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ABSTRACT 

 

Mesolimbic dopamine neurons, originating in the ventral tegmental area (VTA) and 

projecting to the nucleus accumbens (NAc), have been heavily implicated in the 

reinforcing and rewarding properties of natural and drug rewards and cues that predict 

these rewards. Ethanol’s effects on dopaminergic activity are bimodal, and can be 

thought of in terms of a balance between excitation and inhibition. While low to 

moderate doses (0.25-1 g/kg, I.P.) of ethanol result in increases in dopamine levels as 

measured by microdialysis, dopamine levels are slightly attenuated at higher ethanol 

doses (2 g/kg, I.P.), and reduced at even higher, sedating doses of ethanol (5 g/kg, I.P). In 

vivo voltammetry studies, which describe dopamine overflow on a sub-second time scale, 

have also shown ethanol-mediated inhibition of dopamine release, although at 

considerably lower doses (1-2 g/kg, I.P.).  NAc slice voltammetry studies have also 

shown reductions in dopamine release after ethanol, albeit only at extremely high, 

supraphysiological concentrations (>150 mM; roughly equivalent to 7.5 g/kg, I.P.). From 

these in vivo and ex vivo voltammetry experiments, the authors of these previous studies 

hypothesized that ethanol’s primary site of inhibition occurs at dopamine cell bodies, 

which are absent in coronal striatal slices. However, another major difference between 

these voltammetry studies are the stimulation paradigms used for evoking dopamine 

release, which may represent two functionally different modes of firing for dopaminergic 

neurons. High frequency dopamine stimulations (>14 Hz) are used to model rapid 



xi 
 

‘phasic’ firing of dopamine neurons, whereas low frequency stimulations (<10 Hz) are 

used to model ‘tonic’ pacemaker firing. The results in CHAPTER II describe our primary 

parametric experiments examining ethanol inhibitory effects across a range of stimulation 

parameters. Ethanol inhibition potency was increased under high frequency (20-125 Hz) 

multiple pulse (5-10 pulses) conditions suggesting that ethanol inhibition is greatest 

under phasic dopamine release conditions. Increased ethanol sensitivity under high 

frequency conditions was not due to the amount of dopamine release, as reductions in 

stimulation intensity, and calcium levels, which both result in reduced release, still 

resulted in increased sensitivity compared to single pulse release. 

Recent electrophysiology studies showed that ethanol reduced firing in tonically 

active cholinergic interneuron (TAN) firing in the striatum. These reductions in TAN 

activity may result in decreases in excitatory postsynaptic nicotinic acetylcholine receptor 

(nAChR) activity on dopamine terminals, and reductions in evoked release. In 

CHAPTER III we demonstrated that the non-selective nAChR antagonist mecamylamine 

reduced dopamine release, and precluded ethanol inhibition, suggesting that ethanol 

inhibition under high frequency conditions is occurring though stimulation-selective 

reductions nAChR activity. 

In order to better understand how ethanol’s inhibitory effects on ‘phasic’-like 

dopamine release contributes to its reinforcing effects in ethanol vulnerable populations, 

we examined ethanol inhibition of high frequency NAc dopamine terminal release in two 

different strains of mice, C57BL/6J (C57) and DBA/2J (DBA). Although these strains 

have similar baseline dopamine function, C57 and DBA mice show divergent sensitivity 

to alcohol’s behavioral and neurochemical effects, with increased ethanol consumption in 
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C57 mice, but greater ethanol conditioned place preference (CPP), hyperlocomotion, and 

locomotor sensitization, as well as ethanol dopamine responses  in DBA mice. Consistent 

with greater ethanol elevations in dopamine in DBA mice, the results from CHAPTER III 

show that despite similarities in baseline dopamine release, ethanol inhibition is reduced 

in DBA mice. These studies suggest that decreased ethanol inhibition may contribute to 

overall greater ethanol-elicited dopamine activity in DBA mice by shifting the balance 

between ethanol’s excitatory and inhibitory effects towards increased excitation.  

Social isolation rearing (SI) in rats is an animal model of early life stress that 

results in increases in ethanol consumption, as well as increased dopamine levels after 

ethanol, compared to group housed (GH) rats. Furthermore, SI rearing also increases 

dopamine function in general. In CHAPTER IV, we demonstrated that SI rats have 

greater NAc dopamine release and uptake rates, compared to GH rats.  As part of an 

effort to better understand how ethanol inhibition contributes to dopamine signaling after 

SI rearing, in CHAPTER V we examined ethanol’s effects on high frequency (20 Hz at 

10 pulses) evoked dopamine release. In these studies, ethanol decreased dopamine 

concentrations less in SI compared to GH rats. However, after normalizing for baseline 

dopamine release differences, ethanol inhibition was similar in SI and GH rats. These 

studies suggest that ethanol’s excitatory effects on NAc dopamine levels in SI rats are 

primarily due to greater amounts of dopamine terminal release. 
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Part of the following chapter is adapted with permission from (Examining the 

complex regulation and drug-induced plasticity of dopamine release and uptake using 

voltammetry in brain slices, Ferris et al., 2013). Copyright (2013) American Chemical 

Society. Specifically, Figure 1, which is used to illustrate voltammetry methods, as well 

as the section titled “Voltammetry Techniques Measure Rapid Sub Second Dopamine 

Release from Tonic and Phasic Activity” are adapted from this manuscript. The specified 

figure and discussion section were both produced by Jordan Yorgason. 
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Ethanol addiction is a chronic relapsing disease which can lead to devastating 

physical, psychological, and social consequences. In terms of physical health detriments, 

heavy ethanol use is associated with a large number of issues ranging from neurological 

problems, including sleep disorders, impaired memory and cognition, epilepsy, and 

stroke risk, to more peripheral diseases, such as increased risk for liver cirrhosis, 

cardiovascular disease, and a wide array of cancers (Parsons, 1998; Grant et al., 2000; 

Brower, 2001; Rehm et al., 2003; Nutt et al., 2010; Rehm et al., 2010).  Alcohol 

associated diseases account for a staggering 4% of the global burden of disease, a metric 

that combines years of life lost due to premature death, and time lived in a poor state of 

health (Mokdad et al., 2004; Room et al., 2005). Despite the deleterious effects of heavy 

alcohol use, in 2001 it was estimated that 13.4 million people abused or were dependent 

upon alcohol (Zacny et al., 2003). Furthermore, in 1996, it was surmised that 1/10 

individuals in the U.S. met the criteria for alcohol use disorders at any given time 

(includes alcohol abuse, intoxication, dependence and withdrawal) (Kessler et al., 1996). 

Additionally, alcohol abuse represents ~40% of all admissions to drug abuse treatment 

facilities (SAMHSA, 2009). The high amounts of alcohol abuse in the U.S. translate into 

a large economic burden, which has increased substantially over the last several decades. 

In 1998, ethanol abuse was estimated to be responsible for ~$184 billion in economic 

cost to the U.S. (Harwood et al., 1998). Demonstrating an increase in economic burden 

over the last 8 years, it was estimated that excessive drinking cost the U.S. ~$223.5 

billion in 2006 (Bouchery et al., 2011), though these numbers are likely 

underestimations, as they do not account for all costs associated with pain and suffering 

of the heavy drinker, and others affected by the drinking. Given the substantial laundry 



3 
 

list for alcohol abuse statistics, it is no surprise that ethanol is considered the most 

harmful drug to self and others (Nutt et al., 2010). Since ethanol abuse and addiction are 

such devastating problems in our society, it is important for us to better understand the 

neural sequela that contribute to ethanol abuse, including genetic and environmental risk 

factors of susceptibility to increased alcohol reinforcement.  

