaptic dopamine release signals which may be compared to 

electrical stimulation (Melchior et al. 2015).   

Next, we examined whether light stimulation was occurring in isolation, without 

concurrent excitation of surrounding neurons in the tissue, and how the light stimulated 

signal compared to the electrically stimulated signal.  To do this we applied 5 pulses (@ 

20 Hz) using electrical or light stimulations in the NAc core of separate slices.  For all 

experiments, n represents data collected from a single slice per animal. Grouped data 

showed that electrical stimulation (n = 6 mice) resulted in an average of 2.37 (± 0.33) μM 

dopamine release, while light stimulation (n = 5 mice) resulted in an average of 4.41 

(±0.11) μM dopamine release (Fig. 3A).  Thus, light stimulation resulted in larger 

average dopamine signals compared to electrical stimulation (t(9) = 5.43; p < 0.001).  To  
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Figure 2: Representative traces of electrically and light-stimulated dopamine 
release in the nucleus accumbens core measured with fast scan cyclic 
voltammetry.  Left, 5 pulse, 20 Hz electrical stimulations resulted in clear 
extracellular dopamine signals with a rising phase representing release and a falling 
phase representing uptake (top). Dopamine signals are displayed as current vs. 
voltage vs. time in the color plots (bottom). Dopamine signals showed characteristic 
oxidation peaks at 0.6 V and reduction peaks at -0.2 V represented in the current vs. 
voltage plot (inset). Right, 5 pulse, 20 Hz blue light stimulations resulted in large 
extracellular dopamine signals  that were similar to electrically stimulated dopamine 
release in shape, duration and voltage-dependent oxidation/reduction profile. 
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Figure 3: Baseline electrical and light-stimulated dopamine release and 
uptake in the nucleus accumbens core.  A. Grouped data for 5 pulse-
stimulated dopamine release (μM) at baseline using electrical (red) or light 
(blue) stimulation in separate slices of nucleus accumbens core.  On average, 
light stimulation resulted in significantly greater dopamine release compared to 
dopamine release elicited using electrical stimulation.  B.  Grouped data 
showed no difference in uptake rate (measured as Vmax; nM dopamine per 
second, nM/s) between stimulation types, regardless of the difference in signal 
amplitude. ***p < 0.001; n = 6 elec, 5 light   
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examine differences in dopamine clearance between signals that resulted from light or 

electrical stimulations we measured the maximal uptake rates (Vmax).  Electrically 

stimulated signals showed an average Vmax of 2271 (±471.3) and light stimulated 

signals showed an average Vmax of 2450 (±166.0), which were not significantly different 

(t(9) = 0.33; p > 0.05; Fig. 3B), despite the fact that the light-stimulated signals were much 

larger than the electrically stimulated signals on average.  This data suggests that both 

stimulation types induced dopamine release magnitudes that were sufficient to saturate 

the dopamine transporters, and exhibit maximal uptake rates that are consistent with 

previous reports in the NAc core (Calipari et al. 2012).   

In order to determine if the light-stimulated signals were occurring in isolation we 

measured heteroreceptor modulation of stimulated dopamine signals and how they 

compared when using electrical or light stimulation.  Activation of heteroreceptors during 

the stimulated release event would provide a measure of concurrent activation of non-

dopaminergic cells or axon terminals in the tissue (Melchior et al. 2015). Stimulations 

were applied every 5 minutes until a stable baseline of dopamine release was established.  

Next, antagonists for specific heteroreceptors were applied, in series, to the slice buffer in 

order to examine each receptor type’s influence on stimulated dopamine release.  The 

applied antagonists were, in order, the nicotinic acetylcholine (nACh) receptor antagonist 

mecamylamine (2 μM) , the GABAB receptor antagonist CGP 55845 (2 μM), the D1-type 

dopamine receptor antagonist SCH 23390 (2 μM), the D2-type dopamine receptor 

antagonist  sulpiride (2 μM), and the κ-opioid receptor antagonist nor-binaltorphimine 

(nor-BNI; 10 μM).  In separate slices, light stimulations (5 pulses at 20 Hz, 5 min 

intervals) were applied with no drug added to provide a control for possible run-down of 
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the light stimulated signal over time (Fig. 4A).  In total, bath application of the 

antagonists resulted in significantly more modulation of the electrically-stimulated 

dopamine signals (n = 6) compared to the light-stimulated signals (two-way anova, F(1, 45) 

= 6.51; p < 0.05; n = 5).  Specifically, mecamylamine resulted in a significant decrease in 

electrically stimulated dopamine release (paired t(5) = 5.9; p < 0.01; Fig. 4B) compared to 

pre-drug values.  Conversely, electrically stimulated dopamine release was significantly 

increased by CGP 55845 (t(5) = 4.0; p < 0.05); SCH 23390 (t(5) = 3.7; p < 0.05) and 

sulpiride (t(5) = 2.7; p < 0.05) compared to pre-drug release for each compound.  There 

was no change in dopamine release measured with nor-BNI (t(5) = 0.4; p > 0.05).  

Together, these data suggest that electrical stimulation induces endogenous activation of 

multiple receptor types that differentially modulate the resulting dopamine signal.  The 

effects of the antagonists on light-stimulated release was compared to light-stimulated 

control slices (n = 6) in which no drug was applied.  There was no effect of any of the 

antagonists on light-stimulated dopamine release compared to controls (F(1,45) = 0.01; p > 

0.05), suggesting that light stimulated release occurs in isolation, ex vivo, and is not 

recruiting micro-circuit effects on release (Melchior et al. 2015, 2017 submitted).   

Ethanol inhibition of electrical and light-stimulated dopamine release 

Next we measured the inhibitory effect of acute ethanol across stimulation types, 

in the presence of the antagonist cocktail.  To do this we increased the stimulation to 10 

pulses (@ 20 Hz), a condition which has been shown to be sensitive to 80 mM ethanol 

(Yorgason et al. 2014b).  Stimulations were applied every 5 minutes until a stable 

baseline of dopamine release was obtained.  Increasing the stimulation resulted in greater 

dopamine release using electrical (n = 6) and light (n = 5) stimulation.  Specifically, 10  
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Figure 4: Comparison of endogenous modulation of dopamine release using 
electrical or light stimulation.  A. In separate nucleus accumbens core slices, dopamine 
release was elicited with 5 pulse, 20 Hz stimulations applied locally using either electrical 
(red) or light (blue) stimulation at 5 minute intervals.  After a stable baseline (BL) of 
dopamine release was established, receptor antagonists were applied to the slice bath, in 
series.  First the nACh receptor antagonist mecamylamine (Meca; 2 μM), followed by the 
GABAB receptor antagonist CGP 55845 (CGP; 2 μM), then the D1-type receptor 
antagonist SCH 23390 (SCH; 2 μM), then the D2-type receptor antagonist sulpiride 
(Sulp; 2 μM) and finally the κ-opioid receptor antagonist nor-BNI (n-BNI; 10 μM).  Each 
compound was allowed to incubate the slice for 30 minutes before the next compound 
was added; voltammetry recordings occurred every 5 minutes throughout the duration of 
the experiment.  Control slices using light stimulations (gray), applied every 5 minutes, 
with no drug added, were used to estimate potential rundown of light-stimulated signals 
over time.  The dopamine signal amplitude, following incubation in each compound, is 
represented as the percent of baseline dopamine release.  The electrically stimulated 
dopamine signal was significantly altered by the addition of antagonists compared to the 
light-stimulated dopamine signal. (two-way anova, *p < 0.05, n = 6 elec, 5 light).  The 
light stimulated signal was not affected by the addition of antagonists compared to light-
stimulated controls (two-way anova, p > 0.05, n = 6 light control).  B.  Quantification of 
changes in electrically stimulated dopamine release amplitude with each compound 
compared to the pre-drug signal amplitude.  Mecamylamine significantly decreased 
stimulated dopamine release; CGP 55845, SCH 23390 and sulpiride each significantly 
increased stimulated dopamine release; nor-BNI had no effect on stimulated release 
amplitude (paired t-tests). **p < 0.01, *p < 0.05. 
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Figure 5: Ethanol inhibition of electrically or light-stimulated dopamine 
release in the presence of heteroreceptor blockade.  A. Electrical (red) or light 
(blue) stimulated dopamine release was measured in the nucleus accumbens core 
using 10 pulse, 20 Hz stimulations, applied every 5 minutes, in the presence of an 
antagonist cocktail to block dopamine terminal heteroreceptor activation. Ethanol 
(80 mM) applied to the slice buffer significantly decreased electrically and light 
stimulated dopamine release compared to the pre-ethanol baseline (BL) release 
measured for each stimulation method.  B.  Ethanol-induced inhibition of 
dopamine release was not different between electrical and light stimulation (t-test; 
p > 0.05). n = 6 elec, 5 light. 
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pulse electrical stimulations resulted in an average 2.60 (± 0.35) μM dopamine release 

and 10 pulse light stimulations resulted in an average 5.30 (± 0.88) μM dopamine release.  

Therefore, light-stimulated dopamine release amplitude remained significantly greater 

than electrically stimulated dopamine release (t(9) = 3.1; p < 0.05).  In the presence of the 

antagonist cocktail, bath application of ethanol (80 mM) significantly decreased 

dopamine release using either electrical stimulation (t(5) = 3.0; p < 0.05) or light 

stimulation (t(4) = 4.7;  p < 0.01).  However, there was no difference in the inhibitory 

effects of acute ethanol on dopamine release between the two stimulation types (t(9) = 1.1; 

p > 0.05; Fig 5).  This suggests that ethanol effects on dopamine release occur 

independently of nicotinic acetylcholine (nACh) receptors, GABAB receptors, D1-type 

receptors, D2-type receptors and κ-opioid receptors.   

Light stimulated dopamine release in the nucleus accumbens core and medial shell 

Having demonstrated that light stimulated dopamine release was sensitive to 

inhibition by 80 mM ethanol, we next wanted to examine if there was differential 

inhibition between light stimulated dopamine release in the nucleus accumbens core 

versus the medial shell.  In a separate group of virally transfected animals, nucleus 

accumbens slices were examined using light stimulated dopamine release (n = 5).  A 

single brain slice was divided into separate hemispheres and signals in the core and shell 

were measured at the same time using two separate voltammetry rigs.  Within a slice, 

accumbens core measurements were sampled at a placement slightly ventral and lateral to 

the anterior commissure; in the opposite hemisphere (randomly assigned as right or left), 

the medial shell region sampled was on the same lateral plane as core samples but in the 

most medial portion of the accumbens shell region (Melchior, submitted, 2017).   Light  
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Figure 6:  Light stimulated dopamine release and uptake are different in the 
nucleus accumbens core and medial shell.  A.  10 pulse, 20 Hz light stimulations 
(blue outline) were applied to nucleus accumbens core (light gray bars) or medial 
shell (dark gray bars) in opposing hemispheres of slices from the same animal.  
Grouped data show that averaged light stimulated dopamine release was 
significantly less in the medial shell regions compared to the accumbens core.  B.  
Grouped data show that the uptake rate (measured as Vmax; nM dopamine per 
second, nM/s) of dopamine signals in the nucleus accumbens shell was also 
significantly less compared to the accumbens core.   **p < 0.01; n = 5 
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stimulations (10 pulses @ 20 Hz) resulted in an average 5.3 (±0.81) μM release in the 

core compared to an average 2.3 (±0.17) μM release in the medial shell (Fig. 6).  

Therefore, accumbens core stimulation results in significantly greater dopamine release 

compared to medial shell (t(8) = 3.6; p < 0.05).  The Vmax in the core was 2545 (± 356), 

whereas in the shell it was 700 (± 109) nM dopamine per second, which was significantly 

lower than the core (t(8) = 5.0; p < 0.05).  Decreased stimulated release and decreased 

uptake rates are consistent with previous reports (Melchior, 2017) and verifies the proper 

location of recording sites.    

Ethanol inhibition of dopamine release in the accumbens core and medial shell 

Finally, we determined if ethanol inhibition of dopamine release was 

differentially effective between the nucleus accumbens core and the medial shell.  Light 

stimulations (10 pulses at 20 Hz) were applied every 5 minutes until a stable baseline of 

dopamine release was obtained in each region, then we applied ethanol (80 mM) to the 

slice buffer.  Ethanol decreased light stimulated dopamine release in the core (t(4) = 3.3; p 

< 0.05) and the medial shell (t(4) = 3.1; p < 0.05) compared to baseline.   However, the 

magnitude of inhibition in the core was 23.2% (± 2.6) compared to 5.8% (± 1.7) in the 

shell (Fig. 7A), and ethanol inhibition in the shell was significantly less than the core (t(8) 

= 5.7; p < 0.001) using light stimulation, and significantly less than the inhibition 

measured in the core, in the presence of antagonists, using either light or electrical 

stimulation (one-way anova, F(3, 17) = 13.33, p < 0.01; Fig. 7B).  There were no significant 

differences in ethanol-induced inhibition of dopamine release in the core across groups.  

Together these data suggest that acute ethanol inhibition of dopamine release is 
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differentially regulated in the nucleus accumbens core versus the medial shell, with the 

medial shell showing significantly less susceptibility to inhibition by ethanol. 

 

Discussion: 

Here we investigated acute ethanol inhibition of dopamine release to better 

understand ethanol targets on dopamine terminals in the NAc.  Specifically, we were 

concerned with whether ethanol-induced inhibition of transmitter release occurred 

through ligand gated heteroreceptors on (or around) dopamine terminals, or through 

actions on proteins more intimately linked to transmitter release such as membrane ion 

channels or intracellular release complexes.   We showed that ethanol-induced  inhibition 

of dopamine release occurs in the presence of a cocktail of antagonists for several 

prominent terminal heteroreceptors, which suggests that ethanol targets are likely 

downstream of heteroreceptor activation.  We supported this idea by using 

optogenetically targeted dopamine terminal stimulation, which excludes endogenous 

heteroreceptor-mediated modulation of dopamine release, and showed that optically-

induced dopamine release was equally sensitive to inhibition by ethanol.  Finally, we 

showed that optically-induced dopamine release in the nucleus accumbens core and 

medial shell was differentially inhibited by ethanol, with medial shell terminals being 

significantly less sensitive to ethanol’s effects.  Together, these data suggest that the 

dopamine terminal targets of ethanol are independent of terminal heteroreceptors, and 

yet, are differentially expressed in terminal fields in the nucleus accumbens core versus 

the medial shell.  
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Figure 7: Ethanol effect on dopamine terminal release is different in the 
nucleus accumbens core and medial shell.  A.  Ethanol (80mM,) applied 
acutely to slices, inhibited light-stimulated (blue outline) dopamine release 
significantly less in the accumbens medial shell region (dark gray bar) 
compared to the core (light gray bar; ***p < 0.001).  Light stimulations were 
applied as 10 pulse, 20 Hz stimulation trains, and dopamine release following 
application of ethanol is presented as the percent of baseline in each region.  B. 
Comparison of ethanol-induced inhibition of stimulated dopamine release 
across groups.  Ethanol-induced inhibition of light-stimulated dopamine 
terminal release was significantly less in the nucleus accumbens medial shell 
(dark gray, blue outline) compared to the accumbens core (light gray) when 
using light stimulation alone, or when using either light (blue outline) or 
electrical (red outline) stimulation in the presence of the cocktail of antagonists 
for dopamine terminal heteroreceptors (one-way anova; ***p < 0.001 
compared to all other groups). 
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One point of consideration is whether the magnitude of release is a factor 

mediating the potency of ethanol effects on dopamine release.  A comparison of release 

across groups does not support this idea.  For example, there were significant differences 

in the magnitude of dopamine release at baseline between electrical and light stimulation 

in the core (Fig 3).  This likely results from differences in the strength of the stimulation, 

the ability of stimulation type (electronic vs photonic) to penetrate the tissue, and the 

differences between selective versus non-selective stimulation of cells and axons in the 

tissue that are inherent with each model (Melchior et al. 2015).  However, we found that 

ethanol-induced inhibition of dopamine release occurred to the same extent, as a 

percentage of baseline, in the accumbens core, regardless of nearly two-fold greater 

baseline release using light stimulation; this suggests that release magnitude did not 

influence the potency of ethanol effects.  There were also significant differences in 

baseline release magnitude between accumbens core and medial shell. In this case both 

regions received identical light stimulations; therefore, these differences likely reflect 

variances in the density of terminal fields across regions (Beier et al. 2015) as well as 

differences in intrinsic release characteristics between terminal fields (Melchior, 

submitted, 2017).  The baseline magnitude of dopamine release in the shell using light 

stimulations was similar to the magnitude of dopamine signals measured in the core using 

electrical stimulations in the presence of the antagonist cocktail, yet there was a 

significant difference in ethanol effect between these groups.  Therefore, we do not 

believe that baseline release magnitude gated the potency of ethanol inhibition of 

dopamine terminals.  Intrinsic differences regulating initial release probability between 

core and shell terminal fields may contribute to differential inhibition by ethanol.   
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Striatal dopamine release is modulated by presynaptically located nAChRs, 

primarily nAChRs expressing the α4β2 and α6β2 subunits, which are expressed 

differentially across dopamine terminal regions of the striatum (Zhou et al. 2001; Exley 

et al. 2008) and may differentially regulate dopamine release from accumbens core and 

shell terminal fields (Zhang et al. 2009).  It has been suggested that alcohol effects on 

dopamine signaling may be mediated via nAChRs, both in augmenting dopamine neuron 

firing the VTA (Blomqvist et al. 1997; Tizabi et al. 2002; Tolu et al. 2017) and in 

dopamine terminal inhibition in the accumbens (Schilaty et al. 2014; Yorgason et al. 

2014a).  Mecamylamine is a non-competitive antagonist at both α4 and β2 subunits of 

nAChRs (Bondarenko et al. 2014), making it a non-selective antagonist for all striatal 

nAChRs, with actions that mimic nAChR knockout effects on stimulated dopamine 

release (Zhou et al. 2001).   Here we showed that ethanol inhibition of dopamine release 

persists in the presence of mecamylamine (plus other antagonists in the cocktail), which 

strongly suggests that ethanol actions are not mediated by direct effects on nAChRs.  

These data contrast with previous reports of reduced ethanol effects in the presence of 

nAChR blockers (Schilaty et al. 2014; Yorgason et al. 2014a).  However, those studies 

used local electrical stimulation of dopamine release which is significantly augmented by 

co-activation of acetylcholine interneurons and results in endogenous activation of 

nAChRs (Threlfell et al. 2012; Cachope et al. 2012), thus providing multiple mechanisms 

(direct and indirect) for ethanol to influence dopamine release via nAChR (Borghese et 

al. 2003; Melchior et al. 2015).  To address these potential confounds, we used 

optogenetically targeted dopamine terminal stimulation and demonstrated that optically 

stimulated dopamine release is insensitive to endogenous nAChR activity, ex vivo, which 
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is consistent with previous reports (Threlfell et al. 2012; Melchior et al. 2015; O’Neill et 

al. 2017).  Further, we show that optically stimulated dopamine release was also 

significantly inhibited by ethanol, which suggests that ethanol effects are not occurring 

indirectly through endogenous acetylcholine activity.  Taken together, we suggest that 

ethanol has inhibitory actions on dopamine terminals, which are independent of nAChR 

function.  Consistent with this line of thinking, we also suggest that ethanol actions are 

independent of dopamine terminal GABAB and κ-opioid receptors, which is consistent 

with the scarcity of evidence for ethanol binding sites on G-protein coupled receptors 

(GPCR).  