The current review discusses mesolimbic dopamine system activity, and its 

involvement in encoding reinforcement learning. Additionally, it also discusses the 

strengths and limitations of two electrochemical techniques, microdialysis and 

voltammetry. These two techniques are both frequently used for measuring dopamine 

terminal activity in response to ethanol, and they measure very different aspects of 

dopamine function. This review also describes ethanol’s excitatory and inhibitory effects 

on dopamine release. We have recently discovered a novel inhibitory effect of ethanol on 

dopamine terminal release. The present work outlines the experiments from these initial 

characterization studies, as well as our hypothesized mechanisms and related 

experiments. Lastly, divergent mouse strains and environmental stress rat models of 

ethanol abuse vulnerability and experiments used in the subsequent studies to examine 

ethanol inhibition of dopamine release in these models are discussed. 

 

Midbrain Dopamine Neuron Firing Patterns  

The mesolimbic dopamine system, originating in ventral tegmental area (VTA) 

and substantia nigra pars compacta (SNc) regions of the midbrain, and projecting 

throughout the limbic system, including the dorsal striatum and nucleus accumbens 

(NAc), amygdala, basal nucleus of the stria terminalis, hippocampus, and prefrontal 
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cortex (for review on mesolimbic connectivity see Ikemoto, 2010) has been heavily 

implicated in the reinforcing and rewarding aspects of natural and drug related rewards 

(Wanat et al., 2009). VTA dopaminergic firing occurs in two distinct patterns, referred to 

as tonic ‘pacemaker’ firing, and phasic ‘burst’ firing. Tonic dopamine firing is present in 

awake animals, and due to recurrent activity of intrinsic somatic ion channels, it also 

occurs reliably in VTA slice preparations. Therefore, studies characterizing tonic firing 

activity have often used slice preparations, where presynaptic activity is reduced (Grace 

& Bunney, 1984b; Brodie & Appel, 2000; McDaid et al., 2008; Ungless & Grace, 2012). 

Slice electrophysiology studies have shown that VTA dopamine neurons fire tonically, at 

1-10 Hz, but typically at ~4 Hz (Grace & Bunney, 1984b; Ungless & Grace, 2012). This 

pacemaker firing activity is driven by the cyclic nucleotide gated hyperpolarization 

activated cation current, Ih, which is often used, though sometimes erroneously, as an 

identification feature of VTA dopamine neurons (Margolis et al., 2006; Margolis et al., 

2010; Zhang et al., 2010; Borgkvist et al., 2011; Ungless & Grace, 2012). Because this 

current is activated by cyclic nucleotides and hyperpolarizations, increases in cyclic 

adenosine monophosphate (cAMP) and increases in inhibitory activity on dopamine cell 

bodies can both decrease inter-spike intervals through increases in Ih conductivity 

(Hofmann et al., 2003; Robinson & Siegelbaum, 2003). Additionally, clonidine, which 

normally decreases intracellular cAMP through adrenergic alpha-2 receptor activation 

(Jansson et al., 1994; Inyushin et al., 2010), increases Ih currents, and subsequently the 

firing rates of putative dopaminergic neurons (Inyushin et al., 2010). However, these 

firing increases are blocked by phospholipase C (PLC) antagonists, but not cAMP 

replacement (Inyushin et al., 2010) demonstrating that in dopamine neurons, the Ih 
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current can also be modulated by PLC activity, and that decreased cAMP isn’t the most 

germane mechanism for Ih modulation  (Cathala & Paupardin-Tritsch, 1997; Liu et al., 

2003; Inyushin et al., 2010).   

Phasic burst firing is the other type of firing observed in midbrain dopamine 

neurons. Phasic firing occurs at 14-22 Hz, with 3-4 impulses on average, but up to 20 

action potentials, that decrease in amplitude across a burst (Grace & Bunney, 1984a; 

Overton & Clark, 1997; Ungless & Grace, 2012). Phasic dopamine firing does not 

naturally occur in VTA brain slices, but can be induced with increases in intracellular 

calcium concentrations in whole cell patch electrophysiology preparations (Grace & 

Bunney, 1984a). Therefore, a large number of studies examining phasic firing have 

explored phasic activity in whole animal preparations, where phasic dopamine burst 

firing occurs in response to salient stimuli, such as noxious stimuli, reward presentations, 

and cues that predict rewards and other substantial sensory stimuli (Trulson, 1985; 

Schultz, 1986; Schultz et al., 1997; Joshua et al., 2008; Brischoux et al., 2009). Phasic 

burst firing appears to be mediated in part by glutamatergic activity on dopamine 

neurons, as burst firing occurs in response to stimulation of afferent glutamatergic fibers 

(Georges & Aston-Jones, 2002; Floresco et al., 2003; Bortolozzi et al., 2005; Lodge & 

Grace, 2006). Furthermore, phasic dopamine release is contingent upon N-methyl-D-

aspartate (NMDA) receptor activity (Karreman et al., 1996; Kretschmer, 1999; Sombers 

et al., 2009), as NMDA agonists elicit burst firing (Johnson et al., 1992; Chergui et al., 

1993) and NMDA, but not 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid 

(AMPA) receptor antagonists, block glutamate induced increases in dopamine bursting 

activity (Chergui et al., 1993; Wang & French, 1993).  
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Phasic Dopamine Firing and Reinforcement Learning 

Early studies examining dopaminergic firing in awake behaving non-human 

primates first suggested a putative role for dopamine burst firing in learning of 

motivationally relevant stimuli during cue-conditioned learning (Schultz, 1986; Schultz et 

al., 1997). These studies demonstrated that dopamine burst firing occurs in response to 

unexpected delivery of fruit juice reward. Furthermore, as the animal was trained to 

associate a cue with the fruit juice, phasic activity shifted away from the reward, and 

toward the reward predictive cue (Schultz, 1986). Lastly, when the primate was presented 

with the reward conditioned cue, but no reward, dopamine firing activity was depressed 

at the expected time of the non-delivered reward, suggesting that reductions in dopamine 

activity may be involved in signaling an error in expected reward outcomes (Schultz, 

1986).  Together, these original studies provided a foundation for the current model of 

neural encoding of error based learning of Pavlovian conditioning, demonstrating that 

alterations in dopamine neuron phasic firing rates are associated with learned cue 

prediction of reward availability (Schultz et al., 1997; Wanat et al., 2010).  

Since these early studies on dopamine involvement in conditioned learning, a 

barrage of studies have been performed examining the role of dopamine signaling in 

reward and reinforcement learning (for review see Wanat et al., 2010). In line with the 

previously mentioned electrophysiology studies, voltammetry and microdialysis studies 

have consistently demonstrated that natural and drug related rewards, as well as reward 

predictive cues, increase dopamine release in the NAc (Church et al., 1987; Ito et al., 

2000; Phillips et al., 2003; Carelli & Wightman, 2004; Roitman et al., 2004; Day et al., 
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2007; Howard et al., 2009; Polston et al., 2011; Oleson et al., 2012). Using 

pharmacological and genetic manipulations, additional studies have established that 

disruptions in dopamine signaling result in attenuated cue-conditioned learning, and 

direct dopamine excitation results in cue-conditioned learning. In these studies, NAc 

microinjections of dopamine antagonists disrupted instrumental learning as well as 

performance of cue-elicited instrumental responding for natural and drug rewards 

(Samson et al., 1993; Hernandez et al., 2005; Nicola et al., 2005). Additionally, 

optogenetic studies have shown that conditioned place preference (CPP), which is a 

behavioral measure of reward and reinforcement learning, can be induced by selectively 

stimulating dopamine neurons in phasic, but not tonic, patterns during conditioning trials 

(Tsai et al., 2009). Furthermore, during a blocking procedure, where learning of novel 

cue-associations is attenuated by simultaneous presentation of the novel cue concurrently 

with the old, optical stimulation of dopamine neurons enhances cue learning for the novel 

cue in operant self-administration of sucrose reward (Steinberg et al., 2013).  

 

Microdialysis Techniques Measure Dopamine Levels from Tonic and Phasic Firing  

Dopamine release from tonic and phasic activity in terminal regions is often 

measured through two very distinct electrochemical assays, microdialysis and 

voltammetry (Justice, 1993; Owesson-White et al., 2012; Panin et al., 2012). For 

microdialysis detection of dopamine, a microdialysis probe (typically 220-320 µm in 

diameter, with a membrane length of 1-4 mm) is inserted into the region of interest, such 

as the NAc, and artificial cerebrospinal fluid (aCSF) is perfused at 1-1.5 µl/min, resulting 

in collections every 5-30 minutes (Yoshimoto et al., 1992b; 1992a; Blomqvist et al., 



8 
 

1993; Blomqvist et al., 1997; Weiss et al., 1993; Weiss et al., 1996; Ericson et al., 1998; 

but see Bowser and Kennedy, 2001). As the aCSF is perfused through the probe, analytes 

diffuse across the membrane, and are collected in a fraction collector. The perfusate fluid 

is then analyzed electrochemically using high-performance liquid chromatography 

(HPLC). Dialysate samples are injected into a reverse-phase microbore column, and 

dopamine analyte concentrations are quantified by comparing their oxidation current with 

currents produced by known concentrations of dopamine. Since microdialysis samples 

are processed through a column, this technique can be used to discriminate between many 

different analytes based on various parameters, such as size, and electrical charge. Thus, 

although microdialysis has a low spatial and temporal resolution, due to the size of the 

probes and generally long collection intervals, the high chemical specificity of 

microdialysis makes it a powerful technique for measuring large changes in dopamine 

levels across time. Although the low sampling rate makes it difficult to draw conclusions 

about specific firing activity, in general, microdialysis techniques are used for measuring 

baseline dopamine levels at rest, as well as large changes in dopamine levels induced by 

increased tonic and phasic activity coincident with natural and drug reinforcers, and 

related cues (Justice, 1993; Ito et al., 2000; Robinson et al., 2008; Robinson et al., 2009). 

For instance, under baseline conditions where no drugs or stimulatory cues are present, 

several labs have reported that ‘tonic’ dopamine levels range from 5-20 nM in the 

striatum (Suaud-Chagny et al., 1992; Justice, 1993). However, since phasic dopamine 

activity occurs spontaneously under resting conditions, ‘tonic’ levels, as measured by 

microdialysis, may reflect a combination of baseline tonic and phasic dopamine firing 

(Robinson et al., 2009; Panin et al., 2012).  



9 
 

 

Voltammetry Techniques Measure Rapid Sub-Second Dopamine Release from 

Tonic and Phasic Activity 

Although microdialysis techniques have high chemical specificity, low temporal 

and spatial resolution makes it difficult to draw conclusions about specific changes in 

rapid sub-second dopamine signaling from this technique. Voltammetry, on the other 

hand, has high temporal and spatial resolution, making it a suitable method for examining 

rapid neurochemical signaling, similar to the phasic burst firing observed in 

dopaminergic neurons, as well as associated uptake kinetics (Grace & Bunney, 1984a; 

Hyland et al., 2002; Robinson & Wightman, 2004; John & Jones, 2007; Robinson et al., 

2008). For this technique, a triangular voltage ramp, typically scanning from -0.4 V to 1.2 

V and back to -0.4 V at 400 V/s, is generated by a computer (Figure 1A) and sent to a 

potentiostat, which passes the voltage through a carbon fiber electrode, producing a 

primarily capacitive charging current. During a voltage scan, dopamine is oxidized into 

dopamine-o-quinone during the rising phase (at 0.6 V) and reduced back to dopamine 

during the declining phase (at 0.2 V), resulting in changes in current at these potentials. 

The change in current produced by oxidation and reduction of a species is referred to as a 

faradaic current, and is the basis for voltammetric detection of dopamine. Since this 

faradaic current is integrated into the charging current waveform, a simple background 

subtraction can be performed to remove the background current, while still maintaining 

the faradaic currents, resulting in a voltammogram unique to the chemical species (Figure 

1B). A series of background subtracted faradaic currents are plotted across time to 

produce a three-dimensional array of data, as seen in the pseudo-colorplot in Figure 1C.  
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Figure 1. Fast scan cyclic voltammetry methodology for sub-second detection of 

dopamine. (A) Black traces show the charging current (top) resulting from a voltage 

sweep (bottom) in the absence (blue) and presence (red) of dopamine. Dopamine 

oxidation and reduction occur at 0.6 and −0.2 V (intercept of green and red dashed lines), 

respectively. (B) Charging currents containing dopamine are subtracted from baseline 

currents, resulting in a faradaic current proportional to the concentration of dopamine 

present. (C) Color plot of background subtracted data after an electrical stimulation 

shows dopaminergic changes in faradaic current across time (top panel), which can be 

represented two-dimensionally as change in dopamine concentration across time (bottom 

panel). Red line in bottom panel represents single-pulse electrical stimulation. The 

oxidation current traces from a color plot are compared with electrode calibration factors 

to determine release concentrations, and dopamine clearance is calculated to determine 

dopamine transporter function. 
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The amplitude of the current (z-axis) at the oxidation potential (y-axis) over time (x-axis) 

is linearly proportional to the concentration of dopamine present at the electrode, so that 

electrodes can be exposed to known concentrations following an experiment to determine 

each electrode’s dopamine calibration constant. 

Since voltammetric measurement of dopamine relies on the presence of its 

signature voltammogram, it is of note that other neurotransmitters such as norepinephrine 

and epinephrine have redox potentials similar to dopamine. To avoid confusion from 

signal contamination, researchers typically examine dopamine kinetics in brain areas 

where dopamine is the predominate catecholamine, or use pharmacological techniques to 

demonstrate that the measured catecholamine is dopamine (Szabo et al., 1999; Park et al., 

2009). For example, much work focuses on striatal recordings of dopamine, in relation to 

drug effects and learning mechanisms (Heien et al., 2004; Roitman et al., 2004; Gan et 

al., 2010; Wanat et al., 2010; Ferris et al., 2011; Calipari et al., 2012). Voltammetric 

methods also rely on a background subtraction method for determining dopamine 

concentrations, making it difficult to measure basal dopamine levels, although much 

work has gone into researching new voltammetric methods for determining basal 

dopamine tone (Owesson-White et al., 2012). 