We demonstrated that optically-targeted dopamine release is unaltered by the 

cocktail of antagonists, including blockade of D1-type and D2-type receptors (Fig. 4).  

This suggests that this model is not inducing endogenous activity on dopamine terminals 

either through co-activation of non-dopaminergic cells or axon terminals with electrical 

stimulation or through dopamine-mediated activation of post-synaptic cells.  Taken 

together this implies that optically-stimulated dopamine release is occurring 

independently of local microcircuitry and thus eliminates the confound of endogenous 

heteroreceptor activation during stimulated release and potential indirect ethanol effects.  

While not presented here, this model allows an assessment of direct actions of 

heteroreceptor activation on dopamine release; for example, applying an agonist of D2-

like receptors significantly decreases optically-stimulated dopamine release, consistent 

with their role as dopamine autoreceptors (Melchior et al. 2015; Adrover et al. 2014).  

We have also demonstrated direct dopamine release modulation via GABAB and κ-opioid 

receptor agonism using optically-stimulated dopamine release ex vivo (Melchior, 2017; 
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unpublished lab data).  Thus, our results here confidently predict that ethanol targets are 

via direct interaction with dopamine terminals.  The majority of dopamine terminal 

heteroreceptors are GPCRs.  We did not test ethanol effects in the presence of antagonists 

for all receptor-types currently identified on dopamine terminals, including mGluR1, 

delta opioid, and others (Zhang and Sulzer 2012), and cannot rule out these receptors as 

potential targets of ethanol-induced inhibition.  However, ethanol effects on GPCR 

signaling have been postulated to result from modulation of endogenous GPCR signaling 

pathways and not from direct activation of GPCRs (Kelm, 2011).  Our demonstration that 

ethanol inhibits dopamine release in a model that does not include endogenous activation 

of dopamine terminal GPCRs suggests that ethanol actions are independent of dopamine 

terminal heteroreceptor activation.  Instead, we suggest that ethanol effects occur via 

interactions with proteins more directly linked to transmitter release such as membrane 

ion channels, which is consistent with currently identified molecular targets of ethanol 

(Crews et al. 1996; Harris et al. 2008; Bodhinathan and Slesinger 2014).   

There are several potential targets for ethanol on dopamine terminals.  One is the 

G-protein activated inwardly rectifying potassium channels (GIRK).  GIRK channel 

activation is a downstream mechanism of the inhibitory actions of D2 autoreceptors (Ford 

2014), GABAB (Padgett and Slesinger 2010) receptors and k-opioid receptors (Ikeda et 

al. 2002) located on dopamine terminals.  Therefore, the persistence of ethanol-induced 

inhibition of dopamine release in the presence of heteroreceptor blockade might result 

from ethanol actions occurring at GIRK channels downstream of heteroreceptor 

activation.  GIRK channels are directly activated by ethanol (Bodhinathan and Slesinger 

2013) which, in terminals, would decrease transmitter release (Lüscher and Slesinger 
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2010).  Further, GIRK-3 channels are expressed in VTA dopamine neurons (Labouèbe et 

al. 2007) and modulate acute ethanol effects on VTA excitability, dopamine release in 

the NAc and binge-like ethanol consumption in mice (Herman et al. 2015).  

A second potential target of ethanol on dopamine terminals are L-type Ca2+ 

channels, which are directly inhibited by ethanol (Wang et al. 1994; Hendricson et al. 

2003).  Blockade of L-type Ca2+ channels reduces alcohol consumption (Fadda et al. 

1992), alcohol stimulus discrimination (Green and Grant 1999) and measures of alcohol 

dependence (Uhrig et al. 2017).  L-type Ca2+ channels are expressed in dopamine 

neurons (Dryanovski et al. 2013); however, their contribution to dopamine release is 

subtle and requires high release probability scenarios (Brimblecombe et al. 2014).  Here 

we employed 10 pulse stimulations to induce large magnitude dopamine release because 

this method is significantly more sensitive to ethanol effects than single pulse stimulated 

release (Yorgason et al. 2014a).  This raises the possibility that in utilizing large, multiple 

pulse stimulations we are increasing intracellular Ca2+ levels sufficiently to detect the 

contribution of L-type Ca2+ channels on release, a contribution that is subsequently 

inhibited by application of ethanol.  Another point of consideration is that there is a 

regional differentiation in the contribution of L-type Ca2+ channels on dopamine release, 

based on initial release probability, which is greater in the dorsal striatum compared to 

the NAc (Brimblecombe et al. 2014).  Here we show that the initial release probability of 

terminal fields in the medial shell is significantly lower than that of the NAc core, which 

is consistent with a gradient of decreased release probability from dorsolateral to 

ventromedial striatum (Calipari et al. 2012; Melchior, 2017 submitted).  Therefore, it 

might be that intrinsic regulators of release probability, such as calcium buffer proteins 
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(Schmidt 2012), are greater in the medial shell terminal fields compared to the 

accumbens core, such that the contribution of L-type Ca2+ channels to dopamine release 

is masked, thus explaining the relative lack of ethanol effect on dopamine release in the 

medial shell.   

An alternative mechanism to alterations in ion channel function is modulation of 

proteins involved in vesicle trafficking, priming and release machinery.  The Munc-13 

proteins are implicated in Ca2+-dependent vesicle priming and regulating terminal release 

probability (Shin et al. 2010; Breustedt et al. 2010; Varoqueaux et al. 2002) and may 

directly bind ethanol (Das et al. 2013).   In mice, Munc 13-2, a competitive regulator of 

synaptic vesicle priming, is differentially expressed in presynaptic glutamatergic 

terminals in the basolateral amygdala across two different mouse strains.  Specifically, 

B6 mice express greater amounts of Munc 13-2 and show reduced release probability and 

greater synaptic fatigue in response to repetitive stimulation compared to D2 mice (Gioia 

et al. 2016).  Further, it has been suggested that the increased expression of Munc 13-2 in 

B6 mice may underlie their resiliency to both acute and chronic ethanol effects on 

anxiety-like behaviors (Gioia and McCool 2017).  Here we show that dopamine terminal 

fields in the medial shell show reduced release probability and reduced inhibition by 

ethanol compared to the NAc core.  Thus, a plausible scenario may be that dopamine 

terminals in the medial shell express greater levels of Munc 13-2 compared to the core, 

making them more resilient to ethanol-mediated inhibition of dopamine release.  In such 

a scenario, Munc 13-2 proteins would buffer ethanol responses on terminal release 

machinery and mediate resiliency to ethanol-induced inhibition of dopamine release.   
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In summary, we have demonstrated that ethanol directly inhibits dopamine 

terminal release and this inhibition is differentially expressed in accumbens core and 

medial shell terminal fields.  The medial-lateral differentiation in dopamine signaling 

highlights the growing appreciation of heterogeneity in midbrain dopamine neurons 

based on their projection targets (Morales and Margolis 2017; Lammel et al. 2008; 

Lammel et al. 2011), and these differences in dopamine terminal regulation may underlie 

unique adaptations in dopamine system function in response to chronic drug or alcohol 

abuse (Juarez and Han 2016).  The nucleus accumbens medial shell is considered part of 

the extended amygdala, a group of structures connected with viscero-endocrine effector 

systems involved in affective and motivational states (Lovinger and Kash 2015; Kelley 

1999), while the accumbens core is thought to mediate adaptive instrumental responding 

to cues predicting reward (Corbit et al. 2001).  Therefore, dopamine release between 

these accumbal regions may be differentially tuned to confer unique aspects of appetitive 

behavior (Saddoris et al. 2011).  The disparity in response to acute ethanol presented here 

contributes to a growing body of evidence of differential dopaminergic responses to acute 

and chronic drug exposure between these sub-regions (Di Chiara et al. 2004; Howard et 

al. 2008; Saddoris et al. 2016a; Saddoris et al. 2016b; Saddoris 2016) and suggests 

unique molecular profiles underlying terminal phenotypes which may provide novel 

targets for pharmacological intervention in the treatment of alcohol use disorders.  In 

addition, developing a better understanding of presynaptic ethanol targets and ethanol 

modulation of transmitter release, in general, may aid investigations into the complex 

modulation of neurotransmission by ethanol across multiple cell types (Roberto et al. 

2006). 
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Abstract: 

Dopamine signaling encodes reward learning and motivated behavior through modulation 

of synaptic signaling in the nucleus accumbens, and aberrations in these processes are 

thought to underlie obsessive behaviors associated with alcohol abuse.  The nucleus 

accumbens is divided into core and shell sub-regions with overlapping but also divergent 

contributions to behavior.  Here we optogenetically targeted dopamine projections to the 

accumbens allowing us to isolate stimulation of dopamine terminals ex vivo.  We applied 

5 pulse (phasic) light stimulations to probe intrinsic differences in dopamine release 

parameters across regions.  Also, we exposed animals to 4 weeks of chronic intermittent 

ethanol vapor and measured phasic release.  We found that initial release probability, 

uptake rate and autoreceptor inhibition were greater in the accumbens core compared to 

the shell, yet the shell showed greater phasic release ratios.  Following chronic ethanol, 

uptake rates were increased in the core but not the shell, suggesting region-specific 

neuronal adaptations.  Conversely, kappa opioid receptor function was upregulated in 

both regions to a similar extent, suggesting a local mechanism of kappa opioid receptor 

regulation that is generalized across the nucleus accumbens.  These data suggest that 

dopamine axons in the nucleus accumbens core and shell display differences in intrinsic 

release parameters, and that ethanol-induced adaptations to dopamine neuron terminal 

fields may not be homogeneous.   Also, chronic ethanol exposure induces an upregulation 

in kappa opioid receptor function, providing a mechanism for potential over-inhibition of 

accumbens dopamine signaling which may negatively impact downstream synaptic 

function and ultimately bias choice towards previously reinforced alcohol use behaviors. 
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Introduction: 

Alcohol use disorders (AUD) and drug addiction share a common feature -  

persistent seeking and use despite delayed negative consequences on both physical and 

social health.  These aberrant actions suggest abnormalities in the neural circuitry 

governing motivated behavior (Hyman et al. 2006; Stuber et al. 2010b), and have 

prompted research into elucidating ethanol induced neuroadaptations that may underlie 

the switch from casual to obsessive attention towards alcohol.  An area of particular 

interest is the nucleus accumbens (NAc), which integrates diverse cognitive and limbic 

inputs onto motor plan-initiating output signals of the basal ganglia, implicating this 

region in motivation and behavioral selection.  For instance, repeated drug exposure 

causes long term synaptic plasticity within the NAc that results in sensitized locomotor 

responses (Creed et al. 2015; Pascoli et al. 2011) and incubation of craving during 

withdrawal (Conrad et al. 2008), prompting increased attention on identifying the 

synaptic manifestations of chronic ethanol exposure in this region (Jeanes et al. 2014; 

Abrahao et al. 2013).  Dopamine (DA) signaling in the NAc is thought to encode reward 

learning via modulation of synaptic signaling and gating aspects of synaptic plasticity 

(Shen et al. 2008; Surmeier et al. 2011; Tritsch and Sabatini 2012; Creed and Lüscher 

2013), processes that are believed to ultimately bias decision making towards previously 

reinforced behaviors.  Indeed, aberrations in DA signaling have been linked to 

obsessive/compulsive behaviors (Sesia et al. 2013) and behavioral rigidity (Beeler et al. 

2014).   

Kappa opioid (κ-opioid) receptors are expressed within the NAc where they 

inhibit DA signaling (Spanagel et al. 1992) upon activation by endogenous dynorphin, 
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providing a negative feedback mechanism to regulate local DA levels (Steiner and Gerfen 

1996).  Further, the dynorphin/κ-opioid system appears to be upregulated following 

chronic ethanol exposure (Sirohi et al. 2012).  Specifically, the κ-opioid receptor 

antagonist nor-binaltorphimine (nor-BNI) reduces the escalation of intake observed in 

alcohol dependent animals while having no effect on non-dependent animals (Walker and 

Koob 2008), suggesting that recruitment of κ-opioid receptor activity contributes to 

dependence and may provide a potential mechanism for ethanol-induced adaptations in 

DA transmission and the subsequent modulation of synaptic function (Shippenberg et al. 

2007).  

The NAc is divided into two sub-regions, the core and the shell, which receive 

unique assortments of afferent inputs and differentially contribute to reward aspects of 

behavior (Kelley 2004).  The core is involved in reinforcement learning and adaptive 

instrumental behavior, while the shell is connected with viscero-endocrine effector 

systems involved in reward processing and motivational states (Kelley 1999).  For 

example, by virtue of its afferent innervation from the ventral hippocampus (Britt et al. 

2012) and efferent projections to the lateral hypothalamus (Kelley 2004) the shell is 

considered to be a component of the extended amygdala, a collection of structures 

heavily implicated in exaggerated stress and anxiety states during alcohol withdrawal 

(Koob 2013; Lovinger and Kash 2015).  Both regions receive DA innervation from the 

ventral tegmental area (VTA); however, DA signaling does not appear to be homogenous 

across the NAc (Aragona et al. 2009).  Acute drug and alcohol administration selectively 

increase DA release in the shell compared to the core (Di Chiara et al. 2004; Howard et 

al. 2008), and chronic drug exposure results in differential dopaminergic adaptations in 
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the core and shell (Saddoris 2016; Saddoris et al. 2016).  This is coupled with differences 

in phasic release parameters of DA terminal fields across regions (Jones et al. 1996a; 

Zhang et al. 2009), supporting region-specific heterogeneity in DA signaling. 

 One level of DA signal regulation occurs at the terminals, where expression of a 

variety of release-regulating heteroreceptors in the terminal membrane (Zhang and Sulzer 

2012; Sulzer et al. 2016) allows local environmental influence of terminal physiology 

and results in diverse micro-domains within terminal fields (Wightman et al. 2007; Pickel 

2000; Zhang et al. 2015; Tritsch et al. 2012).  Fast-scan cyclic voltammetry (FSCV) is 

often used in ex vivo slice preparations to pharmacologically probe terminal receptor 

regulation of DA release and how terminal activity may be altered following chronic drug 

and alcohol administration (Ferris et al. 2013; Siciliano et al. 2015b; Calipari et al. 2015).  

However, relatively few of these investigations probe terminal fields in the medial NAc 

shell, partially due to the technical difficulties in obtaining robust, reliable DA release in 

this region.  That is, a single pulse-stimulated DA signal is low in amplitude compared to 

neighboring regions such as the NAc core and dorsal striatum (Jones et al. 1996a).  This 

can be overcome by applying multiple pulses in a stimulation train; however, electrical 

stimulation trains recruit modulation of DA terminals from concurrent excitation of the 

surrounding non-dopaminergic neuronal types within the tissue (Melchior et al. 2015). 

This recruitment often distorts the stimulated DA signal and makes assessments of 

whether heteroreceptor modulation is occurring through direct (terminal receptors) or 

indirect (multi-synaptic) mechanisms difficult to determine.  Here we use optogenetic 

tools to selectively light-stimulate DA terminals in the NAc, without concurrent electrical 
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excitation of non-dopaminergic cells in the tissue, providing an isolated DA signal ex 

vivo.  

The goal of these studies was to extend our investigations of chronic ethanol-

induced alterations of DA signaling in the ventral striatum (Karkhanis et al. 2015; Rose 

et al. 2016; Siciliano et al. 2015a) across three novel parameters.  1) We measured DA 

signals in the NAc shell to provide a direct comparison to NAc core DA terminal fields in 

order to determine whether chronic ethanol exposure results in differential adaptations 

between regions.  2) We used targeted light stimulation, avoiding concurrent modulation 

of DA release by excitation of non-dopaminergic cells in the DA terminal field, to 

provide greater resolution with regard to direct vs indirect ethanol-induced DA terminal 

heteroreceptor adaptations. 3) We applied 5 pulse stimulation trains to approximate the 

phasic spikes in DA neurons that occur in response to discrete environmental cues in 

vivo.   

 

 

  



 
 

163 
 

Methods: 

Animals: Male Tyrosine Hydroxylase (TH)-internal ribosome entry site (IRES)-Cre 

Recombinase knock-in mice on a C57Bl/6J background (TH:Cre) were bred, genotyped 

for positive cre recombinase expression and maintained in group housing in the mouse 

colony. All animals were maintained according to the National Institutes of Health 

guidelines and all experimental protocols were approved by the Institutional Animal Care 

and Use Committee at Wake Forest University School of Medicine.   

At 8-12 weeks of age mice were anesthetized with 100 mg/kg ketamine and 8 mg/kg 

xylazine and placed in a stereotaxic frame.  A custom-made glass micropipette (80 µm 

outer diameter) was inserted directly above the VTA (coordinates from Bregma in mm: -

3.3 AP, ±0.5 ML, -4.3 DV).  Microinjections were administered using an air pressure 

injection system and consisted of applying small pulses of pressure (30 psi, 40-80 msec 

duration) to the infusion pipette.  Individual injections were performed on each side of 

the midline resulting in bilateral VTA infusions, with each hemisphere of VTA receiving 

approximately 0.4 µl of AAV5-EF1α-hChR2(H134R)-eYFP (5.5 x 1012 virus 

molecules/ml; Virus Vector Core, University of North Carolina).  Following surgery, 

mice were returned to the mouse colony, single housed, and maintained for a minimum of 

14 days to recover from surgery and allow expression of channelrhodopsin-2 (ChR2). 

Histology:  Immunohistochemistry was used to verify ChR2 expression in dopamine 

axons in the nucleus accumbens as previously described (Melchior et al. 2015).  Mice 

were anesthetized with ketamine (100mg/kg) and xylazine (8 mg/kg) and transcardially 

perfused with phosphate-buffered saline (PBS) followed by 10% buffered formalin 
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phosphate (Fischer Scientific, Waltham, MA, USA).  Brains were then removed, 

submerged in 10% buffered formalin phosphate for an additional 24-48 hours, and 

subsequently transferred to 30% sucrose in PBS for 72 hours.  Sections (40 µm) were 

obtained on a microtome (American Optical Company, Buffalo, NY, USA) and stored in 

PBS for immunohistochemistry.   

Sections were permeablized in 0.3% triton (Sigma, St Louis, MO, USA) in PBS (PBS-

Tx) for 2 hours, blocked in 5% normal goat serum (Vector Laboratories, Burlingame, 

CA, USA) in PBS-Tx, and incubated in primary antibody in the blocking solution for 24-

48 hours.  Primary antibodies include chicken anti-GFP (1 µg : 500 µl; Aves labs, Tigard, 

OR, USA) and rabbit anti-tyrosine hydroxylase (1 µg : 1000 µl; Cell Signaling, Danvers, 

MA, USA).  Sections were rinsed and transferred to secondary antibody in blocking 

solution for 1.5 hours.  Secondary antibodies include fluorescein-labeled goat anti-

chicken IgY (Aves labs, 1 µg : 250 µl) and goat anti-rabbit alexa fluor 594 IgG (1 µg : 

250 µl; Molecular Probes, Eugene, OR, USA).  Sections were mounted on 1mm slides 

with Vectashield (Vector Labs) mounting medium and images were obtained with an 

Olympus BX-51 Microscope and Optronics Microfire digital camera (Goleta, CA, USA).  