There are multiple software packages designed for collecting and analyzing 

voltammetric data which are currently being used in in vivo freely moving, anesthetized, 

and ex vivo preparations (Heien et al., 2004; Keithley et al., 2009; Keithley & Wightman, 

2011; Yorgason et al., 2011).  During my time here at Wake Forest School of Medicine, 

part of my training included developing a software program and related hardware for 

voltammetric data collection and analysis (Demon Voltammetry and Analysis; Yorgason 
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et al., 2011). This program contains a number of automatic signal analyses including 

Michaellis-Menton kinetics (e.g., Vmax, apparent Km), parameters describing time 

constants and exponential decay functions for uptake (e.g., tau, half-life), which were 

essential for analyzing the data collected in CHAPTERS II-V.   

 

High and Low Frequency Stimulated Striatal Dopamine Release: Autoreceptor and 

Heteroreceptor Considerations 

Striatal dopamine signaling is tightly regulated by a number of factors, including 

dopamine transporter activity, releasable pool machinery, autoreceptor, and 

heteroreceptor activity, as well as local circuitry interactions (for review see Patel et al., 

2011; Pereira & Sulzer, 2012; Zhang & Sulzer, 2012). Furthermore, voltammetric studies 

measuring dopamine terminal function have employed a number of diverse stimulation, 

pharmacological and genetic paradigms to better understand how the many facets of 

release and uptake kinetics contribute to overall dopamine neurotransmission (see Ferris 

et al., 2013). The next few paragraphs discuss different aspects of dopamine activity, and 

how single and multiple pulse stimulations of varying duration, frequency and amplitude 

can be used to study disparate facets of dopamine signaling with voltammetry.  Single 

pulse stimulations (~4 ms; >200 µA) have been used extensively for studying various 

traits of dopamine release and uptake kinetics, as well as autoreceptor and heteroreceptor 

activity. Indeed, our lab has demonstrated that striatal dopamine uptake rates can reliably 

be determined by applying Michaelis-Menten formulae to dopamine curves evoked from 

single-pulse electrical stimulations, and the resultant measured uptake rates are suitable 

for estimations of dopamine transporter function (Yorgason et al., 2011; Calipari et al., 
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2013). Additionally, the application of dopamine transporter inhibitors, such as cocaine 

or methylphenidate, as well as transporter substrates, such as amphetamines, result in 

obstruction of dopamine clearance, and associated decreases in uptake rates (Yorgason et 

al., 2011; Ferris et al., 2012). Moreover, drugs that reduce vesicular repackaging of 

dopamine, such as the vesicular monoamine transporter (VMAT) inhibitors tetrabenazine 

and Ro4-1284, result in decreased vesicular dopamine concentrations, and ultimately in 

depletion of readily releasable pools (Jones et al., 1998; John & Jones, 2006). 

Autoreceptor activity can also be examined under single pulse conditions, where D2-type 

agonist application results in concentration dependent decreases in dopamine release 

(Yorgason et al., 2013). Furthermore, some aspects of heteroreceptor activity can be 

monitored using these stimulation parameters. For instance, kappa opioid receptor 

agonists result in decreases in evoked dopamine release that are reversible by antagonist 

application (Britt & McGehee, 2008). Another example of heteroreceptor modulation of 

dopamine release is that purinergic P2 receptor, but not P1 receptor antagonists, block 

adenosine induced reductions of single pulse dopamine release (Trendelenburg & 

Bultmann, 2000). Additional studies have used single-pulse stimulations to examine other 

aspects of autoreceptor and heteroreceptor modulation of dopamine release. These studies 

have been discussed in greater detail in the following reviews (Rice et al., 2011; Zhang 

and Sulzer, 2012). These numerous studies have demonstrated that single pulse 

stimulated dopamine release is appropriate for measuring certain aspects of release, 

including uptake rates, readily releasable pool availability, as well as autoreceptor and 

heteroreceptor sensitivity.  
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As noted above, a number of studies have effectively used single pulse 

stimulations to study specific aspects of dopamine overflow, however, related aspects of 

dopamine function may also be effectively examined under multiple pulse stimulation 

conditions, albeit to answer somewhat different questions. For example, multiple pulse 

paradigms have been used for studying readily releasable pool availability and pool 

mobilization after ketamine and psychostimulants that mobilize deep storage pools 

(Hafizi et al., 1992; Hancock & Stamford, 1999). Furthermore, multiple pulse 

stimulations are also effective for studying autoreceptor activity from non-

pharmacological activation, similar to activity that occurs during endogenous tonic 

activity. Using low frequency, 10 Hz, 30 pulse stimulations, previous studies have 

demonstrated that in the presence of a D2-type antagonist, and in dopamine neuron 

selective D2 knockout mice, multiple pulse dopamine release is increased (Bello et al., 

2011). In these experiments, dopamine release increases post-D2 activity reduction 

treatment were greatest during the last two seconds of the stimulations, where 

autoreceptor activity is most effective (Cragg & Greenfield, 1997; Cragg et al., 2000; 

Bello et al., 2011). Additionally, paired pulse stimulation studies have been used 

effectively to show that D2-type autoreceptor regulation of dopamine release onset is 

between 200 and 2000 msec and lasts up to 5000 msec, with a peak effect at 550 msec in 

the dorsal striatum and 700 msec in the NAc (Phillips et al., 2002; Cragg, 2003; Rice et 

al., 2011). Paired pulse studies also have been insightful in determining other facets of 

release regulation, including the role of potassium efflux and calcium influx in paired 

pulse depression of dopamine release (Cragg, 2003; Patel et al., 2011).  
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Since electrical stimulations are non-selective, local circuitry activity on 

dopamine terminal heteroreceptors also contributes to dopamine release during multiple 

pulse stimulations (for review see Rice et al., 2011; Zhang & Sulzer, 2012).  

Accordingly, several studies have demonstrated differential activity between single and 

multiple pulse stimulated dopamine release. For instance, AMPA glutamate receptor 

antagonists activity on electrically activated glutamate fibers, and GABAA receptor 

antagonists acting on local cell bodies, and electrically activated terminals, increase and 

decrease dopamine release respectively, under 10 Hz, 30 pulse conditions, but have no 

effect under single pulse conditions (Chen & Rice, 2002; Avshalumov et al., 2003; 

Avshalumov et al., 2008; Rice et al., 2011). Furthermore, AMPA and GABAA receptor 

antagonists induce changes in dopamine release that are prevented by exogenous 

application of H2O2 degradation enzymes, glutathione peroxidase (GSHP) and catalase 

(Avshalumov et al., 2003). Additionally, the GSHP inhibitor mercaptosuccinate increases 

multiple pulse dopamine release, and prevents further increases by AMPA antagonism 

(Avshalumov et al., 2003). Additional studies demonstrated that these stimulation 

paradigms elicit H2O2 production from striatal medium spiny neurons (MSN; 

Avshalumov et al., 2005). Together, these experiments suggested that glutamatergic and 

GABAergic modulation of dopamine release were through retrograde transmission of the 

diffuse small molecule H2O2 from postsynaptic MSNs. These studies proceeded to 

demonstrated that increases in retrograde H2O2 signaling, and subsequent inhibitory 

effects on dopamine transmission, could be blocked by antagonizing adenosine 

triphosphate sensitive K channels (KATP), suggesting that H2O2 may be acting on 

dopamine terminals by increasing KATP activity (Avshalumov et al., 2003). This H2O2 
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pathway for dopamine modulation has also been implicated in cannabinoid modulation of 

dopamine signaling, as CB1 receptor agonists have no effect on single pulse release, but 

reduce multiple pulse release through decreased GABA activity on MSNs, resulting in 

increased retrograde H2O2 signaling (Szabo et al., 1999; Sidlo et al., 2008; Patel & Rice, 

2012).  