Images were processed in Adobe Photoshop. 

CIE:  ChR2 expressing mice were administered the chronic intermittent ethanol (CIE) 

exposure protocol outlined on the website for the INIA-Stress research consortium 

(http://iniastress.org/dependence).  Briefly, mice were injected with a ‘loading’ dose of 

ethanol (1.6 mg/kg) and pyrazole (1 mmol/kg), an alcohol dehydrogenase inhibitor that 

stabilizes and maintains blood ethanol concentrations, and exposed to ethanol vapor in an 

air tight vapor chamber for 16 consecutive hours.  This procedure is repeated, daily, for 

http://iniastress.org/dependence
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four consecutive days, followed by 3 days of exposure to room air with no injections - 

constituting one cycle of CIE.  The ethanol treated group was exposed to 4 cycles of CIE 

spanning 4 consecutive weeks. An ‘air-treated’ control group was administered saline and 

pyrazole (1 mmol/kg) injections and exposed to room air across the 4 weeks with no 

exposure to ethanol. Following CIE or air-treatment, animals were sacrificed for 

voltammetry experiments.  The CIE and air treatment groups were staggered such that 

each ethanol-treated animal had a complimentary air-treated control that was scheduled 

for voltammetry experiments the following day. 

Blood ethanol concentrations (BEC) for animals exposed to ethanol vapor were measured 

at the end of each cycle for each animal to ensure that BECs were physiologically 

relevant.  Blood samples were collected from the mice using the submandibular vein 

punch immediately after removal from the ethanol vapor chamber.  Blood samples were 

assayed for ethanol concentration as described previously (Karkhanis et al. 2015). 

Ex Vivo Voltammetry:  Slice preparation and FSCV was performed as described 

previously (Ferris et al. 2012).  On the morning following completion of the final cycle 

of CIE (72 hours after final ethanol exposure), animals were anesthetized with isoflurane, 

decapitated, and the brain rapidly removed and cooled in ice-cold, pre-oxygenated (95% 

O2/5% CO2) artificial cerebral spinal fluid (aCSF) consisting of (in mM): NaCl (126), 

KCl (2.5), NaH2PO4(1.2), CaCl2(2.4), MgCl2(1.2), NaHCO3(25), glucose (11), L-

ascorbic acid (0.4) and pH was adjusted to 7.4. Multiple coronal slices (300 µm thick) 

containing the NAc (NAc) were prepared from each animal with a vibrating tissue slicer 

(Leica VT1000S; Leica Instruments, Nussloch, Germany).  Slices were maintained in 

oxygenated aCSF at room temperature for 1 hour before transfer to a submersion 
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recording chamber through which 32°C oxygenated aCSF was perfused at a rate of 1 

ml/min.  Two voltammetry rigs were used; slices were divided along the midline and 

each hemisphere was transferred to the recording chamber of the corresponding 

voltammetry rig.  Thus, NAc core and shell recordings were occurring simultaneously, 

across two voltammetry rigs, from separate hemispheres of the same slice.   

Carbon fiber microelectrodes (100-150 µM length, 7 µM diameter) were fabricated with 

a waterproof epoxied seal which results in reduced noise and increased stability, allowing 

a single electrode to be used across experiments.  A total of 6 electrodes were used in this 

study, and the same electrode was used on consecutive days, for each corresponding 

animal in the experimental and control groups. The carbon fiber electrode was placed into 

the core or shell of the NAc approximately 100 µM below the surface.  Light stimulation 

was delivered from an optic fiber coupled to a 100 mW, 473 nm blue laser. The optic 

fiber was positioned in the slice bath, above the tissue, and aimed to deliver light to the 

area of tissue immediately surrounding the recording electrode.  DA was evoked by an 

optical pulse (~5 mW, 4 ms duration) applied as a single pulse or a 5 pulse train (20 Hz) 

every 5 min.  Extracellular DA was monitored at the carbon fiber electrode every 100 

msec using fast-scan cyclic voltammetry (Wightman et al., 1988) by applying a triangular 

waveform (-0.4 to +1.2 to -0.4 V vs Ag/AgCl, 400 V/s).  Following experiments, 

recording electrodes were calibrated by measuring responses (in electrical current; nA) to 

a known concentration of DA (3 μM), using a flow-injection system. This was used to 

convert electrical current to DA concentration.   

Experiments began with single pulse stimulations which were repeated every 5 minutes 

until the DA signal reached stability, defined by less than 10% variation in magnitude 
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and not trending up or down across three successive recordings; stability occurs in 

approximately 90 minutes. Once stable single pulse evoked DA signals were obtained, 5 

pulse (20 Hz) phasic stimulations were applied once every 5 minutes.  In control slices, 

we found that signals remained stable for approximately 2 hours using this stimulation 

protocol, after which the peak amplitude would slowly decline (< 1%) with each 

successive stimulation.  Once 5 pulse phasic stimulations were stable, U50,488 (30-1000 

nM) or quinpirole (10-100 nM) was applied cumulatively to the brain slice.  Recordings 

for each drug concentration were continued until the magnitude of DA release was again 

stable, before proceeding to the next concentration.  Following U50,488, slices were 

washed in aCSF containing nor-binaltorphimine (nor-BNI; 30 µM) to reverse the 

U50,488 inhibition of DA release. To account for potential deterioration of baseline 

amplitude resulting from prolonged application of phasic light stimulations, the nor-BNI 

reversal for each group was normalized to the baseline magnitude and this correction was 

applied to each drug dose response accordingly. 

All voltammetry data were collected and modeled using Demon Voltammetry and 

Analysis Software (Yorgason et al. 2011). Parameters of evoked levels of DA are 

determined based on Michaelis–Menten kinetics (Wightman et al. 1988), following 

standard voltammetric modeling procedures (Wu et al. 2001).  

Statistics: Graph Pad Prism (version 5, La Jolla, CA, USA) was used to statistically 

analyze data sets and create graphs. Planned comparisons in DA release and uptake 

measures were analyzed using an unpaired two-tailed t-test.  Drug concentration response 

curves were subjected to a two-way repeated measures ANOVA; concentration was the 

within subjects factor and experimental group was the between subjects factor.  



 
 

168 
 

Differences between groups were tested using a Bonferroni post hoc test. All p values of 

< 0.05 were considered to be statistically significant.  

 

Results:   

Histological analysis of ChR2 expression 

In order to target ChR2 expression in DA terminal fields in the nucleus 

accumbens, we used a viral construct with DNA encoding ChR2 expression in a manner 

dependent on cre-recombinase expression, and a transgenic mouse line that endogenously 

expresses cre-recombinase based on the transcription of TH mRNA (Tsai et al. 2009); 

thus, when used together, ChR2 will be targeted to dopamine precursor expressing 

neurons. Indeed, we found viral transfection of the VTA of TH:Cre mice resulted in 

ChR2 expression in midbrain DA neurons and their axonal projections to the NAc, as in 

previous studies (Melchior et al. 2015).  Figure 1 shows representative 

immunohistochemical images of ChR2 expression 6 weeks after viral injection.  In the 

VTA, TH expression was immunolabeled with red fluorescence, allowing identification 

of midbrain DA neurons (Fig. 1A).  ChR2 expression was immunolabeled with green 

fluorescence and robustly overlapped the TH expressing neurons in the VTA.  Note that 

ChR2 expression did not extend laterally to the neighboring substantia nigra compacta, 

indicating accurate targeting of viral injections.  In the ventral striatum, ChR2 expression 

was seen in the terminal projections of VTA DA neurons, which densely innervate the 

NAc core and shell regions (Fig. 1B).  
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Figure 1: Expression of ChR2 in ventral tegmental area and striatum.  A. 
Coronal midbrain section immunolabeled to show location of tyrosine hydroxylase 
expressing neurons in the VTA (red, top), ChR2-eYFP expression (green, middle) 
and a merged overlay showing the ChR2 expression throughout the site of injection 
in the VTA (bottom).  B. Coronal section of striatum showing expression of ChR2 in 
the terminal fields of midbrain dopamine neurons (A). The ventral striatum shows 
robust ChR2 expression in both the nucleus accumbens core and shell regions.  AC; 
anterior commissure.  Scale bar = 500 µm. 
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Light-evoked DA release measured with voltammetry 

Coronal slices containing the NAc were examined using voltammetry to measure 

light stimulated DA release (Melchior et al. 2015).  A single slice was divided into 

separate hemispheres and signals were measured at the same time using two separate 

voltammetry rigs.  Within the slice, NAc core measurements were sampled at a 

placement slightly ventral and lateral to the anterior commissure.  In the opposite 

hemisphere (randomly assigned as right or left), NAc shell measurements were sampled 

from the medial shell region, also slightly ventral to the level of the anterior commissure, 

on the same lateral plane as core samples.  These locations are represented by the labels 

‘core’ and ‘shell’ in Fig. 1B.  Light stimulations applied to both regions resulted in 

increases in current (Fig. 2) with peak changes in current detected at 0.6 V and -0.2 V on 

the voltage scan (Fig. 2 inset); these peaks are consistent with the oxidation and reduction 

profile of DA (Wightman et al. 1988).  Color plot representations show the changes in 

current (z-axis) with respect to voltage (y-axis) and time (x-axis). Representative traces 

of 5 pulse (20 Hz) light stimulated DA release show characteristic signals obtained in the 

core and shell regions (Fig. 2).   

DA release parameters: core versus shell 

Stimulated DA signals in the NAc shell were smaller in amplitude compared to 

signals in the core (n = 60 total slices across 25 animals; 60/25).  Single pulse light 

stimulations resulted in 1.08 (± 0.08) µM DA release in the core compared to 0.31 (± 

0.03) µM DA release in the shell, which were significantly different between regions (t(57)  
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Figure 2: Representative traces of light-stimulated dopamine release in the 
ventral striatum.  Five pulse, 20 Hz (phasic) light stimulations  resulted in robust 
dopamine release in the nucleus accumbens core and shell. Color plots (below) 
display signals as current vs. voltage vs. time. Dopamine was identified by 
characteristic oxidation peaks at 0.6 V and reduction peaks at -0.2 V represented for 
both regions in the current vs. voltage plot (inset).  Nucleus accumbens shell terminal 
fields show reduced stimulated dopamine release (peak height) and reduced 
dopamine uptake rates (descending portion of curve) compared to terminal fields in 
the nucleus accumbens core.  Phasic light stimulations resulted in > 1 µM dopamine 
release magnitude in the accumbens shell. 
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= 9.0, p < 0.001; Fig. 3A).  Similarly, 5 pulse light stimulations resulted in 3.22 (± 0.22) 

µM DA release in the core and 1.25 (± 0.10) µM DA release in the shell, which were also 

significantly different between regions (t(58) = 8.0, p < 0.001).  Further, there was a 

significant interaction between region and pulse number (two-way anova; F(1,115) = 20.73, 

p < 0.001).  

It has been reported that the shell shows a greater magnitude of phasic activation 

compared to the core (Zhang et al. 2009). That is, the ratio of multi-pulse stimulated 

release levels to single pulse stimulated release levels is enhanced in the shell. Here we 

calculated the ratio of 5 pulse (phasic) release magnitude to single pulse (tonic) release 

magnitude (5 p:1p ratio).  The phasic release ratio was 3.10 (± 0.09) in the core and 4.09 

(± 0.09) in the shell, thus the shell shows significantly greater phasic activation than the 

core (t(57) = 7.7, p < 0.001; Fig. 3B) in agreement with previous reports.  In order to 

assess possible differences in release probability, we analyzed DA release per stimulus 

pulse (DAp) across groups (Fig. 3C).  We found that DAp was significantly higher for a 

single pulse stimulation (1006 ± 70.8 nM) compared to release per pulse across a 5 pulse 

stimulation train (814.4 ± 50.1 nM) in the core (t(59) = 2.2, p < 0.05).  Conversely, in the 

shell, a single pulse stimulation results in a similar magnitude of DA release (293.2 ± 

26.6 nM) compared to each pulse in a stimulation train (296.4 ± 24.0 nM; p > 0.05).  

There was a significant interaction between region and pulse number (two-way anova; 

F(1,115) = 4.20, p < 0.05). 
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Figure 3: Light stimulated dopamine release parameters in the nucleus 
accumbens core and shell.  A. Grouped data showing dopamine release 
magnitude following a tonic (1 pulse) or phasic (5 pulse) light stimulation in the 
nucleus accumbens core and shell.  Dopamine release was significantly less in the 
shell compared to the core for tonic and phasic stimulations.  B. Phasic release as a 
factor of tonic release in the same field (5 pulse release / 1 pulse release).  Phasic 
release ratios are significantly greater in the shell compared to the core.  C. 
Dopamine release per pulse was greater with a single pulse stimulation compared 
to 5 pulse stimulation in the core.  Dopamine release per pulse was uniform across 
stimulations in the shell. *p < 0.05, ***p < 0.001 
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Chronic ethanol effects on DA release 

Next we wanted to determine whether chronic ethanol exposure resulted in 

changes in DA terminal parameters, specifically DA release, uptake rates and modulation 

by hetero-receptors. To this end, mice expressing ChR2 in DA neurons were exposed to 

chronic intermittent ethanol (CIE) exposure using ethanol vapor chambers (Becker and 

Lopez 2004).  Mice were exposed to ethanol vapor for 16 hours a day, 4 days a week, for 

4 consecutive weeks.  BECs were measured at the end of each week and showed an 

average of 231.6 (± 14.7) mg/dL (mean ± SEM; n = 13).  A separate group of ChR2 

expressing mice were exposed to the identical protocol as the CIE treated animals except 

they were exposed to normal room air instead of ethanol vapor. 

In order to determine if chronic ethanol exposure reduced DA terminal function, 

we assessed release using single or 5 pulse stimulations following CIE.  We found no 

differences in light stimulated release in either the core or shell regions in ethanol treated 

animals.  In the NAc core, single pulse light stimulations resulted in 1.01 (± 0.08) µM 

DA release in CIE treated animals (n = 16/13) which was not different from the 1.16 (± 

0.15) µM DA release measured in air treated animals (n = 14/12; t(28) = 0.9, p > 0.05; Fig. 

4A).  Similarly, 5 pulse light stimulations resulted in 3.23 (± 0.25) µM DA release in CIE 

treated animals (n = 16/13) and 3.21(± 0.37) µM DA release in air-treated animals (n = 

15/12; t(29) = 0.03, p > 0.05; Fig. 4B).  In the NAc shell, single pulse light stimulations 

resulted in 0.30 (± 0.03) µM DA release in CIE treated animals (n = 15/12) and 0.31 (± 

0.03) µM DA release in air treated animals (n = 14/11; t(27) = 0.05, p > 0.05; Fig. 4A).  

Similarly, 5 pulse light stimulations resulted in 1.23 (± 0.14) µM DA release in CIE 
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treated animals and 1.27 (± 0.15) µM DA release in air-treated animals (t(27) = 0.17, p > 

0.05; Fig. 4B). 

Chronic ethanol effects on uptake rates 

It has been reported that DA uptake rates are slower in the NAc shell compared to 

the NAc core in rodents (Jones et al. 1996b; Zhang et al. 2009).  In order to examine this  

in our model we measured maximal uptake rates (Vmax) using 5 pulse light stimulations, 

which produced the largest amplitude DA release signals in each region. Consistent with 

previous reports, we found that uptake rates in the shell were slower than those in the 

core.  In control animals (n = 15/12) Vmax in the core was 2172 (± 223) nM/s whereas in 

the shell (n = 14/11) Vmax was 726 (± 79) nM/s, which was significantly less compared 

to the core (t(27) = 5.9, p < 0.001; Fig. 5A). 

Following chronic ethanol exposure we found that there was there was a 

significant interaction of treatment and region on uptake rates (F(1,56) = 4.18, p < 0.05).  

Specifically, we found that in ethanol treated animals (n = 16/13), Vmax in the core was 

2780 (± 175) nM/s which was significantly increased compared to air treated animals in 

which the Vmax was 2172 (± 223) nM/s; (t(29) = 2.2, p < 0.05; Fig. 5A).  Figure 5B 

shows representative traces of 5 pulse light stimulated DA signals in the NAc core of air 

and CIE treated animals, which produced similar magnitudes of release.  There is a clear 

increase in steepness of slope on the descending limb of the DA signal, highlighted by the 

colored lines (blue, air-treated; red, CIE treated).  In the NAc shell, however, we found 

no differences in Vmax between CIE treated animals (n= 15/12; 697 ± 78 nM/s DA/s) 

and air-treated controls (n = 14/11; 726 ± 79 nM/s; t(27) = 0.26, p > 0.05; Fig. 5A).  
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Figure 4: Light stimulated dopamine release following chronic ethanol exposure.  A. 
Grouped data showing dopamine release magnitude following a single pulse of light 
stimulation.  Dopamine release was significantly greater in the core (red, blue) compared 
to the shell (purple, orange) regions; however there was no significant difference in 
stimulated release between ethanol-treated (red, orange) and air-treated controls (blue, 
purple) in either region.  B.  Stimulated dopamine release following five pulses of light 
stimulation show greater magnitude of dopamine release compared to single pulse 
stimulations (A).  Dopamine release in the core is significantly greater than release in the 
shell, however, there were no differences in stimulated release between ethanol-treated 
and air-treated controls in either region.  †p < 0.05 compared to core release. 
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Figure 5: Chronic ethanol results in increased uptake rates.  A. Grouped data 
showing maximal rate of uptake (Vmax) of dopamine (nM/s).  Vmax is 
significantly faster in the core (blue, red) compared to the shell (purple, orange).  
Following ethanol-treatment the Vmax is significantly enhanced in the core 
compared to air-treated controls.  However, ethanol treatment had no effect on 
Vmax in the shell compared to air-treated controls.  B.  Representative traces of 
five-pulse stimulated release in the nucleus accumbens core region of air-treated 
and ethanol-treated mice.  Ethanol treatment had no effect on stimulated release 
magnitude, however, there was a significant increase in the uptake rates in the core 
of ethanol treated animals (right, red line) compared to air-treated control (left, 
blue line), evidenced by the increased steepness of slope in the descending curve of 
the measured dopamine signal.  †p < 0.05 compared to core; *p < 0.05 compared to 
air. 
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Chronic ethanol effects on autoreceptors 

Regulation of DA signaling is tightly controlled by D2/D3-type DA receptors 

located on DA terminals which act as autoreceptors, providing feedback-inhibition of DA 

release.  Autoreceptor sensitivity has been shown to be altered following chronic 

exposure to stimulants (Lee et al. 1999; Mateo et al. 2005; Calipari et al. 2014).  Here we 

wanted to assess autoreceptor function in both the NAc core and shell regions following 

chronic ethanol exposure.  

To test autoreceptor sensitivity, we bath applied the D2/D3 receptor agonist 

quinpirole (30 – 300 nM); 5 pulse light stimulations were applied every five minutes and 

DA release was measured following incubation with each concentration of quinpirole. 

Quinpirole concentration effects were measured within-slice as a percentage of pre-drug 

baseline release in control animals (n = 7).  Quinpirole induced a dose-responsive 

inhibition of 5 pulse light stimulated DA release across regions (concentration: F(2,24) = 

1127, p < 0.001; Fig 6A).  Surprisingly, we found a regional difference in the effect of 

quinpirole, with the core being significantly more sensitive than the shell (F(1,24) = 17.04, 

p < 0.01), including an interaction between concentration and region (F(2, 24) = 3.9, p < 

0.05).  Bonferroni post hoc analyses of individual concentrations revealed a significant 

regional difference in response to quinpirole at all doses tested: 30nM (p < 0.05), 100 nM 

(p < 0.001) and 300 nM (p < 0.001).  These results showed that the NAc core was 

significantly more sensitive to autoreceptor regulation than the shell.   

Next, we wanted to determine whether chronic ethanol exposure altered 

autoreceptor function in either region (Fig. 6B).  The quinpirole induced inhibition of DA 
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release in NAc core did not differ between CIE (n = 8) and air treated (n = 7) groups 

(F(1,26) = 0.01, p > 0.05).  Similarly, in the NAc shell, quinpirole induced inhibition of DA 

release did not differ between CIE and air treated animals (F(1,26) = 0.74, p > 0.05). These 

results show that DA terminal autoreceptor regulation of optogenetically-evoked release 

is not altered 72 hours after chronic ethanol exposure using a CIE vapor paradigm.   

Chronic ethanol effects on kappa opioid receptors 

Chronic ethanol exposure has been suggested to upregulate the dynorphin/kappa 

opioid system receptor in vivo, a process that could include increased expression of 

dynorphin, the endogenous ligand for κ-opioid receptors (Sirohi et al. 2012; Shippenberg 

et al. 2007), or changes in sensitivity of κ-opioid receptors expressed within the NAc 

where activation decreases DA release (Spanagel et al. 1992; Sirohi et al. 2012).  We 

used our model of targeted light stimulation of DA terminals to assess κ-opioid receptor 

modulation of DA release and the effects of chronic ethanol exposure on κ-opioid 

receptor sensitivity. 

To test κ-opioid receptor inhibition of DA release we bath applied the κ-opioid 

receptor agonist U50,488 (0.03 – 1.0 µM) and subsequently reversed U50,488 effects 

with aCSF containing the κ-opioid receptor antagonist nor-BNI (30 µM).  5 pulse light 

stimulations were applied every 5 minutes and DA release was measured following 

incubation with each concentration of U50,488.  U50,488 concentration effects were 

measured within-slice as a percentage of pre-drug baseline release and nor-BNI reversal.   

In the NAc core, U50,488 inhibited DA release in a dose response manner (F(3, 42) 

= 56.3, p < 0.001).  We found that CIE treated mice (n = 8) showed increased sensitivity 
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to the κ-receptor agonist U50,488 (F(1, 42) = 7.55, p < 0.05) compared to air treated 

controls (n = 8; Fig. 7A).  Post-hoc analysis revealed that there was a significant 

difference between the groups at the 0.3 μM (p < 0.05) and 1.0 μM (p < 0.01) 

concentrations of U50,488.  Further, there was an interaction effect between group and 

drug dose (F(3, 42) = 3.82, p < 0.05) with the largest difference between groups being 

observed at the highest dose of U50,488 tested.   

In the NAc shell, U50,488 also inhibited 5 pulse light stimulated DA release (F(3, 

42) = 104.5, p < 0.001).  Similarly, we found that CIE treated mice showed increased 

sensitivity to the κ-opioid receptor agonist U50,488 (F(1, 42) = 6.94, p < 0.05) compared to 

air treated controls (Fig. 7B).  Post-hoc analysis revealed that there was a significant 

difference between the groups at the 0.3 μM and 1.0 μM (p < 0.05) doses of U50,488. 

There was also an interaction effect between group and drug dose (F(3, 42) = 2.12, p < 

0.05) with the largest difference between groups being observed at the highest dose of 

U50,488 tested.   

In order to determine if there was a regional difference in sensitivity to κ-opioid 

receptor agonism we collapsed grouped data to compare U50,488 inhibition of dopamine 

release between the nucleus accumbens core and shell  (Fig. 7C).  We found that the NAc 

shell was more sensitive to U50,488 compared to the core (F1,56 = 4.7, p < 0.05), with 

post-hoc analysis of individual doses finding a significant difference at the highest dose 

tested (1 µM; p < 0.05).  These data suggest that κ-opioid receptor modulation of DA 

release is greater in the NAc shell compared to the core; however, both regions show a 

similar magnitude of increased sensitivity to κ-opioid receptor modulation following 

chronic ethanol exposure.  
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Finally, we wanted to determine if κ-opioid receptor mediated inhibition 

differentially effects DA release resulting from single (tonic) stimulation or a 5 pulse 

train (phasic) stimulation.  Receptor mediated modulation of DA terminal release is often 

overcome by increases in pulse number and/or frequency of stimulation (Zhang and 

Sulzer 2012). Here we wanted to see if κ-opioid receptor modulation of DA terminals 

follows those same principles. We ran a single dose of U50,488 on NAc core slices from 

naïve animals (n = 5) and compared the magnitude of inhibition between single pulse and 

5 pulse light stimulation-induced DA release.  Baseline DA release was established using 

1 and 5 pulse stimulations in the same location in the slice, resulting in average of 1.1(± 

0.2) and 3.1(± 0.8) µM DA signals respectively.  U50,488 reduced single pulse light 

stimulated DA release by 26.6% (±1.8) and reduced 5 pulse stimulated release by 15.7% 

(± 2.1) of baseline in the same DA terminal fields (Fig. 7D).  Thus, the inhibition 

produced by U50,488 was significantly greater on single pulse stimulated compared to 

multi-pulse burst stimulated release (paired t(4) = 3.9, p <0.05).  
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Figure 6: Chronic ethanol effects on dopamine autoreceptor function.  
Dopamine terminal autoreceptor sensitivity is different between nucleus 
accumbens core and shell but not altered by chronic intermittent ethanol exposure.  
A. The D2/D3 agonist quinpirole dose dependently decreases 5 pulse light 
stimulated dopamine release to a greater extent in the nucleus accumbens core 
(open circle) compared to the shell (closed circle).  B. Chronic intermittent ethanol 
exposure did not alter sensitivity to quinpirole in either the accumbens core or shell 
region.  *p < 0.05, ***p < 0.001 compared to core. Air = air treated group, EtOH = 
CIE treated group. 
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Figure 7: Chronic ethanol exposure increases kappa opioid receptor function in the 
nucleus accumbens core and shell.  The kappa opioid receptor agonist U50,488 
decreases stimulated dopamine release in a dose dependent manner (0.03 – 1.0 μM), 
presented as the percent inhibition from baseline (BL) stimulated release; and this effect 
is reversed upon wash with the kappa opioid receptor antagonist nor-BNI (30 µM).  A. In 
the nucleus accumbens core, chronic ethanol exposure (red) resulted in increased 
sensitivity to U50,488 compared to air-treated controls (blue).  B. In the nucleus 
accumbens shell, chronic ethanol exposure (orange) resulted in increased sensitivity to 
U50,488 compared to air-treated controls (purple).  C.  The nucleus accumbens shell 
(open circle) is more sensitive to U50,488 than the accumbens core (closed circle).  D. In 
the nucleus accumbens core of naïve animals, U50,488 (1 µM) inhibits single pulse light 
stimulated dopamine release significantly more than 5 pulse phasic stimulated release.  
*p < 0.05, **p<0.01, Air = air treated group, EtOH = CIE treated group. 
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Discussion: 

Selectively targeting DA terminals for isolated stimulation ex vivo has advanced 

our understanding of DA signaling in the striatum, revealing unique characteristics 

previously masked by electrical stimulation (Stuber et al. 2010a; Tritsch et al. 2012).  For 

example, DA release can be significantly enhanced by co-stimulation of local 

acetylcholine interneurons (Threlfell et al. 2012) via nicotinic acetylcholine (nACh) 

receptors  on DA terminals.  These receptors modulate tonic to phasic DA release ratios, 

which affect the amplitude of transient DA spikes in relation to basal DA levels (Zhang et 

al. 2009).  Here we used optogenetic DA terminal stimulation, removing the influence of 

nACh activation that occurs with electrical stimulation (Melchior et al. 2015), to compare 

signaling parameters between the NAc core and shell.  We used single pulses and five-

pulse trains to measure tonic and phasic DA release.  We found that the core had greater 

amplitude DA release, but the shell has greater phasic-to-tonic DA release ratios.  This is 

due, in part, to the core showing a paired pulse-like depression, in which release 

probability is higher for a single pulse stimulation than for the pulses that follow it in a 

train (McCool 2011).  In the shell, the release per pulse is more equally distributed across 

pulses, suggesting a lower initial release probability compared to the core.  This occurs in 

the absence of local microcircuit regulation, and instead suggests that the mechanisms are 

intrinsic to the terminals, likely due to differences in releasable pools and sensitivity to 

calcium (Sulzer et al. 2016). This highlights the different terminal properties of core- and 

shell-projecting DA axons (Jones et al. 1996b; Zhang et al. 2009).  These differences also 

include increased uptake rates and increased sensitivity to autoreceptor regulation in the 

core.  Uptake rates were measured using 5 pulse stimulated release, which results in large 
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amplitude signals which allow accurate estimation of ‘maximal’ uptake rates at saturating 

DA concentrations (Wu et al. 2001).  There were clearly reduced uptake rates in the shell, 

which is consistent with reduced DA transporter (DAT) expression (Coulter et al. 1996) 

in this region.  We also measured D2-type autoreceptor function in the absence of 

concurrent stimulation of D2 expressing post synaptic neurons using optogenetic 

stimulation and found increased inhibition of presynaptic release in the core region.  

Together, the increased tonic release, increased autoreceptor function and increased 

uptake rates suggest that DA signaling is more tightly regulated in the core.  The shell has 

lower initial release probability but greater phasic-to-tonic release ratios, suggesting that 

DA release amplitude in this region tracks changes in DA neuron activity with more 

fidelity than the core.   

We examined whether DA terminal characteristics were altered following chronic 

ethanol exposure.  We have previously reported decreased electrically stimulated DA 

release in NAc core slices from mice following chronic intermittent ethanol exposure 

(Rose et al. 2016; Karkhanis et al. 2015); however, this finding did not extend to rats 

(Budygin et al. 2003) under a similar ethanol exposure paradigm, and there were 

regionally divergent effects in primates with a history of chronic daily ethanol self-

administration (Siciliano et al. 2015a).  These inconsistencies suggest that species, region 

and pattern of ethanol administration may be important in determining ethanol-induced 

changes in release parameters.  Further, terminal neuroadaptations may develop from 

ethanol effects within divergent cellular microenvironments across regions (Robinson et 

al. 2009) in addition to direct ethanol actions on terminals, which would presumably 

apply uniformly across regions.  Here we targeted only DA terminal fields with light 
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stimulation and found no differences in stimulated release in either the NAc core or shell 

region following chronic ethanol treatment.  An important caveat in the current study is 

that basal DA release magnitudes resulting from light stimulations are dependent on the 

amount of expression of ChR2 in the fields being stimulated.  However, the variability of 

release across slices was comparable to studies using electrical stimulation (Rose et al. 

2016), suggesting that there was consistency in the viral injection and expression of 

ChR2 between animals. Instead, the lack of ethanol-related differences in stimulated DA 

release suggests no differences in basal terminal release capability or terminal field 

density.  We hypothesize that the differences in stimulated DA release following chronic 

ethanol involve adaptations in the microcircuitry within the terminals fields, which may 

be detected using electrical stimulation.  

Therefore, it is possible that the optical stimulations used in this study failed to 

detect underlying ethanol-induced mechanisms that decrease locally stimulated DA 

release.  For example, chronic ethanol may affect the release probability of GABAergic 

or cholinergic interneurons in the NAc, the simultaneous excitation of which inhibits and 

augments stimulated DA release, respectively. Prior ethanol exposure has been suggested 

to augment GABA interneuron inhibition of DA neurons in the ventral tegmental area 

(Melis et al. 2002).  A similar mechanism may be occurring in the NAc where 

populations of GABAergic interneurons (Tepper et al. 2010) may modulate DA release 

via terminal GABAB receptors when using electrical stimulation (Melchior et al. 2015).  

Similarly, concurrent stimulation of local acetylcholine interneurons significantly 

augments stimulated DA release (Threlfell et al. 2012; Cachope et al. 2012), providing a 

means through with ethanol-induced inhibition of cholinergic transmission would be 
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detected in the DA signal (Dohrman and Reiter 2003; Boutros et al. 2016).  An increased 

number of GABAergic interneurons and a decreased density of cholinergic interneuron 

varicosities has been reported in the NAc of rats after chronic ethanol administration 

(Pereira et al. 2014).  In light of this, the variability in release differences reported across 

species using local electrical stimulation may reflect ethanol-induced changes in indirect 

modulation of DA release probability through a multi-synaptic mechanism.  This 

hypothesis is supported by a lack of direct effect of acute ethanol on DA terminals when 

applied using physiologically relevant doses and stimulation parameters (Budygin et al. 

2001).  Instead, long multi-pulse electrical stimulation trains are needed to detect ethanol 

inhibition of DA release (Yorgason et al. 2014), reinforcing the idea that recruitment of 

local circuitry is required.  Together, these possibilities support the use of targeted 

stimulation methods, as utilized in this study, to probe specific mechanisms of ethanol 

induced release modulation in the NAc.   

An additional mechanism through which chronic ethanol exposure may regulate 

DA signaling is modulation of DA uptake rates, which alters the magnitude and duration 

of DA signaling.  Increased uptake rates have been reported in the NAc of mice (Rose et 

al. 2016), rats (Budygin et al. 2007) and monkeys (Siciliano et al. 2016) following 

chronic ethanol exposure, and these findings are supported by increased DAT protein 

tissue expression (Healey et al. 2008).  Here we add to the consensus by showing 

increased uptake rates in the NAc core following a CIE vapor exposure paradigm.  

However, this effect did not extend to the medial shell of the same animals.  A possible 

technical consideration is that DA release elicited in the shell was below the saturation 

level needed to accurately define changes in ‘maximal’ uptake rate (Wu et al. 2001); 
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indeed, there was a 3 fold difference in release between the core and shell in the current 

study.  However, ethanol-induced changes in uptake were detected in the core ex vivo 

using single pulse stimulations (Karkhanis et al. 2015) where DA release was of similar 

magnitude to that reported here in the shell (using phasic stimulations).  Therefore, it 

appears more likely that there is a regional difference in ethanol-induced increases in 

uptake rates.  For example, D2 autoreceptor activation can potentiate DAT trafficking to 

the membrane (Ford 2014; Wu et al. 2002), and may explain differential modulation of 

uptake rates across regions.  The larger DA signals, and increased regulation by D2 

autoreceptors in the core may translate into increased sensitivity of DAT trafficking in 

response to chronic ethanol insult. 

Kappa opioid receptors are expressed in the NAc where they inhibit DA release 

from DA terminals (Spanagel et al. 1990), however, κ-opioid receptor modulation of 

afferent synaptic input can be cell-type specific.  For example, in the bed nucleus of the 

stria terminalis, dynorphin expressing cells modulate afferent terminals arising from the 

basolateral amygdala but not those arising from the prefrontal cortex (Crowley et al. 

2016).  Conversely, in the ventral tegmental area, κ-opioid receptor agonists selectively 

decrease activity in DA neurons projecting to the prefrontal cortex but not those 

projecting to the NAc (but do regulate terminal release in NAc) (Margolis et al. 2006), 

further highlighting cell specific regulation by κ-opioid receptors and DA neuron 

heterogeneity based on projection region.  Here we showed that κ-opioid receptors have 

direct effects on dopamine terminals in the nucleus accumbens core and medial shell.  

Further, the κ-opioid receptor-mediated inhibition of dopamine release was sensitive to 

phasic stimulations, showing reduced efficacy in attenuating 5 pulse-stimulated compared 
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to single pulse-stimulated dopamine release.  This is consistent with most heteroreceptor-

mediated inhibitory regulation of dopamine terminals, which can be overcome with 

increases in pulse number or frequency (Zhang and Sulzer 2012; Melchior et al. 2015).  

The inhibition of dopamine release produced by a κ-opioid receptor agonist on single 

pulse light-stimulated release was also less than what has been previously reported using 

electrical stimulation (Rose et al. 2016).  Electrical stimulation likely recruits both direct 

and indirect effects of κ-opioid receptors on dopamine release.  For example, it has been 

suggested that κ-opioid receptors are expressed on cholinergic interneurons 

(Schoffelmeer et al. 1997); therefore κ-opioid receptors may inhibit both dopamine 

terminal release and acetylcholine augmentation of dopamine release when both cell 

types are excited using electrical stimulation.   

Within the NAc, κ-opioid receptor activation results in divergent reward-related 

behaviors dependent on the specific sub-region, i.e. hot-spot, being targeted (Al-Hasani et 

al. 2015; Castro and Berridge 2014) and suggests possible differential regulation of DA 

terminals.  For example, κ-opioid receptor activation in the shell, but not the core, 

contributes to escalation of drug intake (Whitfield et al. 2015), a hallmark of dependence.  

Our results show that κ-opioid receptor-mediated inhibition of DA release is greater in 

the medial shell compared to the NAc core. This is in contrast to Ebner et al., who 

showed that salvinorin A caused greater decreases in DA release in the core versus the 

shell (Ebner et al. 2010); however, that study applied salvinorin A systemically in 

combination with electrical stimulation in vivo, thus incorporating multiple facets of 

potential κ-opioid receptor modulation of DA output in NAc.  Here we provide a direct 

assessment of κ-opioid receptor inhibition of DA release in each region.  Our detection of 
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increased efficacy of κ-opioid receptor agonists in the shell is supported by κ-opioid 

receptor binding assays, which suggest a marginally higher density of κ-opioid receptor 

expression in the shell versus the core in rats (Mansour et al. 1995) and prairie voles 

(Resendez et al. 2016).  However, κ-opioid receptors are distributed unevenly across cell 

types, and how that translates specifically to DA terminals across regions is unknown and 

may vary across species, sex and social housing arrangements.  Indeed, our data suggest 

that κ-opioid receptor expression may be flexible and responsive to environmental 

influences.   