Cholinergic activity, from tonically active neurons (TANs) in the striatum, also 

acts as a potent modulator of dopamine activity (for review see Cragg, 2006). Striatal 

cholinergic neurons fire tonically at low frequencies (<10 Hz), with most neurons firing 

at a steady rate, and few striatal cholinergic neurons firing in a burstiform pattern 

(Bennett et al., 2000; Kreitzer, 2009; Blomeley et al., 2011), with the overall outcome of 

basal cholinergic tone throughout the striatum in both in vivo and ex vivo preparations 

(Cragg, 2006). Under these tonic firing conditions, TAN driven acetylcholine tone has an 

excitatory effect on dopamine terminals, so that single pulse stimulated release is 

decreased in the presence of nAChR antagonists, desensitizing doses of nicotine, and 

decreases in acetylcholine release after muscarinic acetylcholine receptor (mAChR) 

agonist activation of TAN autoreceptors (Zhou et al., 2001; Rice & Cragg, 2004; Zhang 

et al., 2009b; Threlfell et al., 2010; Rice et al., 2011). Furthermore, mice lacking 

forebrain acetylcholine  have increased frequency-dependent dopamine release, with 

decreases in evoked dopamine release under low stimulation frequencies, and increased 

release at higher frequencies (100 Hz; Patel et al., 2012). The selective inhibition of low 

frequency dopamine release during cholinergic pauses, has suggested that during 

reductions in TAN activity, a high pass filter is enabled, resulting in magnified dopamine 

responses during high frequency burst firing, compared to tonic firing dopamine release 
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(Cragg, 2006; Rice et al., 2011). These increases in ratios between tonic and phasic 

dopamine release during TAN pauses are postulated to increase the salience of 

particularly relevant stimuli, while diminishing signals from non-relevant stimuli (Cragg, 

2006) as pauses in TAN activity occur during phasic dopamine burst firing events 

associated with rewarding stimuli (Tan & Bullock, 2008). Lastly, demonstrating that 

other neurotransmitters can modulate dopamine through polysynaptic activity on 

multiple-pulse dependent release, delta and mu opioid receptor agonists act similar to 

treatments that reduce TAN activity, attenuating dopamine signals under single pulse 

conditions, and, relative to single pulse conditions, enhancing dopamine release under 

higher frequencies (Britt & McGehee, 2008). 

 

 

Ethanol’s Excitatory Effects on Dopamine Release and Ethanol Reinforcement 

Similar to other drugs of abuse, ethanol has been repeatedly shown to increase 

NAc dopamine levels. These increases in dopamine levels are due to enhanced firing in 

the VTA (for review see Gonzales et al., 2004; Morikawa & Morrisett, 2010; Soderpalm 

& Ericson, 2013).  Ethanol’s overall effects on VTA dopamine firing are due to a mixture 

of excitatory and inhibitory interactions, including changes in presynaptic release, post-

synaptic receptor activity and intrinsic ion channel conductivity (Morikawa & Morrisett, 

2010). Recent studies have demonstrated a prominent role for ethanol-mediated 

dopamine excitation through increases in Ih conductance, as well as a shift in Ih activation 

potential, resulting in decreases in interspike intervals, and subsequent increases in tonic 

activity (Lupica & Brodie, 2006; Okamoto et al., 2006; McDaid et al., 2008; Morikawa 
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& Morrisett, 2010).  These increases are due partly to increases in intracellular cAMP 

signaling, as application of the non-hydrolyzable cAMP analog, Rp-cAMP, attenuates 

ethanol-mediated changes in the Ih voltage activation shift (Okamoto et al., 2006). 

However, ethanol’s enhancement of Ih conductance appears to be mediated through a 

cAMP-independent pathway (Okamoto et al 2006).  

In addition to the increases in Ih activity, which result in increased firing 

frequencies of pacemaker tonic activity, ethanol also appears to increase dopamine 

excitability through disinhibition, with decreases in inhibitory gamma aminobutyric acid 

(GABA) input onto VTA dopamine neurons, in part through increases in µ-opioid 

receptor inhibitory activity on GABA terminals (Gallegos et al., 1999; Xiao et al., 2007; 

Xiao & Ye, 2008). Furthermore, ethanol’s dopamine enhancing effects appear to involve 

increases in ligand gated ion channel activity, such as the 5-HT3 and heteromeric 

nicotinic acetylcholine receptors (nAChR). Indeed, ethanol has been shown to increase 

excitatory currents in these types of receptors (Lovinger & White, 1991; Dopico & 

Lovinger, 2009), and 5-HT3 and nAChR selective antagonists effectively block ethanol-

induced increases in dopamine activity and extracellular dopamine levels (Campbell et 

al., 1996; Blomqvist et al., 1997; Soderpalm & Ericson, 2013). Importantly, there are 

many other ways in which ethanol is known to interact with dopamine neuron function, 

to produce dopamine excitation and inhibition, and include other neurotransmitters, 

ligand gated ion channels, metabotropic receptors, and intrinsic ion channels. The many 

effects of ethanol and its metabolites on dopamine function are described in great detail 

elsewhere (Gonzales et al., 2004; Morikawa & Morrisett, 2010; Soderpalm & Ericson, 

2013).  In short, these many previous studies demonstrate ethanol’s role in enhancing 
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dopamine excitability through various pathways, which are currently being examined by 

the ethanol research community.  

More direct support for dopamine’s involvement in ethanol reinforcement come 

from pharmacological studies in ethanol self-administration studies. For instance, 

dopamine D2-type receptor agonists injected directly into the VTA, which inhibit VTA 

dopaminergic firing due to autoreceptor activation (Ackerman et al., 1993), result in 

decreases in ethanol responding (Hodge et al., 1993). Also, systemic and NAc 

microinjections of dopamine receptor antagonists reduce ethanol consumption and 

seeking behavior (Pfeffer & Samson, 1986; Rassnick et al., 1992; Samson et al., 1993; 

Hodge et al., 1997; Gonzales et al., 2004). Lastly, ethanol seeking behavior is also 

decreased in animals that have been genetically modified to exhibit diminished dopamine 

activity (El-Ghundi et al., 1998; Phillips et al., 1998; Risinger et al., 2001; Risinger et al., 

2000).  