Following chronic ethanol exposure, κ-opioid receptor sensitivity was increased 

in terminal fields of both the core and shell, and to a similar magnitude, suggesting that 

the mechanism regulating κ-opioid receptor functionality is local to the NAc and 

generalized across regions.  Dynorphin is generated in the D1 receptor-expressing 

medium spiny neurons (D1-MSN) in response to D1 receptor activation and is released in 

order to provide feedback inhibition of over-excitation of D1-MSNs (Gerfen and 

Surmeier 2011; Steiner and Gerfen 1996).  That is, dynorphin peptides are transported to 

recurrent collateral axons within the NAc in order to decrease DA or glutamate 

transmitter release via presynaptic κ-opioid receptors (Steiner and Gerfen 1993).  κ-

opioid receptors also desensitize in response to high levels of dynorphin, including those 

induced by a single injection of amphetamine, subsequently increasing DA signaling on 

MSNs in vivo (Xia et al. 2008).  Chronically elevated DA levels across the daily 16 hour 

ethanol exposure that occurs with CIE (for 4 weeks) may induce repeated κ-opioid 

receptor desensitization, resulting in a subsequent upregulation of κ-opioid receptors in a 

manner similar to nicotine-induced nACh receptor upregulation (Fenster et al. 1999).  An 
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alternative compensatory mechanism to receptor upregulation may be changes in receptor 

coupling and efficacy, which were not tested here.  Conversely, increased receptor 

function may also result from chronic antagonism of receptor activity (Jacobson et al. 

1996; MacLennan et al. 1988).  Acute ethanol actions on DA signaling in the NAc are 

biphasic, with increases in DA levels occurring with low-to-moderate doses of ethanol 

and decreases in DA levels occurring with high doses of ethanol that coincide with 

sedation (Imperato and Di Chiara 1986). Therefore, chronic exposure to high doses of 

ethanol may result in prolonged decreases in DA signaling and subsequent dynorphin 

signaling, which prime the system to be more sensitive once ethanol exposure has 

stopped.  In order to fully understand the interplay between DA and dynorphin/κ-opioid 

systems in the NAc it will be important to have a clearer picture of temporal changes in 

DA activity across the duration of exposure.  Other stress-inducing factors such as 

intracranial virus injection surgeries, subsequent social isolation housing and non-

contingent ethanol exposure in the vapor chambers need also be considered with respect 

to alterations in dynorphin/κ-opioid systems. 

Acutely, moderate doses of ethanol increase DA signaling in the NAc via 

increased activity in DA neurons in the ventral tegmental area. These acute increases in 

NAc DA gate plasticity at glutamatergic synapses encoding converging information 

about environmental contexts and cues paired with alcohol reward and strengthen 

context-associated alcohol use behaviors (Shen et al. 2008).  Conversely, in the early 

period of abstinence following chronic ethanol exposure, a hypo-dopaminergic state 

occurs in the NAc (Diana et al. 1993; Volkow et al. 1996; Martinez et al. 2005; Volkow 

et al. 2007) and this is hypothesized to result in deficits in reward processing which may 
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simultaneously be anhedonic (Schulteis et al. 1995; Danjo et al. 2014) and bias choice 

towards previously reinforced behaviors (Twining et al. 2015) over novel behaviors 

(Pierce et al. 1990; Rebec et al. 1997), resulting in continued and persistent alcohol use.  

In summary, we have used an optogenetic model to target dopamine terminal 

stimulation in isolation within the heterogeneous environment in nucleus accumbens 

slices.  We demonstrate that this model results in robust and reliable dopamine release 

that may be probed pharmacologically, providing a direct assessment of dopamine 

terminal function following chronic ethanol treatment.  Using this model we show data 

that support intrinsic differences in release and regulation of dopamine terminals across 

accumbens sub-regions.  Further we show that chronic ethanol exposure results in 

adaptations in distinct aspects of terminal regulation that may be uniform across the 

nucleus accumbens in some parameters and regionally selective in others.  As the 

heterogeneity in dopamine neuron phenotype and accumbal field responses becomes 

more apparent (Juarez and Han 2016; Wightman et al. 2007), similar genetically targeted 

approaches to dissecting cell type-specific neuroadaptations will be useful to elucidate 

the molecular mechanisms that underlie neuronal plasticity and to develop accurately 

targeted pharmacotherapeutics.   
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Introduction 

In the previous chapters we demonstrated that ethanol has direct inhibitory actions 

on dopamine terminals and that, following chronic ethanol exposure, dopamine terminals 

show increased sensitivity to inhibition by kappa opioid receptor activation.  The 

presence of heteroreceptors, such as acetylcholine receptors and opioid receptors, on 

dopamine terminals allows local modulation of dopamine release that may dissociate, to a 

certain extent, the relationship between dopamine neuron activity in the VTA and 

dopamine signaling in the nucleus accumbens. These mechanisms of local regulation 

have been suggested to account for differences in dopamine transmission across regions 

of the striatum.  For example, nicotinic acetylcholine receptors (nAChRs) are thought to 

mediate differences in acetylcholine signaling across a ventromedial-to-dorsolateral 

gradient which underlies the differences in dopamine release measured in these regions 

(Rice et al. 2011; Zhang et al. 2009).  It has been suggested that kappa opioid (κ-opioid) 

receptors are differentially expressed on dopamine neurons in the VTA, and are not 

expressed on dopamine neurons projecting to the nucleus accumbens (Margolis et al. 

2006).  This would suggest that κ-opioid expression on dopamine terminals in the 

accumbens provides the primary source for opioid-mediated regulation of dopamine 

signaling in this area.  Therefore adaptations in these regulatory processes following 

chronic alcohol exposure may result in unique over-regulation of dopamine signaling 

across regions of the striatum, aberrations that may manifest in dopamine-mediated 

processes of motivation including, potentially, alterations in affective state and behavior 

flexibility.  Neuroadaptations in underlying motivational circuits are thought to mediate 

the development of addiction (Koob and Volkow 2016).   
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The Influence of Acetylcholine on Dopamine Release 

For the past decade, the accepted model regarding acetylcholine modulation of 

dopamine terminals is that nicotinic acetylcholine receptors (nAChRs) located on 

dopamine terminals act as a high pass filter for dopamine release (Rice and Cragg 2004; 

Exley and Cragg 2008; Zhou et al. 2002; Sulzer et al. 2016).  That is, nAChR activation 

augments dopamine release during low frequency (1-15 Hz) activity, yet contributes to a 

short term depression of release during high frequency activity (20-100 Hz), therefore 

inhibiting phasic dopamine release.  Thus, the model proposes a dual effect of nAChRs 

on dopamine release that includes both augmentation and inhibition, with the direction of 

modulation being dependent on the pattern of activity in the dopamine terminals.  

Further, due to endogenous tonic activity of cholinergic interneurons (ChI), this ‘filter 

effect’ was constant in basal conditions, with transient pauses in ChI activity or 

desensitization of nAChRs providing the only relief from cholinergic regulation.  Our 

work using targeted light stimulation of dopamine terminals challenges the assumptions 

of this model. 

Dopamine release is pulse number and frequency dependent.  When dopamine 

cells fire in bursts the amplitude of dopamine release is greater than what results from a 

single action potential.  Moreover, this increased release is potentiated by further 

increasing either spike number or spike frequency (Zhang and Sulzer 2004).  This effect 

has been nicely demonstrated in slice preparations where a 4 pulse, 20 Hz stimulation of 

dopamine terminals induces more dopamine release than a single pulse stimulation; 

dopamine release is further increased by applying 10 or 20 pulses, or by applying 4 

pulses at 60 Hz or 100 Hz (Rice and Cragg 2004; Zhang and Sulzer 2004; Zhou et al. 
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2001).  Curiously, the same experiments show that 4 pulse stimulations at low 

frequencies (1-10 Hz) result in an equal amount of dopamine release as a single pulse, 

suggesting a loss of the linear relationship between frequency and release at low 

frequencies.   

When nAChRs are blocked by bath application of antagonists (e.g. 

Mecamylamine or DHβE) the dopamine release resulting from a single stimulation (or 

multiple pulse stimulations at a low frequency) is significantly reduced, suggesting that 

nAChRs were augmenting the signal before blockade.  When brief, high frequency, 

multi-pulse stimulations are applied in the presence of nAChR blockade, however, 

dopamine levels reach control levels (Zhang and Sulzer 2004) or exceed control levels 

(Rice and Cragg 2004).  This effect increases the phasic-to-tonic ratio of release and 

provided the basis for the assumption that dopamine release is highly dynamic and 

nAChRs inhibit the dynamic range.   

In 2012 two separate reports came out, simultaneously, that revealed a whole new 

twist on the relationship between dopamine and acetylcholine in the striatum.  They 

showed that optogenetically targeted stimulation of ChIs in slices of striatum induced 

dopamine release from otherwise quiescent dopamine terminal fields (Threlfell et al. 

2012; Cachope et al. 2012).  There are a couple of important aspects to this phenomenon 

that need to be considered.  First, the amplitude of the ACh-induced dopamine release 

was large, producing signals that were greater than 50% of the dopamine signals 

produced by traditional electrical stimulation of the tissue, which includes direct 

activation of dopamine terminals.  Second, ACh-induced dopamine release was 

dependent on population activity in ChIs.  That is, excitation of individual cholinergic 
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interneurons was insufficient to elicit dopamine release, it took synchronous population 

excitation.  They further demonstrated that this effect is naturally occurring in vivo, and 

results from glutamatergic projections that originate in the intralaminar nucleus of the 

thalamus and synapse on the population of ChIs in the striatum (Threlfell et al. 2012).  

Third, the ACh-induced dopamine release event was insensitive to pulse number or 

frequency.  That is, a 4 pulse, 25 Hz stimulation of ChIs resulted in the same amount of 

dopamine release as a single stimulation.  The authors suggested that a single activation 

by ACh of nAChRs on dopamine terminals results in rapid desensitization of the 

receptors, rendering the dopamine terminals insensitive to further ACh-induced 

activation; though this point is debatable.     

In our comparison of electrically- and optically-evoked dopamine release we 

demonstrated that electrically-evoked dopamine release was sensitive to blockade of 

nAChRs with the antagonist DhβE, however the optically-evoked dopamine release was 

not.  To date, in experiments using light stimulated dopamine release across two different 

optogenetic models, applying various multiple pulse stimulations (at 20 Hz), and using 

multiple doses of different nAChR antagonists, we have seen no evidence that optically 

evoked dopamine release is altered by nAChR receptor antagonism.  This implies that 

there is no significant endogenous nAChR-induced modulation of dopamine release in 

slices.  Instead, we suggest that the reported effect of cholinergic tone mediating a ‘filter’ 

of modulation of dopamine release was due to simultaneous, synchronous activation of 

ChIs by the electrical stimulation of the tissue, and this does not occur when stimulating 

only the dopamine terminals with targeted light stimulation.  Our reported inhibition of 

the electrically stimulated dopamine signal by  DhβE suggests that the nAChR activation 
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was indeed augmenting dopamine release in those preparations.  However, when 20 pulse 

stimulations were applied, the effect of DhβE, and thus the influence of ACh, was no 

longer significant.  To more clearly demonstrate this effect, we ran a subsequent 

experiment to show that the inhibition of the electrically stimulated dopamine signal by 

DhβE was sensitive to pulse number, with the largest inhibition seen using single pulse 

stimulation and a decreasing amplitude of inhibition observed at each measurement when 

10 or 20 pulse stimulations are applied (Fig. 1).    

We propose that electrical stimulation induces dopamine release through two 

distinct mechanisms, intrinsic action potentials generated in the axons of dopamine cells 

and local action potentials generated by nAChR activation on terminal membranes; and 

that the two mechanisms are additive.  Supporting this idea, Wang et al. showed that 

electrically stimulated dopamine release was biphasic, consisting of direct dopamine 

terminal stimulation (phase I) and nAChR-induced dopamine terminal stimulated release 

(phase II) which was temporally delayed from phase I activated release (Wang et al. 

2014).  We extended this idea by analyzing dopamine release across the 10 pulse, 20 Hz 

stimulation trains, which are 500 ms long.  The total dopamine release signal was broken 

down into five 100 ms bins across the duration of the stimulation.  Here we showed that 

electrical stimulation showed disproportionate release, with a larger portion of the total 

dopamine signal occurring in the first 100 ms of the stimulation, which was normalized 

in the presence of DhβE and looks similar to light stimulated release.  Because the ACh-

induced dopamine release was not sensitive to multiple stimulations across frequencies  

(Threlfell et al. 2012), whereas direct dopamine terminal stimulation is, we propose that 

any direct dopamine axon stimulation method that increases the magnitude of the  



 
 

208 
 

   

 

Figure 1: Reduced modulation by acetylcholine with increased pulse 
number.  A. Baseline dopamine release (µM) with 1, 10 or 20 pulse electrical 
stimulation.  Dopamine release increases with number of pulses in the 
stimulation train.  B. The nicotinic acetylcholine receptor antagonist DHβE 
(100 nM) inhibits electrically stimulated dopamine release across 1, 10 or 20 
pulse stimulations, suggesting that acetylcholine was augmenting dopamine 
release at baseline.  C.  DHβE (100 nM) inhibition of dopamine release 
decreases with increases in number of pulses in stimulation train.   One way 
anova, *p < 0.05 compared to other values; 1p, n = 15; 10p, n = 5; 20p, n = 
15.   
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dopamine signal, including increases in pulse number (tested) or increases in frequency 

(not tested above 20 Hz), will reduce the influence of the ACh-induced dopamine release. 

That is, the ACh-induced dopamine release may account for 50% of a single pulse-

stimulated release, but only account for 5% of a 20 pulse-stimulated release in which the 

dopamine signal may be 10 times larger in amplitude than single pulse stimulated release. 

In retrospect, we were also misled in our interpretation of the differences in light 

(targeted) and electrical stimulated dopamine release by placing our emphasis on the 

heightened magnitude of release that occurs with multiple pulse light stimulations 

compared to multiple pulse electrical stimulations, which was admittedly rather eye-

catching.  Stimulated dopamine release is highly heterogeneous across terminal fields in 

striatal tissue; even within the same region, no two terminal fields are the same.  Further, 

it is very difficult to equate light stimulation to electrical stimulation because there are 

multiple variables that differ between techniques, including the ability of the stimulation 

energy (light or electricity) to permeate the tissue and the differences in the population of 

cell types being excited.  Therefore, in order to make comparisons of multiple-pulse 

responsiveness, we normalized single pulse stimulated release across groups and 

compared multi-pulse stimulated release to the single pulse release in that field.  When 

using this analytical approach it appeared as though the electrical stimulation signal was 

being highly inhibited during multiple pulse stimulations compared to the light 

stimulation signal which was, as it turned out, only partially the case.  Instead we found 

that the single pulse electrically stimulated release was the most adulterated signal, 

receiving a disproportionate augmentation from acetylcholine compared to multiple pulse 

stimulated release.  We made our comparisons of release dynamics between the two 
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techniques using multiple pulse-to-single pulse release ratios (e.g. 10p/1p).  We found 

that, with electrical stimulation, the numerator in the ratio wasn’t being inhibited as much 

as the denominator was being augmented, and that was misleading our interpretation.  

When we blocked the ACh-induced dopamine release from the electrical stimulation, we 

found that our electrical stimulation was inducing much lower dopamine release at 

baseline compared to light stimulation (a parameter which could be adjusted by changing 

the intensity of the applied stimulation) and that was, primarily, why the multiple pulse 

electrically stimulated release appeared so much smaller than multiple pulse light 

stimulated release.   

The previous model of nAChR providing a ‘filter’ of dopamine release may suffer 

from a similar misinterpretation based on the experimental design and method of data 

analysis.  Indeed, most of the studies that provided a basis for the model used electrical 

stimulation in slices combined with voltammetry to measure dopamine output, 

unknowing of the ACh-induced dopamine release phenomenon.  Their model is in 

agreement in that single pulse stimulated dopamine release is reduced if you block 

nAChRs, however, they argue that release ratio is increased, compared to single-pulse 

baseline release, when multiple pulse stimulations are applied at increasing frequencies; 

thus promoting a model in which ACh tone inhibits phasic dopamine release.  Our data 

do not support inhibition of dopamine release by ACh tone.  We do acknowledge that 

ChIs are tonically active neurons, and maintain their tonic activity in slice preparations 

(Chuhma et al. 2014; Straub et al. 2014).  Furthermore, ACh release occurs via volume 

transmission, thus we may cautiously presume that there is some level of extrasynaptic 

cholinergic tone in slices.  Nevertheless, blockade of nAChRs produced no significant 
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effect on light stimulated dopamine release.  We believe that phasic bursting in ChIs, 

which may occur with electrical stimulation of the tissue, is necessary to induce the level 

of ACh tone that would effect dopamine terminal release.   

The previous reports suggest that high frequency stimulation (20-100 Hz) 

increases absolute dopamine release when nAChRs are blocked (Rice and Cragg 2004); 

although it should be pointed out that a nearly identical set of experiments, published in 

the same journal issue, did not replicate a heightened dopamine release in the presence of 

nAChR blockade, only a return to control levels (Zhang and Sulzer 2004).  We have seen 

no evidence of increases in phasic dopamine release upon nAChR blockade using 

targeted light stimulation of dopamine release at 20 Hz across 5, 10 and 20 pulse 

stimulations.  A recent report measured D2 receptor-mediated inhibitory post-synaptic 

currents (IPSCs) in medium spiny neurons (MSNs) using targeted light stimulation of 

dopamine terminals compared to electrical stimulation of dopamine fields (Mamaligas et 

al. 2016).  They corroborated our results in showing that nAChR blockade significantly 

reduced electrically stimulated D2 receptor-mediated IPSCs at single pulse stimulations 

and also reduced, to a much lesser degree, D2 receptor-mediated IPSCs during phasic 

stimulations at 40 Hz, which itself produced a much larger response than single pulse 

stimulation.  However, there was no evidence of increased D2 receptor activation by 

phasic electrical stimulation in the presence of DhβE. They further corroborated our 

findings that light stimulated activation of dopamine terminals was insensitive to nAChR 

blockade (Mamaligas et al. 2016; O’Neill et al. 2017).  We suggest that the augmented 

dopamine release observed after blockade of nAChRs results from indirect mechanisms, 

which were activated by electrical stimulation.  For example, blocking nAChRs on 
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GABAergic neurons could reduce their inhibition of dopamine release via nAChR-

independent negative feedback mechanisms (e.g. GABAB receptors) on dopamine 

terminals.   

In summary we propose a model in which ACh transmission in the striatum can 

augment (or induce) dopamine transmission via direct actions on nAChRs on dopamine 

terminals in specific scenarios.  This is supported by analysis of dopamine release across 

multiple pulses and frequencies in mice, in vivo, in which the primary nicotinic receptor 

subtype associated with dopamine terminals, the β2-subunit nAChRs, has been knocked 

out.  In these experiments, dopamine release induced across all stimulation parameters 

was significantly attenuated in KO animals compared to controls (Koranda et al. 2014), 

suggesting that nAChRs enhance dopamine release.  We further suggest that scenarios in 

which cholinergic signaling via nAChRs decrease dopamine release likely involve 

indirect circuit mechanisms.   

 

Dopamine and Behavior 

In the 1950s a series of studies identified dopamine as playing  a central role in 

mediating intracranial self-stimulation (ICSS) (Olds and Milner 1954).  The idea of 

dopamine mediating self-stimulation translated pharmacologically when animals shifted 

their stimulation thresholds in response to stimulant compounds (Wise 1978), and was 

further highlighted in studies demonstrating that a commonality of all drugs of abuse was 

acutely increased dopamine signaling in the nucleus accumbens (Di Chiara and Imperato 

1988).  In the decades since these seminal findings, a plethora of intensive research into 
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dopamine mechanisms has spurred an ongoing dialogue as to the precise role of 

dopamine in behavior and addiction.  B.F. Skinner postulated that the environment 

shapes behavior, in a manner similar to natural selection, such that behavior that is useful 

is maintained and repeated while behavior that is harmful dies out. This shaping of 

behavior, or operant conditioning, is based on the idea that rewards reinforce behaviors, 

and dopamine signaling has been heavily implicated in mediating reward and 

reinforcement; however, much of the debate centers around precisely which of these 

processes is being affected.  Behaviorally, a reward is defined simply as a stimulus that 

reinforces behavior; however, that definition is becoming increasingly inadequate for 

neurophysiologists who appreciate that underlying the behavior are what Pavlov termed 

unconditioned responses, physiological responses to stimuli that may, for example, 

generate salivation in a dog expecting food.  That is, reward behavior reflects a 

subjective, internal, positive affective phenomenon (positive emotion) that results from 

an environmental stimulus (food, object of desire).  These affective phenomenon 

encompasses two phases of reward; appetitive and consumatory, or wanting and liking.  

Obtaining rewarding stimuli requires learning the environment-behavior contingencies 

necessary to emit the proper response.  Reinforcement is the behavioral demonstration of 

these learned contingencies, thus rewards reinforce behaviors.  Therefore, behavioral 

conditioning results from three functional components of reward; wanting, liking and 

learning (Berridge et al. 2009). 

The anhedonia hypothesis posits that dopamine is the substrate of reward liking; 

that is, dopamine signaling itself mediates pleasure or hedonic impact.  Thus, substance 

use or abuse occurs in a manner mimicking intracranial self-stimulation, as a means to 
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elevate dopamine levels (Wise 2008).  Therefore, it is hypothesized that animals attempt 

to manipulate and sustain dopamine levels around a hedonic set-point, and that deviations 

from the set point, for example via tolerance or withdrawal, would produce anhedonia, 

which engenders escalation of use (Ahmed and Koob 1998).  This hypothesis was well 

accepted throughout the 1970s and 1980s and seemed adequate to explain 

psychostimulant administration.  However, as research continued and experimental 

techniques advanced, evidence began to accumulate that dopamine signaling may be 

more sophisticated than simply supplying a basal level of hedonia around which all 

behavior is centered.   A battery of subsequent experiments began to evaluate hedonic 

impact by measuring the orofacial ‘liking’ response to food rewards.  These experiments 

showed that lesioning or pharmacological blockade of dopamine transmission failed to 

decrease liking of sucrose; however, it did decrease motivation to obtain sucrose.  

Further, increasing dopamine transmission with amphetamine administration or brain 

stimulation failed to increase liking responses to sucrose, something that did occur with 

opioid, cannabinoid and benzodiazepine administration.  Finally, in Parkinson’s patients 

showing dysregulated dopamine syndrome, in which L-Dopa medication results in over-

elevated dopamine signaling in the nucleus accumbens, PET imaging of accumbal 

dopamine signaling strongly correlated with subjective feelings of ‘wanting’ but did not 

correlate with feelings of ‘liking’; suggesting that L-Dopa did not produce euphoric 

effects commonly prescribed to drugs of abuse.  The results of these studies suggested 

that dopamine is not the mediator of liking, rather that dopamine signaling mediates 

wanting, or motivation, and led to the proposal of the incentive salience theory of 

dopamine signaling (Berridge 2007).  Indeed, shifts in motivation to consume drugs 
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could underlie drug taking behavior as easily as shifts in drug effects.  The key distinction 

between them being that, in the anhedonia theory, craving for drug would be 

representative of low basal, or attenuated, dopamine signaling whereas in the incentive 

salience theory craving for drug would be representative of hyper-active or increased 

dopamine signaling.   

Alternatively, Schultz and colleagues were measuring dopamine cell firing in 

primates during tests for sucrose reward, which provided a temporal clarification to 

dopamine signaling (Schultz 1998).  They found that dopamine activity spiked upon 

presentation of unconditioned sucrose reward, seemingly consistent with dopamine 

mediated liking.  However, after training, when animals were conditioned to a cue 

predicting the reward, the dopamine cell spiking transitioned to the time of cue 

presentation, and was reduced upon receipt of the reward.  They further demonstrated 

that the magnitude of spiking to a particular cue scaled with the probability or magnitude 

of the reward that the cue predicted, and that omission of an expected reward led to a 

noticeable decrease in dopamine cell firing during the time when reward was expected to 

be received.  Thus, they proposed that dopamine signaling encodes a reward-prediction 

error (RPE), a mechanism of value associated with discrete cues which is flexible and 

thus integrated with learning of stimulus-reward relationships (Schultz 2002).  The RPE 

theory of dopamine signaling also supports aspects of incentive salience in that the 

increased dopamine activation upon presentation of a cue predicting reward might encode 

enhanced motivation to obtain the reward, and that the shift to lower dopamine signaling 

upon receipt of the expected reward does not correlate with decreased liking of the 

reward.  The RPE theory of dopamine signaling is perhaps the most widely accepted 
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theory, if for no other reason, because it demonstrates that dopamine signaling occurs 

with temporal specificity, centered around discrete cues.   

The relationship between dopamine signaling and learning is also debated based 

on the location of learning along the mesocorticolimbic circuit.  On one hand, long term 

synaptic modulation may occur on the afferent innervation of dopamine neurons in the 

VTA, such that dopamine signals reflect learning (Berridge 2007; Pignatelli and Bonci 

2015).  In this sense, increased excitatory transmission onto dopamine neurons might 

result in abnormally large dopamine signals in response to drug predicting cues, 

increasing motivation to emit drug-seeking behaviors (Stuber et al. 2010; Flagel et al. 

2011; Willuhn et al. 2010; Lammel et al. 2012).  Alternatively, the multitude of 

possibilities for synaptic modulation, both short and long term, by dopamine in the 

nucleus accumbens suggests that dopamine might promote learning, via enhancement of 

unique, corticostriatal neuronal ensembles which underlie specific behaviors (Hyman et 

al. 2006; Everitt and Robbins 2016; Lüscher and Malenka 2011; Steinberg et al. 2013).  

For example, ICSS-like co-stimulation of SNc inputs to the striatum potentiated 

corticostriatal synapses on MSNs, in vivo, which was dependent on dopamine receptor 

activation and which matched the time scale for rats to learn ICSS behavior (Reynolds et 

al. 2001; Reynolds and Wickens 2002; Wickens et al. 2003).  This supports the idea that 

drug-induced elevations in dopamine strengthen corticostriatal synapses encoding 

context-cue-behavior associations that occur during drug use and these strengthened 

ensembles are maintained after the drug effects subside.   

This idea has been supported by the development optogenetic neural targeting 

techniques.  For example, selective activation of VTA dopamine neurons with 
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optogenetics conditions real time place preference (Tsai et al. 2009) and supports self-

stimulation in a pattern that mimics cocaine self-administration (Pascoli et al. 2015).  

While these results clearly support a reinforcing role for dopamine signaling, these 

experiments reveal a couple of subtle points relevant to the debate on dopamine function.  

First, animals displayed real-time behavioral conditioning based solely on the 

manipulation of dopamine signaling.  If dopamine signaling is purely encoding 

motivation, and is neither necessary nor sufficient for learning or liking, as suggested in 

the incentive salience theory (Berridge 2007), the development of behavior would not be 

expected to occur, only the invigoration of previously learned behaviors.  Second, the 

stimulation of dopamine release is downstream of inputs to the dopamine neurons, 

suggesting that the shaping of behavior is occurring as a result of dopamine signaling in 

the nucleus accumbens rather than transmitter signaling in the VTA.  A caveat to this 

interpretation is that accumbens signaling may reciprocate (directly or indirectly) on 

VTA activity, but learning cascades are shaped by dopamine output nonetheless.  The 

concept of dopamine-promoted learning in the striatum has been more elegantly 

demonstrated in recent experiments.  Optogenetic activation of dopamine neurons 

precisely at the moment of reward delivery resulted in long-lasting increases in cue-

evoked reward seeking (Steinberg et al. 2013).  This demonstrates a prediction error 

learning signal, or stamping-in, of behavior that perseverated beyond the time of 

experimentally elevated dopamine.  The inverse is also true, selectively inhibiting 

dopamine signaling during reward presentation decreased the probability of future 

responding (Chang et al. 2016).  Similar optogenetic manipulations of dopamine 

signaling during operant behavior repeatedly show that dopamine signaling, at the time of 
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reward, mediates reinforcement learning and influences the probability of the animal 

repeating the behavior upon subsequent trials (Hamid et al. 2016; Sharpe et al. 2017; 

Stopper et al. 2014).   

To bring the debate full circle, while it is clear that dopamine signaling is 

involved in both learning and motivation, it has been suggested that an inherent 

component of motivation is arousal.  This is in line with the long-standing idea that 

dopamine signaling is part of the ascending catecholamine arousal systems; as such, an 

incentive-arousal theory has been adapted from the incentive salience theory (Di Chiara 

2002).  The incentive-arousal theory distinguishes stimulus-bound dopamine activity 

from state-dependent dopamine levels.  It implies that increases in arousal associated 

with psychostimulant-induced elevations in total dopamine signaling may mediate 

reinforcing effects of these drugs (Di Chiara et al. 2004), such that dopamine signaling 

may be directly contributing to state-dependent aspects of reward.  The idea of ‘liking’ in 

appetitive (wanting) states reflects the “drive-reward paradox” (Wise 2013) in which 

animals self-stimulate the lateral hypothalamus, which drives feeding rather than satiety.   

Perhaps some clarity may be provided by parsing the concept of hedonia into stimulatory 

versus pleasure aspects.  For example, ‘pleasure’ relates aspects of physical sensation, 

pain relief, or orgasm that may be outside the realm of dopamine signaling; physical 

sensations which may also contribute to aspects of non-stimulant (opioid, alcohol or 

benzodiazepine) reward.  Alternatively, dopamine contributes arousal, alertness and 

invigoration aspects of ‘stimulation’, which may be reinforcing (e.g. caffeine), however 

do not underlie physical dependence.  This conveys the idea that ‘reward’ may be 

mediated by multiple, distinct neural circuits including a pleasure system involving 
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opioid signaling and a stimulation system involving dopamine signaling (Ettenberg et al. 

1982; Pettit et al. 1984; Negus and Banks 2017); and perhaps other systems that mediate 

bonding, sense of well-being and sense of accomplishment.  Nonetheless, the incentive-

arousal theory proposes that global, indiscriminate increases in dopamine signaling 

directly contributes to hedonic affect by generating a high arousal state, and this state is 

the reward that reinforces drug-taking behavior.     

Together, perhaps the most parsimonious explanation of dopamine’s role in 

behavior is that dopamine signaling increases arousal and attention towards an 

environmental stimulus which motivates behavioral examination and promotes 

consolidation of learned associations with the stimulus; thus, dopamine signaling encodes 

saliency (versus neutrality) of environmental stimuli.  The temporal aspects of dopamine 

signaling suggests that dopamine is less involved in mediating the pleasure of reward, 

and instead is activated in coincidence with reward (or cues) to supply an appetitive 

sensory-motor ‘go’ signal and to drive reinforcement learning.  For example, addicts 

show greater dopamine activity in response to drug predicting cues (craving) than to the 

drugs themselves (Volkow et al. 2011), reflecting the disconnect between wanting and 

liking in dopamine responses.  However, basal dopamine volume may also encode a 

general level of arousal which may contribute to drug seeking behavior in a manner of 

pursuing ‘state’ changes.  

Here we reported that chronic alcohol exposure can induce adaptations that may 

result in transient hypo-dopaminergia.  Specifically we show that dopamine terminals in 

the nucleus accumbens are susceptible to increased inhibition mediated by kappa-opioid 

receptors, and this inhibition extends to phasic dopamine release signals, which encode 
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stimulus-based learning and motivation.  This hypo-dopaminergia may contribute to 

alcohol addiction in a couple ways.  1. Decreased phasic dopamine signaling would 

reduce the response to novelty (unconditioned natural stimuli), including the 

reinforcement learning (plasticity) associated with these stimuli, resulting in decreased 

behavioral flexibility and an increased selection of default, habitual behaviors, including 

alcohol use.  2. The reduced net sum of dopamine signaling results in a low basal 

dopamine state which engenders alcohol use for its stimulant properties, to counter 

anhedonia.   

Inherent in the hypothesis of reduced behavioral flexibility is that alcohol 

dependence resulted from repetitive alcohol abuse, including acute increases in dopamine 

signaling during each abuse episode, and thus alcohol use was habitual (Corbit and Janak 

2016).  The hypothesis presented here is that decreased dopamine responses during 

alcohol withdrawal maintain indifference to alternative stimuli and behaviors, thus 

resulting in a cycle of repeated alcohol use behavior.  In experiments using non-human 

primates or rodents, in vivo recordings demonstrate that dopamine neurons burst in 

response to cues predicting reward, and that the amount of bursting is scaled to the 

magnitude of the reward (Morris et al. 2004; Eshel et al. 2016).  For example, a larger 

amount of sucrose delivery results in larger number of dopamine spikes compared to a 

smaller amount of sucrose; and this same relationship translates to cues predicting 

rewards of different magnitude after the animals have been extensively trained.  Further, 

differences in reward magnitude are reflected in the magnitude of dopamine transients in 

the nucleus accumbens which shape the relationship between reward value and 

behavioral responses (Day et al. 2007; Ko and Wanat 2016; Saddoris et al. 2015).  
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Therefore, in states with high kappa-opioid receptor signaling, local inhibition of 

dopamine release is increased, and the magnitude of dopamine transients is being 

decreased.  In this scenario, the stimuli that triggered those transients would be, 

neurochemically speaking, undervalued and that would negatively impact their influence 

on behavioral selection.   

Experiments in rats show that a history of cocaine self-administration results in 

decreased dopamine signaling in the nucleus accumbens in response to cocaine, a 

decreased ability to discriminate new, second-order cues predicting reward (Saddoris and 

Carelli 2014), and an increased responding for cocaine (Willuhn et al. 2014).  Further, 

experiments which modeled obsessive-compulsive behaviors show that compulsive 

responding correlated with decreased activity in VTA dopamine neurons (Sesia et al. 

2013).  These data support a model in which drug response behavior transitions from 

novel and rewarding, which is mediated by corticostriatal activity in the ventromedial 

striatum, to habitual-compulsive behavior mediated by corticostriatal activity in the 

dorsolateral striatum (Everitt and Robbins 2016; Corbit and Janak 2016).  This transfer 

from pavlovian to instrumental responding is modulated by dopamine signaling across 

the striatum, and drug-induced perturbations in dopamine signaling block the ability to 

re-adjust learning; thus, it has been suggested that dopamine signaling is not so much the 

driver of drug-response behaviors but the mediator of adaptive learning and behavioral 

flexibility(Beeler et al. 2014).      

Alternatively, hypo-dopaminergia may induce drug seeking by eliciting craving or 

anxiety, essentially bringing back the idea that dopamine mediates a hedonic set point.  

This theory seems quite plausible (Twining et al. 2015), however there are some points 
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which need to be worked out.  First, as discussed, dopamine signaling responds to stimuli 

to energize behavior, with evidence that dopamine signaling, in addicts, is greater during 

cue-induced craving  than in response to drug (Volkow et al. 2011).  Similarly, it has 

been suggested that a hyper-dopaminergic state occurs during abstinence from alcohol 

which may drive alcohol seeking (Hirth et al. 2016).   Thus, a better appreciation of the 

temporal relationship between dopamine signaling and affect is needed.  Secondly, there 

should be more data supporting decreased basal dopamine signaling, in vivo, following 

chronic ethanol exposure, something that has been well demonstrated following chronic 

cocaine exposure (Zhang et al. 2013).  We report an increased sensitivity to kappa opioid 

receptor inhibition of dopamine release.  A better understanding of the temporal aspects 

of dynorphin peptide signaling, including release and duration, in the nucleus accumbens 

would help explain whether this inhibition of dopamine terminals is transient and 

episodic, or continuous and long lasting.   

Finally, questions remain as to the nature of the underlying state during episodes 

of hypo-dopaminergia.  For example, it has been suggested that reward and aversion are 

mediated by separate systems and are not opposite ends of a continuous system, further, 

that dopamine mediates only pro-reward functions and does not encode stress (Fiorillo 

2013).  Although dopamine signaling is clearly involved in aversion learning there is less 

evidence that low dopamine produces a dysphoric state.  In a high dopamine state D1-

MSNs are more excitable and D2-MSNs are more inhibited; conversely, in a low (or 

hypo) dopamine state D1-MSNs are more inhibited and D2-MSNs are more excitable, 

prompting the question of how D2-MSN activation contributes to behavior.  

Optogenetically targeted activation of these subpopulations shows that activation of D1-
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MSNs promotes reward learning and activation of D2-MSNs promotes aversion learning 

(Hikida et al. 2010; Danjo et al. 2014).  Both cell groups are necessary for motor function 

(Cui et al. 2013) and total loss of D2-MSN activity results in parkinsonian symptoms 

(Kravitz et al. 2010), clearly demonstrating a role for activation of both neuron types in 

behavior.  However, so far, direct activation of D2-MSNs has not been reported to 

produce physiological pro-stress responses such as flight/escape or defensive 

threat/attack responses.  Thus, the contribution of this population appears more 

complementary to D1-MSN activity in reward/aversion learning, including risk 

assessment and preference behavior; however, there is not clear evidence that low 

dopamine signaling encodes a state associated with pro-stress and anxiety responses, the 

type of state proposed to underlie the negative reinforcement properties of alcohol 

dependence (Koob 2013).  Future experiments may reveal that D2-MSNs can induce pro-

stress responses in downstream systems.  Alternatively, hypo-dopaminergia in cortical 

regions such as the amygdala, PFC or hippocampus may mediate the expression of pro-

stress behaviors.  These experiments will be important to delineate dopamine 

contributions to aversive behaviors including how low dopamine states may specifically 

modulate risk assessment versus pro-anxiety behaviors as they relate to negative 

reinforcement and alcohol addiction.  

  

Future Directions 

 We have demonstrated that using optically targeted stimulation of dopamine 

terminals in slices does not induce endogenous modulation of dopamine release, either 
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via electrical stimulation of other axons and cells in the tissue or from post-synaptic 

activation of dopamine receptors, thus, this model provides an assessment of direct 

actions of heteroreceptor activation on dopamine terminals.  It would be beneficial to use 

this model to catalogue the different heteroreceptors that modulate dopamine release 

including the maximal response provided by each receptor type and the differences in 

receptor sensitivity across regions of the striatum.  In particular, an assessment of 

glutamate modulation of dopamine terminals would be beneficial.  Dopamine terminals 

express mGluR1 receptors (Paquet and Smith 2003; Zhang and Sulzer 2003), and 

preliminary lab data suggests that glutamate activation may contribute a 10-15% 

augmentation of dopamine release.  However, as increased glutamate co-expression is 

suggested to occur in the medial shell compared  to the dorsolateral regions of the 

striatum, it would be interesting to see if mGluR1s provide a mechanism of 

autoregulation of dopamine and glutamate co-release release in the shell.  Dopamine 

terminals in the nucleus accumbens shell also express delta opioid receptors (Svingos et 

al. 1999).  An accurate assessment of delta opioid receptor modulation of dopamine 

release, how it compares to κ-opioid modulation,  and potential adaptations following 

chronic ethanol exposure would provide a better understanding of how dopamine and 

opioid systems interact in the nucleus accumbens to influence alcohol use behaviors.  