Although it is clear from these studies that dopamine is involved in ethanol 

reinforcement, our understanding of its involvement has been complicated by results 

from neurochemical studies.  For instance, microdialysis results have demonstrated that 

non-contingent ethanol enhances dopamine release at moderate-to-high (0.25-2.5 g/kg) 

ethanol doses (Yoshimoto et al., 1992b; 1992a; Blomqvist et al., 1993; Blomqvist et al., 

1997).  Furthermore, NAc dopamine levels also increase in association with ethanol self-

administration (Weiss et al., 1993; Weiss et al., 1996; Ericson et al., 1998).  However, 

ethanol has also been shown to decrease NAc dopamine levels with high ethanol doses 

(2-5 g/kg; Imperato & Di Chiara, 1986; Blanchard et al., 1993). Additionally, in in vitro 

studies, ethanol (20-200 mM) has also been shown to decrease K+-evoked striatal 
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synaptosomal dopamine release (Woodward et al., 1990) and NMDA-stimulated 

dopamine release from striatal slices (Woodward & Gonzales, 1990).  In voltammetry 

studies, wherein both release and uptake of dopamine can be evaluated, acute ethanol 

decreases stimulated dopamine release in freely-behaving rats (IC50 of  2.0 g/kg; Budygin 

et al., 2001a) and in mouse and rat brain slices (200 mM; Budygin et al., 2001b), without 

affecting uptake (Budygin et al., 2001a; Jones et al., 2006; but see Robinson et al., 2005).  

In combination, neurochemical studies show that ethanol has both excitatory and 

inhibitory effects on dopamine transmission. However, the results from these studies are 

somewhat obscured by the vagaries of the techniques used, as well as differences in 

effects at tested doses. Microdialysis and voltammetry are valuable, complementary tools 

for measuring dopamine release, but as described in an earlier section, they both have 

inherent advantages and disadvantages. For instance, microdialysis has a temporal 

resolution of 5-30 minutes, and can be affected by changes in dopamine uptake during 

this period (Justice, 1993). Furthermore, its spatial resolution is limited to the size of the 

relatively large probes (diameter: 220-320 µm, length: 1-4 mm) used for dopamine 

recovery.  Voltammetry lacks the specificity of microdialysis, but is able to measure 

dopamine release with more precise spatial resolution (diameter: ~7 µm, length: 100-200 

µm) and at sub-second time resolution that allows the added assessment of uptake 

kinetics.  Interestingly, while 1-2 g/kg ethanol has uniform enhancing effects on 

dopamine release, as measured with microdialysis, it has heterogeneous effects on rapid 

dopamine release, increasing dopamine transient frequency (Cheer et al., 2007; Robinson 

et al., 2009) but decreasing evoked dopamine amplitude (Jones et al., 2006), suggesting 

that microdialysis masks the phasic effects of ethanol on dopamine release in the NAc 
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(Robinson et al., 2009).  Notwithstanding the drawbacks inherent in these two 

neurochemical techniques, as well as the limitations of the correlative nature of 

electrophysiological and electrochemical recordings, the emerging picture is that 

ethanol’s effects on dopamine levels appear to be a balance on dopamine activity, with 

enhanced dopamine neuron firing rates at low to moderate doses, and increases in 

inhibitory control on dopamine terminal release at moderate to high doses.  

 

Ethanol Inhibition of High Frequency Dopamine Release and Nicotinic 

Acetylcholine Receptor Interactions 

As mentioned earlier, ethanol’s effects on dopamine transmission have been studied 

fairly extensively, with ethanol increasing dopamine neuron excitability through many 

different mechanisms. However, in terms of ethanol’s inhibitory effects on dopamine 

transmission, relatively few studies have been performed, with the majority of functional 

assays demonstrating ethanol inhibition occurring in in vivo microdialysis models, at 

higher sedating doses (2-5 g/kg, I.P.; Imperato & Di Chiara, 1986; Blanchard et al., 1993) 

and moderate to high doses (1-5 g/kg, I.P.) with in vivo voltammetry of evoked dopamine 

(Yavich & Tiihonen, 2000; Budygin et al., 2001a; Jones et al., 2006; Pelkonen et al., 

2010). Also, I.P. injections of 2.5 g/kg ethanol, which produce ~50 mM ethanol brain 

concentrations (Yoshimoto and Komura, 1993), reduce dopamine release in in vivo 

voltammetry studies by ~70% in rats (Budygin et al., 2001a), whereas ex vivo studies in 

the NAc only demonstrate modest decreases in evoked dopamine release at higher (150-

200 mM), non-physiological concentrations (Budygin et al., 2001b). Because of the large 

differences in ethanol concentrations for in vivo and ex vivo voltammetry studies, it was 
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previously suggested that ethanol’s inhibitory effects may be mostly due to effects on cell 

bodies, and not effects on dopamine terminals (Budygin et al., 2001b). However, intact 

distal circuitry may be only partially responsible for observed increases in ethanol 

sensitivity for in vivo preparations, and increases in sensitivity may also be due to 

differences in stimulation paradigms used in these studies. For instance, while the 

previous slice voltammetry studies used single-pulse stimulations to elicit dopamine 

release (Budygin et al., 2001b; Budygin et al., 2005; Mathews et al., 2006), the in vivo 

studies used multiple-pulse, high-frequency stimulation trains (Yavich & Tiihonen, 2000; 

Budygin et al., 2001a; Jones et al., 2006; Mathews et al., 2006; Pelkonen et al., 2010).  

These increases in stimulation parameters result in greater amounts of release, but also 

increases in local circuit activity (Rice et al., 2011; Zhang & Sulzer, 2012). Therefore, in 

CHAPTER II we examined ethanol inhibition of dopamine release in an ex vivo 

preparation under various stimulation conditions, and found that ethanol inhibition of 

dopamine release is increased under ‘phasic’-like high frequency stimulation conditions. 

In these studies, we also manipulated evoked dopamine release, while maintaining high 

frequency stimulation parameters, by reducing stimulation intensity and aCSF calcium 

concentrations. For reduced stimulation intensity conditions, the charge density is 

decreased, and dopamine overflow is restricted to a smaller region, resulting in decreased 

detected dopamine volume transmission. Under lower calcium conditions, 

neurotransmitter release probability is decreased for the tissue, resulting in decreased 

overall activity, including dopamine release, in the NAc. Under these reduced dopamine 

release conditions, high frequency stimulated release maintained increased ethanol 
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sensitivity, attesting that the amount of dopamine released is not responsible for increases 

in ethanol inhibition sensitivity. 

As mentioned earlier, dopamine terminal release in the striatum is modulated by 

local circuit activity, including local TAN activity on dopamine terminal nAChRs 

(Cragg, 2006). Several studies have demonstrated that under single pulse and multiple 

pulse 20 Hz stimulation conditions, dopamine release is reduced by nAChR antagonism 

(Zhou et al., 2001; Zhang and Sulzer, 2004; Zhang et al., 2009a). These initial reductions 

in dopamine release are accompanied by subsequent enhanced release per pulse, so that 

although total dopamine release across a train is reduced for the first few pulses, it is 

enhanced with each additional pulse, resulting in overall greater ratios of high to low 

frequency stimulated release during reductions in TAN activity. Therefore, it has been 

suggested that pauses in TAN activity act as a high pass filter, so that dopamine release 

from phasic firing activity is enhanced compared to tonic release during pauses in TAN 

activity, and enhancing ‘phasic’ to ‘tonic’-like release ratios under higher stimulation 

frequencies (Cragg, 2006). Recently, ethanol has been shown to reduce TAN firing rates, 

with 50 mM ethanol reducing activity by ~25% (Blomeley et al., 2011). These reductions 

in TAN firing should result in temporary inactivation of nAChR signaling, and 

subsequent decreases in evoked dopamine release at the stimulation parameters used in 

the present studies (Zhang and Sulzer, 2004). To test whether TAN activity underlies 

increased ethanol sensitivity under high frequency ‘phasic’-like dopamine release 

conditions, in CHAPTER III, we examined ethanol’s inhibitory effects in the presence of 

the non-selective nicotinic antagonist mecamylamine. We demonstrate that 

mecamylamine reduces dopamine release under high frequency stimulation conditions, 
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and that ethanol inhibition of dopamine is blocked in the presence on mecamylamine. 