Finally, the nucleus accumbens medial shell receives a unique level of nor-epinephrine 

innervation compared to the rest of the striatum (Delfs et al. 1998).  This model would 

provide a mechanism to measure either dopamine or nor-epinephrine signals specifically, 

based on the location of viral injection.  Further, dopamine signals can be assessed for 
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potential regulation by nor-epinephrine, and vice versa, to determine is there is an 

interaction between these two catecholamine systems in the nucleus accumbens.    

As discussed above, it will be critical to assess the role of basal dopamine levels 

in determining affect and responsiveness to alcohol cues.  Alpha-methyl-para-tyrosine 

(AMPT) is a tyrosine hydroxylase enzyme inhibitor and blocks the production of 

dopamine.  Injections of AMPT transiently reduce dopamine levels ~50% (personal 

communications).  Using this method might provide a better way to reduce basal 

dopamine levels at specific points during alcohol drinking schedules for rodents, and 

allow assessment of drinking responses to lowered basal dopamine.  Conversely, 

amphetamine transiently elevates dopamine levels, and may be used to assess effects on 

development of alcohol drinking behaviors (Samson et al. 1991), or rescue of escalated 

drinking phenotypes that result from long term alcohol consumption.    

Future studies employing specific activation of cell types will help determine the 

role of dopamine signaling across striatal regions including the nucleus accumbens core 

and shell.  Region-specific activation of populations, or sub-populations, of D1 or D2 

expressing MSNs will help delineate regional pathway specific contributions to behavior.  

This will provide a functional foundation with which to assess differences in dopamine 

signaling across these regions.  Experiments aimed at identifying corticostriatal neuronal 

ensembles that are activated during specific aspects of behavior that coincide with phasic 

dopamine activity, with ensemble-specific assessments of changes in MSN responsivity, 

will help determine the role of dopamine signaling in corticostriatal synaptic function as 

it relates to learning (engrams), behavioral selection and behavioral flexibility.     
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Abstract 

Chronic cocaine abuse results in neuroadaptations to dopamine terminals which manifest in 

aberrant dopamine transmission and a susceptibility to addiction.  The dopamine transporter 

targeting drugs amphetamine (AMPH) and methylphenidate (MPH) have both been tested as 

candidate replacement therapies for cocaine abuse, with AMPH showing much greater efficacy 

than MPH. Because both drugs elevate dopamine levels, but do not have the same effects on 

cocaine intake, it has been hypothesized that mechanism of action at the dopamine transporter 

(i.e. blocker vs releaser) may be a determining factor in effects on cocaine intake.  Here we 

compared the effects of long term, continuous administration of AMPH, MPH and 

phenmetrazine, a compound with similar structure and mechanism to AMPH.  We implanted 

subcutaneous osmotic mini-pumps in rats to deliver 5, 8 and 25 mg/kg/day of AMPH, MPH and 

phenmetrazine, respectively, for 14 days, and subsequently probed dopamine signaling in the 

nucleus accumbens, ex vivo, using fast-scan cyclic voltammetry.  Chronic treatment with the 

AMPH-like compounds (AMPH and phenmetrazine) resulted in decreased dopamine release, 

with AMPH treatment also resulting in decreased uptake rates.  Further, both AMPH and 

phenmetrazine treatment led to increased autoreceptor function. Conversely, MPH treatment did 

not result in differences in dopamine release, uptake rate or autoreceptor activity. Finally, we 

found that continuous phenmetrazine treatment reduced cocaine self-administration, consistent 

with previous reports using AMPH. Our results suggest AMPH-like compounds that act as DAT 

substrates, may uniquely alter dopamine terminal function compared to substances that act as 

DAT blockers, such as MPH.  Further, that the unique actions of AMPH-like compounds on 

dopamine terminals provide a putative mechanism for differential therapeutic effects. 
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1.0 Introduction 

Cocaine abuse remains a persistent public health problem, with more than one in 

200 people reportedly using cocaine in 2013 (SAMHSA, 2014).  Over one third of this 

population has received treatment at least once for their use/abuse, and still the 

prevalence of cocaine abuse has remained constant for over a decade.  Cocaine addiction 

is a complex psychological disease and developing effective treatments requires, in part, 

addressing the neurobiological manifestations of abuse; yet, currently, there are no Food 

and Drug Administration-approved medications for the treatment of cocaine addiction. 

Further, potential medications targeted to mitigate cocaine-induced neurobiological 

changes may, themselves, cause unique neuroadaptations following chronic 

administration.  Therefore, understanding the effects of chronic treatment with potential 

pharmacological therapeutics also warrants attention.  

 Cocaine exerts effects primarily via direct interactions with dopamine neuron 

terminals, blocking the dopamine transporters (DAT) responsible for re-uptake and 

resulting in prolonged, aberrant dopamine signaling (Di Chiara and Imperato, 1988; Ritz 

et al., 1987).  Further, extended cocaine use may result in compensatory neural synaptic 

adaptations that, upon cessation of cocaine taking, leave dysregulated dopamine 

transmission during abstinence, a manifestation which is thought to underlie key 

components of addiction (including craving and the motivation to seek drug) (Bossert et 

al., 2007; Willuhn et al., 2014).  For example, chronic cocaine self-administration in rats 

results in changes in the baseline function of presynaptic dopamine terminals including 

reduced stimulated dopamine release and reduced uptake rates (Ferris et al., 2011; 

Siciliano et al., 2015b).  Dopamine autoreceptors, composed of dopamine type 2 (D2) 
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and type 3 (D3) receptors, are located on presynaptic terminals and regulate dopamine 

signaling by providing a negative feedback mechanism to restrict excessive dopamine 

release (Ford, 2014; Tepper et al., 1997).  Chronic cocaine alters dopamine autoreceptor 

function, with the direction and magnitude of changes in autoreceptor sensitivity variable 

and seemingly determined by the dose and temporal pattern of administration (Jones et 

al., 1996; Mateo et al., 2005).  Thus, cocaine-induced changes in dopamine terminal 

functionality provide a potential source of the distorted dopamine signaling that may 

ultimately contribute to cocaine addiction.  Because many proposed pharmacotherapeutic 

strategies for decreasing cocaine use are aimed at restoring dopamine system function, it 

is critical to understand how these putative treatments affect presynaptic dopamine 

terminals and regulation of dopamine transmission.  

 Amphetamine (AMPH) is used in the treatment of ADHD, narcolepsy and obesity 

disorders; however, more recent studies have demonstrated that amphetamine may also 

be an efficacious treatment for cocaine abuse and addiction (Grabowski et al., 2001, 

2004; Rush and Stoops, 2012).  Methylphenidate (MPH), the active compound in the 

ADHD medication Ritalin, has also been examined as a possible medication in the 

treatment of cocaine addiction (Grabowski et al., 1997).  Both AMPH and MPH target 

dopamine terminals and, similar to cocaine, result in elevated extracellular dopamine 

levels (Di Chiara and Imperato, 1988; Kuczenski and Segal, 1997).  However, AMPH 

and MPH have divergent mechanisms of action at the DAT.  AMPH is classified as a 

dopamine releaser, defined by its ability to act as a substrate for the DAT, crossing the 

membrane and resulting in a reversal of dopamine transport and non-exocytotic 

dopamine efflux (Fleckenstein et al., 2007).  MPH acts as a blocker, binding the DAT 
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and blocking dopamine uptake following release.  The net effect of both AMPH and 

MPH is increased extracellular dopamine levels, however the results of each compound 

in the treatment of cocaine addiction is variable.  For example, in rodent studies it has 

been demonstrated that continuous treatment with low dose AMPH reduces breakpoints 

for intravenous cocaine on a progressive ratio schedule of reinforcement (Chiodo et al., 

2008), and shifts responding away from cocaine choice in a food versus cocaine choice 

procedure (Thomsen et al., 2013).  Conversely, animal studies have shown no change or 

increases in cocaine self-administration during MPH treatment (Czoty et al., 2013; 

Hiranita et al., 2009).  This suggests that simply increasing dopamine levels may not be 

the primary therapeutic mechanism; rather, it may be the compensatory adaptations in 

response to exposure to these compounds that may alleviate the disrupted dopamine 

signaling that occurs following chronic cocaine abuse.  

 Although AMPH is among the most promising dopamine-based 

pharmacotherapeutic treatments for cocaine addiction (Grabowski et al., 2001; Rush et 

al., 2010; Rush and Stoops, 2012; Shearer et al., 2003), a significant obstacle to pursuing 

AMPH as a treatment for cocaine addiction is that AMPH also has abuse liability and 

carries a negative social stigma (Negus and Henningfield, 2015).  Alternatively, 

phenmetrazine, a substituted amphetamine, displays a similar chemical structure and, like 

AMPH, acts as a dopamine releaser at the DAT (Rothman et al., 2002).  Phenmetrazine 

also carries significant abuse liability and is listed as a schedule II substance under the 

Controlled Substance Act.  However, the phenmetrazine pro-drug, phendimetrazine, is a 

clinically available medication that has been used as an anorectic for over 50 years (Cass, 

1961).  Orally administered and slower acting, phendimetrazine is metabolized in the 
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liver to produce phenmetrazine.  The longer duration of onset by phendimetrazine results 

in reduced abuse liability, as evidenced by its designation as a schedule III substance, 

also opening the door for investigations of phendimetrazine as a possible therapeutic for 

cocaine addiction.   

 In this study we wanted to examine the effects of long term, continuous 

administration of AMPH, MPH and phenmetrazine on dopamine terminal function.  

Phenmetrazine, as opposed to phendimetrazine, was used throughout the current 

experiments to provide a more direct assessment of the mechanism of action on 

dopamine terminals (Solis et al., 2016).  We used subcutaneous osmotic mini-pumps to 

deliver each treatment to rats over a 14 day period, and subsequently probed dopamine 

terminal kinetics in brain slices containing nucleus accumbens using fast-scan cyclic 

voltammetry (FSCV).  Specifically we measured stimulated release, uptake rates and 

autoreceptor sensitivity changes following chronic administration of each drug. Finally, 

we examined the effects of continuous phenmetrazine on cocaine self-administration in 

rats. 
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2.0 Methods and Materials: 

Animals:  Male, Sprague-Dawley rats (375-420g; Harlan Laboratories, Frederick, 

Maryland) were maintained on a reverse 12:12 hour light/dark cycle (lights on at 3:00 

pm) and allowed access to food and water ad libitum.  All animals were maintained 

according to the National Institutes of Health guidelines in Association for Assessment 

and Accreditation of Laboratory Animal Care accredited facilities.  The experimental 

protocol was approved by the Institutional Animal Care and Use Committee at Wake 

Forest University School of Medicine. 

Osmotic Mini-Pumps:  Animals were anesthetized briefly with isoflurane and osmotic 

mini-pumps (ALZET, Cupertino, CA) containing d-Amphetamine Sulfate (5 mg/kg/day), 

Methylphenidate (8 mg/kg/day), phenmetrazine (25 mg/kg/day) or saline (0.9%) were 

implanted subcutaneously.  Osmotic pumps were replaced after 7 days with a new, filled 

pump to achieve 14 days of continuous infusion.     

Ex Vivo Voltammetry:  Slice preparation and FSCV was performed as described 

previously (Ferris et al., 2012).  On the morning following the 14th day of minipump 

infusions, animals were anesthetized with isoflurane, decapitated, and the brain rapidly 

removed and cooled in ice-cold, pre-oxygenated (95% O2/5% CO2) artificial cerebral 

spinal fluid (aCSF) consisting of (in mM): NaCl (126), KCl (2.5), NaH2PO4(1.2), 

CaCl2(2.4), MgCl2(1.2), NaHCO3(25), glucose (11), L-ascorbic acid (0.4) and pH was 

adjusted to 7.4. Multiple coronal slices (400 µm thick) containing the Nucleus 

Accumbens (NAc) were prepared from each animal with a vibrating tissue slicer (Leica 

VT1000S; Leica Instruments, Nussloch, Germany).  Slices were maintained in 

oxygenated aCSF at room temperature for > 1 hour before transfer to a submersion 



 
 

239 
 

recording chamber through which 32°C oxygenated aCSF was perfused at a rate of 1 

ml/min; an additional 30 minutes of incubation allowed slices to equilibrate.  A carbon 

fiber microelectrode (100-150 µM length, 7 µM diameter) was placed into the core of the 

NAc approximately 100 µM below the surface; a bipolar stimulating electrode was 

placed on the surface of the tissue approximately 150 µM from the recording electrode. 

Dopamine was evoked by a single, rectangular, electrical pulse (350 µA, 4 msec, 

monophasic), applied every 5 minutes. The parameters of the stimulation were chosen 

based on previous data that suggests this is the optimal magnitude to induce robust and 

stable dopamine signals (Yorgason et al., 2015). Extracellular dopamine was monitored 

at the carbon fiber electrode every 100 msec using fast-scan cyclic voltammetry 

(Wightman et al., 1988) by applying a triangular waveform (-0.4 to +1.2 to -0.4 V vs 

Ag/AgCl, 400 V/s). Slices were allowed to equilibrate until the extracellular dopamine 

response to electrical stimulation were stable (3 collections with <10% variability), then 

quinpirole (10-100 nM), sumanirole (.01–1 μM) or PD 128907 (1-100 nM) was applied 

cumulatively to the brain slice. Following drug application, recordings were continued 

until the magnitude of dopamine release was again stable, before proceeding to the next 

concentration.   

Self-Administration Surgery and Training: Rats were anesthetized and implanted with 

chronic indwelling jugular catheters as previously described (Siciliano et al., 2015b).  

Animals were singly housed, and all sessions took place in the home cage during the 

active/dark cycle (9:00 am–3:00 pm).   After a 2-day recovery period, animals underwent 

a training paradigm within which animals were given access on a fixed ratio one (FR1) 

schedule to a cocaine-paired lever, which, upon responding, initiated an intravenous 
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injection of cocaine (0.75 mg/kg, infused over 4 s).  After each response/infusion, the 

lever was retracted and a stimulus light was illuminated for a 20 second timeout period. 

Training sessions were terminated after a maximum of 20 infusions or 6h, whichever 

occurred first.  Acquisition occurred when an animal responded for 20 injections for two 

consecutive days and a stable pattern of infusion intervals was present.  

Extended Access Cocaine Self-Administration:  In the afternoon following completion of 

the final acquisition session, mini-pumps containing either phenmetrazine or saline were 

implanted subcutaneously as described above. The morning following mini-pump 

implantation, animals were allowed to administer cocaine on an FR1 schedule of 

reinforcement (0.75 mg/kg, infused over 4 s) with unlimited injections for a total of six 

hours per day for a total of 14 days.  Animals were treated with mini-pump delivered 

phenmetrazine or saline throughout the 14 days of self-administration.    

Data Analysis:  For all analysis of FSCV data Demon Voltammetry and Analysis 

software was used (Yorgason et al., 2011).  Recording electrodes were calibrated by 

recording responses (in electrical current; nA) to a known concentration of dopamine 

(3 μM) using a flow-injection system. This was used to convert electrical current to 

dopamine concentration. To evaluate dopamine kinetics, evoked levels of dopamine, 

prior to drug application, were modeled using a modified version of Michaelis-Menten 

kinetics where dopamine outside the terminal is the substrate, the dopamine transporter is 

the enzyme and dopamine inside the terminal (following reuptake) is the product (Ferris 

et al., 2013; Wightman and Zimmerman, 1990). This allows for the determination of 

evoked dopamine release and the maximal rate of dopamine uptake (Vmax). The effect of 

D2/D3 agonists are reported as a percent of the peak baseline dopamine signal elicited 
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prior to drug application. The magnitude of dopamine release at each drug concentration 

was normalized, within animal, to their own baseline measure. 

Statistics: Graph Pad Prism (version 6, La Jolla, CA, USA) was used to statistically 

analyze data sets and create graphs. Dopamine release and uptake measures were 

compared using a one-way analysis of variance (ANOVA).  Self-administration and drug 

concentration response curves were subjected to a two-way repeated measures ANOVA 

with session or concentration as the within subjects factor and experimental group as the 

between subjects factor. Differences between groups were tested using a Bonferroni post 

hoc test. All p values of < 0.05 were considered to be statistically significant. 

 

3.0 Results: 

3.1 Chronic AMPH treatment effects on dopamine terminals 

Rats were administered amphetamine (AMPH, 5 mg/kg/day, n=6) or saline (n=4) 

continuously via osmotic mini-pumps for 14 days and sacrificed for voltammetry the 

morning of the 15th day. The dose of AMPH was chosen based on previous reports that 5 

mg/kg/day AMPH, delivered in minipumps, decreases cocaine self-administration 

(Chiodo et al., 2008; Chiodo and Roberts, 2009).  Baseline dopamine terminal kinetics 

were measured in nucleus accumbens core slices, ex vivo, using fast scan cyclic 

voltammetry (FSCV).  Chronic AMPH treatment reduced stimulated dopamine release 

compared to saline treated animals (t20 = 2.7, P < 0.05; Fig 1A).  Stimulated dopamine 

release magnitude in the AMPH treated group (0.94 ±0.07 μM) was 39% less than saline 

treated animals (1.66 ±0.23 μM).  Maximal uptake rate (Vmax) was also attenuated in the 
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AMPH treated animals (1.88 μM/s) compared to saline treated controls (2.58 μM/s; t20 = 

2.15, P < 0.05; Fig 1C).  

To probe the sensitivity of D2-like release-regulating autoreceptors, cumulative 

concentration response curves of the selective D2/D3 receptor agonist quinpirole (10-100 

nM) was applied to the slices. One concern when assessing D2/D3 autoreceptor function 

in the striatum is that interneurons and post-synaptic medium-spiny neurons also express 

D2/D3 receptors (Anzalone et al., 2012) and that bath application of an agonist may alter 

dopamine release indirectly through local circuitry effects; i.e. not terminal autoreceptors.  

The design of the current study minimizes possible contributions of these cell types in 

nucleus accumbens slices by using a short, single pulse stimulation to evoke dopamine 

release, as opposed to multiple pulse stimulation trains, which is below the time scale 

needed for non-dopaminergic D2/D3 receptor activation to alter dopamine release 

(Phillips et al., 2002).  Indeed, quinpirole effects on stimulated dopamine release in slices 

is predominantly due to activation of D2/D3 autoreceptors located on dopamine terminals 

(Adrover et al., 2014).  

 Figure 1D shows the average peak dopamine release following incubation with 

each concentration of quinpirole as a percentage of pre-drug established baseline evoked 

dopamine release.  As expected, quinpirole reduced evoked dopamine release across both 

treatment groups (concentration: F2,16 = 140.4, P < 0.0001).  Further, differences in 

quinpirole sensitivity were detected between saline and AMPH treatment groups (group: 

F1,16 = 15.09, P < 0.01).  Bonferroni post hoc test revealed a difference in quinpirole 

response at the 30 nM dose (P < 0.05). These results show that chronic AMPH treatment  
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Figure 1: Chronic AMPH treatment effects on dopamine terminals.  A. Grouped 
data showing stimulated dopamine release was significantly reduced following 
chronic AMPH treatment.  B. Representative traces showing stimulated 
dopamine release and uptake kinetics.  Chronic AMPH treatment reduced 
stimulated dopamine amplitude and uptake rates.  C. Grouped data show chronic 
AMPH treatment resulted in reduced uptake rates (Vmax) compared to saline 
treated controls.  D. AMPH treatment resulted in increased sensitivity to the 
inhibitory effects of quinpirole on stimulated dopamine release.  *p < 0.05  
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results in a supersensitive response to quinpirole (IC50 = 22 nM) compared to the saline 

treatment group (IC50 = 43 nM).  

3.2 Chronic MPH treatment effects on dopamine terminals 

Having found that AMPH, a DAT substrate, increases D2-type autoreceptor 

sensitivity we next sought to determine the effects of another candidate cocaine treatment 

compound that acts as a DAT inhibitor rather than substrate. Rats were administered 

methylphenidate (MPH, 8 mg/kg/day, N=5) or saline (N=5) continuously via osmotic 

minipumps for 14 days and were then sacrificed for voltammetry.  The dose of MPH was 

chosen to best match clinical MPH treatments.  MPH is commonly prescribed in 

extended-release formulations in order to maintain blood levels in the therapeutic range 

of 10-15 ng/mL (Volkow and Swanson, 2003).  Delivery of MPH at 8 mg/kg/day via 

osmotic minipumps results in blood concentrations of ~15 ng/mL in rats (Gill et al., 

2013), the high end of clinically prescribed MPH treatments.  

Chronic MPH treatment had no effect on stimulated dopamine release (1.32 ±0.26 

μM) compared to saline treated controls (1.31 ±0.23 μM; t18 = 0.03, P > 0.05; Fig 2A).   

Further, chronic MPH treatment did not alter maximal uptake rate (3.18 μM/s) compared 

to saline treated controls (2.93 μM/s; t18 = 0.41, P > 0.05; Fig 2C). A cumulative dose 

response curve showed that quinpirole was effective in attenuating stimulated dopamine 

release in both treatment groups in a dose responsive fashion (F2,16 = 314.6, P < 0.0001); 

however, there was no difference in the sensitivity to quinpirole between groups (F1,16 = 

0.18, P > 0.05; Fig 2D).   
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Figure 2: Chronic MPH treatment effects on dopamine terminals.  A. Grouped data 
showing stimulated dopamine release was not different following chronic MPH 
treatment.  B. Representative traces showing stimulated dopamine release and 
uptake kinetics.  Chronic MPH treatment had no effect on stimulated dopamine 
amplitude and uptake rates.  C. Grouped data show chronic MPH treatment did not 
alter uptake rates (Vmax) compared to saline treated controls.  D. MPH treatment 
had no effect on autoreceptor sensitivity as the inhibitory effects of quinpirole were 
not different compared to saline treated controls.   
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3.3 Chronic phenmetrazine treatment effects on dopamine terminals 

Having found that treatment with DAT substrates produce unique effects on 

dopamine terminal function as compared to DAT inhibitors, we hypothesized that these 

disparities may contribute to difference in efficacy of these treatments for cocaine 

addiction and dependence.  Thus, we next sought to examine the effects of chronic 

phenmetrazine, a DAT substrate and candidate medication for cocaine addiction, but with 

limited abuse liability compared to AMPH (Corwin et al., 1987; Jain et al., 1979).  Rats 

were administered phenmetrazine (25 mg/kg/day, n=5) or saline (n=5) via minipumps 

following the same protocol used for AMPH and MPH administration.  Doses of 

phenmetrazine were chosen based on the relative affinities for each compound for the 

DAT.  The EC50 of AMPH is 24.8 nM and for phenmetrazine is 131 nM (Rothman and 

Baumann, 2003).  Therefore a dose of phenmetrazine (25 mg/kg/day) that is 5 times the 

dose of AMPH (5 mg/kg/day) was chosen (Czoty et al., 2015).  Further, in this study we 

aimed to examine underlying neurochemical changes in dopamine terminals that would 

complement the AMPH and phenmetrazine doses used in the Czoty et al. manuscript 

(Czoty et al., 2015), which were also delivered via osmotic minipumps and attenuated 

cocaine self-administration and reinstatement.   

Similar to our findings with AMPH, chronic phenmetrazine treatment reduced 

stimulated dopamine release compared to saline treated animals (t20 = 2.26, P < 0.01; Fig 

3A).  Dopamine release in the phenmetrazine treated group (0.75 ±0.07 μM) was 36% 

less than saline treated animals (1.18 ±0.17 μM).  In contrast to AMPH, maximal uptake 

rate in the phenmetrazine treated animals (2.18 μM/s) were not changed compared to 

saline treated controls (2.55 μM/s; t20 = 1.54, P > 0.05; Fig 3C). 
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Figure 3: Chronic Phenmetrazine (Phen) treatment effects on dopamine 
terminals.  A. Grouped data showing stimulated dopamine release was significantly 
reduced following chronic Phenmetrazine treatment.  B. Representative traces 
showing stimulated dopamine release and uptake kinetics.  Chronic Phenmetrazine 
treatment reduced stimulated dopamine release amplitude compared to saline treated 
animals.  C. Grouped data show chronic phenmetrazine treatment did not significantly 
reduce dopamine uptake rates (Vmax).  *p < 0.05 
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It has been suggested that D2 and D3 dopamine autoreceptors have disparate 

signaling pathways and thus changes in these receptor subtypes may have differential 

functional consequences (Joseph et al., 2002; Tepper et al., 1997).  Therefore, we sought 

to determine if phenmetrazine treatment altered D2 and D3 receptor sensitivity 

differentially.  To examine D2 autoreceptor function we applied sumanirole, a high 

affinity D2 agonist, to brain slices.  Sumanirole (10-1000 nM) reduced evoked dopamine 

release across both treatment groups (F4,32 = 44.02, P < 0.0001; Fig 4A).  Further, 

differences in sumanirole sensitivity were found between saline and phenmetrazine 

treatment groups (F1,32 = 7.23, P < 0.05); with the phenmetrazine treatment group 

exhibiting a supersensitive response to sumanirole compared to the saline treatment 

group.   

To examine D3 receptor function we applied PD 128907, a D3 receptor-selective 

agonist.  PD 128907 (1-100 nM) significantly reduced evoked dopamine release across 

both treatment groups (F4,32 = 88.97, P < 0.0001; Fig 4B).  However, no significant 

differences in PD 128907 sensitivity were found between saline and phenmetrazine 

treatment groups (F1,32 = 1.33, P > 0.05).  These results indicate that chronic treatment 

with phenmetrazine increases autoreceptor sensitivity through changes in in presynaptic 

D2 receptors, but not D3 receptors.  

3.4 Effects of phenmetrazine treatment on cocaine self-administration 

AMPH administration has been shown to be effective in the treatment of cocaine abuse 

and addiction (Rush and Stoops, 2012), and it has been suggested that phenmetrazine 

may represent a compound with similar efficacy but with reduced abuse liability.  Indeed, 
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the two compounds have structural similarities, and here we show that the effects of 

chronic treatment with both drugs are similar with regard to changes in axonal dopamine 

release and autoreceptor sensitivity (cf. Fig 1A,C and 3A,C). Thus, we sought to 

determine if phenmetrazine minipump treatment would alter cocaine self-administration 

under an extended access paradigm.  Following acquisition of cocaine maintained 

responding, animals were treated with mini-pump delivered phenmetrazine (25 

mg/kg/day, n=6) or saline (n=4) and allowed to administer cocaine for an additional 14 

day treatment period. Phenmetrazine treatment reduced cocaine self-administration 

compared to the saline treatment group (F1,110 = 32.45, P < 0.0001; Fig 5A).  

Phenmetrazine treated animals responded less for cocaine with an average of 56.94 

(±3.74) lever presses per session compared to saline treated animals which averaged 

83.86 (±2.84) lever presses per session; resulting in reduced cocaine intake (42.71 ±2.80 

mg/kg cocaine per session) compared to saline treated animals (62.89 ±2.13 mg/kg 

cocaine per session) over the 14 day self-administration procedure (t138 = 5.24, P < 0.001; 

Fig. 5B). 
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Figure 4: Chronic Phenmetrazine (Phen) treatment effects on dopamine 
terminal autoreceptors.  A. Dose response curve showing the inhibitory effects of 
the D2 receptor agonist sumanirole on stimulated dopamine release.  Data are 
presented as percent of baseline values.  Chronic phenmetrazine treatment resulted 
in an increased sensitivity to sumanirole compared to saline treated controls.  B. 
Dose response curve showing the inhibitory effects of the D3 receptor agonist PD 
128907 on stimulated dopamine release.  Chronic phenmetrazine treatment had no 
effect on D3 receptor sensitivity to PD 128907.  *p < 0.05 
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Figure 5: Effects of phenmetrazine (Phen) treatment on cocaine self-
administration.  A. Grouped data showing average number of lever presses on a 
FR1 schedule of reinforcement to cocaine infusions.  Long access (6 hr) sessions 
were conducted daily across 14 days.  Chronic phenmetrazine treatment across the 
14 days resulted in significantly reduced lever presses for cocaine compared to 
saline treated animals.  B.  Average cocaine intake per session for the 14 total days 
of self-administration.  Phenmetrazine treatment resulted in significantly reduced 
cocaine intake per session compared to saline treated controls.  ***p < 0.001 
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4.0 Discussion 

Presynaptic dopamine terminal plasticity may underlie aberrant dopamine 

signaling hypothesized to contribute to cocaine addiction (Siciliano et al., 2015a). Here 

we examined the effects of long term, continuous exposure to the potential 

pharmacotherapeutic agents AMPH, MPH and phenmetrazine on dopamine terminal 

function. We found that dopamine terminal effects are unique to the drug applied, 

regardless of the shared effect of increased extracellular dopamine levels reported for 

each compound (Baird, 1968; Volkow et al., 2001).  Specifically, we show that 

compounds that are substrates for the DAT, known as releasers, result in reduced 

stimulated release, with AMPH also showing a decreased uptake rate.  However, MPH, 

which is a DAT inhibitor, similar to cocaine and referred to as a blocker, had no effect on 

stimulated dopamine release or uptake rate.  Further, we show that treatment with 

releasers resulted in increased sensitivity to D2/D3-type autoreceptor agonists, while 

treatment with MPH had no effect on autoreceptor sensitivity.  Finally, we show that 

treatment with phenmetrazine resulted in attenuated cocaine self-administration. 

Together, these results suggest that unique dopaminergic adaptations induced by chronic 

treatment with dopamine releasing agents may be an important factor in their increased 

efficacy as cocaine addiction treatments as compared to compounds that increase 

extracellular dopamine levels via divergent mechanisms.  

One concern with the lack of effect of chronic MPH on dopamine terminals is that 

the dose of MPH was not high enough to elicit alterations in terminal kinetics. Here we 

chose a dose of 8 mg/kg/day that is administered via osmotic minipumps, resulting in 

continuous delivery of MPH.  This dose represents the high end of clinically prescribed 
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MPH treatments (Gill et al., 2013; Volkow and Swanson, 2003).  However, it may be that 

a larger dose of MPH than that used in the current study would result in dopamine 

terminal alterations.  Self-administration of high doses of MPH did alter dopamine 

terminal regulation (Calipari et al., 2012; Calipari and Jones, 2014), but the exposures 

were much higher than the clinically relevant doses. Furthermore, following self-

administration, stimulated DA release and Vmax were significantly increased compared 

to controls (Calipari et al., 2012) while D2 autoreceptor function was reduced (Calipari 

and Jones, 2014); parameters that suggest that high doses of MPH administration may 

increase abuse liability to other psychostimulants.   

The net effect of acute AMPH, MPH and phenmetrazine administration is 

increased basal dopamine levels (Baird, 1968; Di Chiara and Imperato, 1988; Kuczenski 

and Segal, 1997), leading each to be postulated as a treatment for cocaine addiction 

through ‘agonist therapy’ (i.e. using a treatment drug that acts on the same transmitter 

system as the abused compound) (Rush and Stoops, 2012).  We found that chronic 

exposure to each drug produced unique effects on dopamine terminal function, a result 

which seems to circumvent the notion of a generalized response to chronically elevated 

dopamine levels.  This is highlighted by differential changes in D2/D3 autoreceptor 

sensitivity.  D2/D3 type dopamine receptors are Gi/o-protein couple receptors (GPCR) 

that are prominently expressed throughout the striatum, both post-synaptically, on 

GABAergic striatal projection neurons and cholinergic interneurons, and pre-

synaptically, on striatal afferents including dopamine terminals.  Typically, in the 

presence of high levels of agonist, GPCRs are desensitized and/or downregulated.  

Indeed, chronic cocaine administration (resulting in chronically elevated dopamine) 
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results in loss of availability of striatal D2 binding potential measured by PET imaging in 

primates (Nader et al., 2006) and humans (Volkow et al., 1990).  Previous studies 

reporting decreased D2-type receptor availably employed global imaging techniques that 

do not allow for differentiation of pre- and post-synaptic D2/D3 populations, whereas 

cyclic voltammetry is well suited to assess presynaptic D2/D3 modulation of stimulated 

dopamine release.  Nonetheless, we may have predicted that chronic administration of 

dopamine-elevating drugs such as AMPH, phenmetrazine and MPH would also result in 

desensitization of D2/D3 autoreceptor function, similarly to cocaine.  However, here we 

found an increased sensitivity to D2/D3 agonists following minipump administration of 

AMPH and phenmetrazine, but not MPH, suggesting a possible differential regulation 

between pre- and post-synaptically located receptors.  

The mechanism for the apparent increases in D2/D3 sensitivity is not known, but 

interestingly there were differences in sensitivity based on the drugs administered.  One 

explanation may be that AMPH and phenmetrazine have differential effects on 

autoreceptor sensitivity than MPH through intracellular signaling cascades that are 

activated by releasers, but not by blockers.  G-protein receptor kinases (GRK) 

phosphorylate activated GPCRs, desensitizing them to continued agonist binding by 

preventing further activation of G-proteins (Pitcher et al., 1998).  One such member of 

the GRK family, GRK6, preferentially targets D2-like GPCRs, regulating their 

desensitization.  Importantly, the loss of function of GRK6, using GRK6 knockout mice, 

results in enhanced coupling of D2 receptors to G-proteins (Gainetdinov et al., 2003).  

These results suggest that drugs that inhibit GRK6 activity may lead to increased receptor 

sensitivity.  More recently, protein kinase Cβ (PKCβ) has been demonstrated to regulate 
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the D2 autoreceptor.  Both PKCβ knockout mice and administration of specific PKCβ 

inhibitors enhanced D2 autoreceptor mediated inhibition of stimulated dopamine release 

in slices and increased surface localization of D2 receptors in mouse striatal 

synaptosomes (Luderman et al., 2015).  We propose that releasers may perturb 

intracellular signaling processes that govern D2/D3 receptor activity and availability.  

Further, their properties as substrates for DATs permit access to the pre-synaptic 

intracellular domain which allows them to directly interact with intracellular second 

messengers.  This is in contrast to post-synaptic D2/D3 receptor containing cells which to 

not express DAT.  The DAT-mediated access to pre-synaptic intracellular domains also 

distinguishes the releasers AMPH and phenmetrazine from MPH, cocaine and other DAT 

blockers that bind and remain in the extracellular domain.     

 The differential effects of dopamine blocker and releaser compounds may have 

implications for the divergent effects of these compounds as treatments for cocaine 

dependence.  Both clinical and preclinical investigations of the effects of MPH and 

AMPH on cocaine intake have shown that while AMPH is effective in reducing cocaine 

use (Czoty et al., 2011; Grabowski et al., 2001, 2004; Thomsen et al., 2013) MPH is not 

(Czoty et al., 2013; Grabowski et al., 1997; Hiranita et al., 2009).  These results suggest 

that the ability of monoamine system targeting treatments to decrease cocaine intake are 

not entirely a product of their ability to elevate monoamine levels, and that efficacy may 

depend on some other characteristic of the drug, possibly a function of its properties as a 

blocker or releaser agent. Consistent with this hypothesis, phenmetrazine decreases 

cocaine intake across a range of modalities (Czoty et al., 2015; current study), suggesting 

that effects on cocaine maintained responding may stem from the unique effects of 
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chronic AMPH or phenmetrazine treatment on autoreceptors and dopamine signaling 

kinetics. In fact, attenuated autoreceptor sensitivity has been repeatedly documented as a 

consequence of chronic cocaine exposure (Ackerman and White, 1990; Mateo et al., 

2005; Pierce et al., 1995) and genetic deletion of autoreceptors greatly enhances 

cocaine’s effects and produces an addictive phenotype (Bello et al., 2011).  Thus, 

treatment-induced increases autoreceptor sensitivity may play a role in the anti-cocaine 

actions of AMPH and phenmetrazine. 

Another consideration is in the temporal relation of AMPH or phenmetrazine 

administration as a treatment.  Here we show that chronic phenmetrazine administration 

reduces responding for cocaine.  It has been demonstrated that AMPH pre-treatment may 

induce cross-sensitization/tolerance (Ferrario and Robinson, 2007; Peltier et al., 1996) to 

subsequent cocaine self-administration.  The mechanism of AMPH-induced sensitization 

to cocaine self-administration appears to involve post-synaptic receptor signaling (D1, 

AMPA, etc.; (Suto et al., 2002, 2003)) and would relate to pre-dispositions to enhanced 

cocaine abuse liability.  However, concurrent AMPH treatment reduces cocaine self-

administration (Chiodo et al., 2008; Chiodo and Roberts, 2009; Zimmer et al., 2014) and 

cocaine reinstatement responding (Czoty et al., 2015). A better understanding of 

mechanisms resulting in these differential effects on drug taking behavior is warranted.  

Future studies will aim to examine the possible differential activity patterns of D2 

autoreceptors under each of these administration/dose patterns.  

In summary, we have shown a direct comparison of three drugs that target DATs and 

how chronic treatment with each of these compounds effects dopamine terminal function.  

We identify drugs that act as substrates for DAT as resulting in an increased sensitivity of 
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terminal autoreceptors, an action that is not seen with DAT blockers.  We propose that 

mechanisms for this paradoxical increased autoreceptor sensitivity may result from 

interactions that occur within the intracellular terminal domain, an area to which only 

substrates have access, and thus may also explain differential changes in D2 receptor 

sensitivity in pre- and post-synaptic cellular regions following chronic treatment with 

these same compounds.  We also show evidence of D3 receptors as functional 

autoreceptors as evidenced by PD 128907 inhibiting stimulated dopamine release.  

However, D3 function may be differentially regulated by DAT substrates compared to 

D2 receptors as chronic phenmetrazine treatment had no effect on sensitivity to PD 

128907.  Finally we show that phenmetrazine treatment, similar to AMPH, results in 

reduced cocaine self-administration, further strengthening the therapeutic potential for 

compounds that share these structural and functional characteristics in the treatment of 

cocaine addiction. 
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