Since ethanol and mecamylamine both reduce dopamine release under high frequency 

stimulation conditions, ethanol may somehow be acting to reduce dopamine through 

reductions in nAChR signaling, albeit only under these stimulation conditions as single 

pulse stimulated release is not affected by ethanol.    

 

C57BL/6J and DBA/2J Mouse Strain Comparisons as Genetic Models of Alcohol 

Abuse Vulnerability 

Ethanol inhibition of high frequency ‘phasic’-like stimulated dopamine release 

may reflect the inhibitory side of ethanol’s net effects on dopamine levels, however, it is 

still unknown whether ethanol-mediated dopamine inhibition contributes to ethanol 

reinforcement. Therefore, animal models of alcohol abuse vulnerability may be useful for 

better understanding how ethanol inhibition of dopamine terminal release contributes to 

the overall changes in dopamine levels after ethanol, and associated reinforcing 

behaviors. C57BL/6J (C57) and DBA/2J (DBA) mice are two animal models of alcohol 

abuse vulnerability that display very different ethanol neurochemical and behavioral 

responses. Specifically, DBA mice appear to be more sensitive to ethanol’s enhancing 

effects on dopamine transmission, as ethanol increases dopamine firing (Brodie & Appel, 

2000), and dopamine levels in the striatum (Kapasova & Szumlinski, 2008) to a greater 

extent in DBA compared to C57 mice. Additionally, ethanol CPP, and ethanol induced 

hyperlocomotor activity, behaviors which are sensitive to dopamine modulation (Young 

et al., 2013), are much greater in DBA than C57 mice (Zapata et al., 2006). Although 

DBA mice appear to be more sensitive to the rewarding/reinforcing effects of 
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experimenter administered ethanol, it is important to note that ethanol drinking behavior 

is much greater in C57s. Since ethanol consumption is greater in C57 than DBA mice, 

these mice are often considered the more ethanol vulnerable strain. However, differences 

in ethanol consumption in these strains appears to be mostly due to taste differences, so 

that when the pre-ingestive effects of ethanol are bypassed, or masked with monosodium 

glutamate tastants, these strains have similar consumption patterns (Grahame & 

Cunningham, 1997; McCool and Chappel, 2012). Furthermore, since DBA mice have 

greater CPP, locomotor sensitization, and dopamine responses, these mice appear to be 

more sensitive to the rewarding/reinforcing aspects of ethanol than c57 mice (Gremel et 

al., 2006; Graham and Cunningham, 1997; Zapata et al., 2006; Brodie and Appel, 2001). 

 Because DBA mice have greater dopamine responsivity, and ethanol 

reinforcement on dopamine related behaviors, in CHAPTER III, we hypothesized that 

DBA mice would display decreased ethanol inhibition of dopamine signaling compared 

to C57 mice under high frequency ‘phasic’-like stimulation conditions.  

Previous studies have demonstrated that despite major differences in ethanol 

effects on dopamine in C57 and DBA mice, these two strains show similar amounts of 

baseline dopamine firing activity (Brodie & Appel, 2000; McDaid et al., 2008) as well as 

NAc dopamine levels (Kapasova & Szumlinski, 2008). In CHAPTER III we 

substantiated these previous results, demonstrating that dopamine terminal activity is 

similar in these two strains, further suggesting that overall inherent baseline dopamine 

terminal activity is not responsible for differences in behavioral responsivity to ethanol in 

these strains. In this study we hypothesized that ethanol’s inhibitory effects on dopamine 

release would be greater in C57 than DBA mice. These experiments, found in CHAPTER 
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III, demonstrate that ethanol-mediated inhibition sensitivity at 80 mM ethanol is greater 

in C57 than DBA mice. Additionally, we also showed that these increases in sensitivity 

are due to a leftward shift in ethanol potency in C57 mice. This study also examined 

reductions in nAChR activity as a possible mechanism of ethanol induced dopamine 

inhibition. These nAChR studies were performed in C57 and DBA mice in order to 

assess if ethanol differences were due to differences in nAChR activity. Our initial 

characterization studies showed similar dopamine reductions under high frequency 

stimulations (20 Hz, 10 pulses) after mecamylamine bath application. Furthermore, 

mecamylamine perfusion blocked ethanol’s inhibitory effects on evoked dopamine 

release in C57 mice at 80 mM ethanol, and attenuated in C57 and DBA mice at 160 mM 

ethanol. Since ethanol and mecamylamine both reduce dopamine release, and ethanol’s 

inhibitory effects on dopamine release are blocked by mecamylamine, ethanol may be 

acting to reduce nAChR activity under high frequency stimulation conditions. Taken 

together with our findings of differential ethanol sensitivity in C57 and DBA mice, but 

similar dopamine responses to mecamylamine, these experiments suggest that differences 

in ethanol sensitivity between these two strains may involve differential sensitivity to 

ethanol’s effects on nAChR activity, possibly through differences in inhibitory effects on 

TAN firing (Blomeley et al., 2011) though this will need to be tested explicitly in these 

strains.  

 

Social Isolation Rearing Decreases Ethanol’s Inhibitory Effects on Dopamine 

Release  
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Evidence from the studies in CHAPTERS II-III suggested that ethanol’s inhibitory 

effects may be differentially regulated in animal models of alcohol abuse vulnerability, 

with decreases in ethanol inhibition in animals that are more prone to ethanol’s excitatory 

effects on dopamine release. Additionally, in CHAPTER III, DBA mice displayed similar 

evoked dopamine release compared to C57 mice despite large differences in ethanol 

dopamine related behaviors. However, it should also be noted that ethanol has excitatory 

effects on dopamine firing, and differences in dopamine terminal readily releasable pools 

may also contribute to ethanol reinforcement as a function of overall increased dopamine 

release after ethanol induced increases in dopamine firing. For example, in animals with 

greater dopamine transmission, ethanol’s excitatory effects on dopamine may be greater, 

due to overall greater action potential dependent terminal release, leading to greater 

ethanol reinforcement under these conditions. Therefore, ethanol abuse vulnerability may 

also be influenced by elements that result in changes in dopamine release, such as chronic 

early life stress. 

The environmental stress model, SI rearing, produces large increases in overall 

dopaminergic activity, including dopamine burst firing, release related machinery, and 

NAc dopamine turnover (Heidbreder et al., 2000; Lapiz et al., 2003; Barr et al., 2004; 

Roncada et al., 2009; Lukkes et al., 2009; Fabricius et al., 2010). Furthermore, SI rearing 

also increases ethanol induced CPP (Whitaker et al., 2013), hyper-locomotion 

(Paivarinta, 1990), and consumption (Lodge & Lawrence, 2003; McCool & Chappell, 

2009; Chappell et al., 2013) but see (Fahlke et al., 1997; Ehlers et al., 2007). Since these 

behaviors are modulated by dopamine activity (Gonzales et al., 2004), differences in 

dopamine responses to ethanol may contribute to increased ethanol reward and 
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reinforcement observed in SI animals. In CHAPTERS IV-V, we demonstrated that low 

and high frequency stimulated dopamine release is increased in SI compared to GH rats. 

Additionally, ethanol has recently been shown to increase dopamine levels, as measured 

by microdialysis, to a greater extent in SI compared to GH rats (Karkhanis et al., 

Submitted). This increase in ethanol evoked NAc dopamine release may be attributable in 

part to the observed increases in dopamine release amplitude, as ethanol has been shown 

to increase spontaneous NAc dopamine release frequency (Cheer et al., 2007; Robinson 

et al., 2009) which may translate into increases in dopamine levels (Robinson et al., 

2009). In line with this hypothesis, in CHAPTER V, we observed that ethanol inhibition 

of dopamine release under high frequency conditions was smaller in GH rats, due to the 

large differences in baseline release. Since relative differences in ethanol inhibition may 

also contribute to overall dopamine responses, we normalized ethanol concentration 

response curves at pre-drug conditions. After normalizing signals, SI and GH rats had 

similar potency for ethanol-mediated inhibition of dopamine release.  

 

Summary 

 In the following studies, we describe ethanol’s inhibitory effects on dopamine 

transmission within the NAc core, including increases in ethanol potency observed during 

high frequency ‘phasic’-like stimulation conditions. Furthermore, we demonstrate that 

ethanol inhibition occurs through decreases in nAChR activity on dopamine terminals, 

putatively through reductions in striatal TAN firing. Additionally, DBA mice, which have 

greater sensitivity to ethanol’s enhancing effects on dopamine release, but have similar 

basal dopamine activity compared to C57 mice, display decreased sensitivity to ethanol’s 
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inhibitory effects on ‘phasic’-like dopamine release. In the environmental early life stress 

model, SI rearing, we observed greater amounts of dopamine release in SI rats compared 

to GH rats, with greater µM dopamine reductions in GH rats, but similar normalized 

ethanol inhibition. These differences in evoked release suggest that ethanol may be 

increasing dopamine levels in SI rats due to its overall greater stimulatory effects of 

ethanol at dopamine cell bodies, and greater action potential dependent dopamine release 

at terminals. Collectively, these studies provide two possible mechanisms for increased 

ethanol responsivity in dopamine related measures. 
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Abstract 

Background: Ethanol is known to have excitatory effects on dopamine release, with 

moderate to high doses (0.5-2.5 g/kg) of acute ethanol enhancing dopamine neuron firing 

rates in the ventral tegmental area (VTA) and dopamine levels in the nucleus accumbens 

(NAc). Ethanol has also been shown to reduce dopamine activity, with moderate doses 

(1-2 g/kg) attenuating electrically evoked release, and higher doses (5 g/kg) decreasing 

NAc dopamine levels, demonstrating a biphasic effect of ethanol on dopamine release. 

The purpose of the current study was to evaluate ethanol’s inhibitory effects on NAc 

dopamine terminal release under low- and high-frequency stimulation conditions.  

Methods: Using fast-scan cyclic voltammetry in NAc slices from C57BL/6J mice, we 

examined ethanol’s (40-160 mM) effects on dopamine release under several different 

stimulation parameters, varying frequency (5-125 Hz), number of pulses (1-10), and 

stimulation intensity (50-350 µA). Additionally, calcium concentrations were 

manipulated under high-frequency stimulation conditions (20 Hz, 10 pulses, 350 µA) in 

order to determine if ethanol’s effects were dependent upon calcium concentration, and 

by extension, the amount of dopamine release. 

Results: Acute ethanol (40-160 mM) inhibited dopamine release to a greater extent under 

high-frequency, multiple-pulse stimulation conditions, with increased sensitivity at 5 and 

10 pulses and frequencies of 20 Hz or higher. High-frequency, multiple-pulse 

stimulations also resulted in greater dopamine release compared to single-pulse release, 

which was controlled by reducing stimulation intensity.  Under reduced dopamine 

conditions, high-frequency stimulations still showed increased ethanol sensitivity. 
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Reducing calcium levels also decreased dopamine release at high-frequency stimulations, 

but did not affect ethanol sensitivity.  

Conclusions: Ethanol appears to inhibit dopamine release at NAc terminals under high-

frequency stimulation conditions that are similar to release events observed during phasic 

burst firing in dopaminergic neurons, suggesting that ethanol may provide inhibition of 

dopamine terminals selectively during phasic signaling, while leaving tonic dopamine 

terminal activity unaffected.  
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Introduction 

Mesolimbic dopamine signaling originating in the ventral tegmental area (VTA) and 

projecting to the nucleus accumbens (NAc) has been heavily implicated in the reinforcing 

effects of natural and drug related rewards (for review see Wanat et al., 2009). 

Supporting a role for this neural circuit in alcohol reward, local injections of dopamine 

antagonists into the NAc reduce ethanol self-administration in rats (Samson and 

Chappell, 2004).  Moreover, rats will self-administer ethanol directly into the VTA 

(Gatto et al., 1994). Also, acute ethanol increases rat VTA dopaminergic cell firing in the 

slice preparation, for example increasing firing rates by 20% at 40 mM (Brodie et al., 

1990). These increases in firing rates are accompanied by increases in both rapid 

dopaminergic release events as measured by voltammetry in freely moving rat 

preparations (Cheer et al., 2007; Robinson et al., 2009), and increases in dopamine levels 

as measured by microdialysis (Imperato and Di Chiara, 1986).  

Although the excitatory effects of ethanol on dopamine transmission have been 

examined extensively, only a few studies have described ethanol’s inhibitory effects on 

dopamine transmission. Ethanol’s inhibitory effects on dopamine release, as measured by 

microdialysis, are mostly associated with its sedating effects, and are only observed after 

high dose injections (5.0 g/kg IP; Imperato and Di Chiara, 1986).  However, in this 

previous study, it is noteworthy that the peak excitatory effect was at 1.0 g/kg, and that 

ethanol-evoked dopamine release was slightly attenuated at the 2.5 g/kg dose, suggesting 

that ethanol may already be inhibiting dopamine release at this dose in rats (Imperato and 

Di Chiara, 1986). In vivo voltammetry studies measuring electrically evoked NAc 

dopamine release, have also demonstrated the biphasic effects of ethanol, albeit at 
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different dose ranges, with low doses (0.1 g/kg) increasing release in rats (Pelkonen et al., 

2010; Yavich and Tiihonen, 2000), but moderate to high doses (1.0-5.0 g/kg) decreasing 

evoked dopamine release in rats and mice (Pelkonen et al., 2010; Yavich and Tiihonen, 

2000; Jones et al., 2006; Budygin et al., 2001a). Ex vivo studies examining ethanol’s 

effects on evoked terminal striatal dopamine release have only shown inhibitory effects in 

rats and mice with high concentrations (> 150 mM) of ethanol (Budygin et al., 2001b; 

Mathews et al., 2006). Although ethanol-induced reductions in dopamine overflow have 

been shown in both in vivo and ex vivo preparations, there are some prominent 

differences between the results from these studies that create a gap in our current 

understanding of ethanol’s effects on dopamine terminals. One important difference 

already mentioned are the large disparities between ethanol concentrations used in these 

studies. For example, intraperitoneal (IP) injections of 2.5 g/kg ethanol, which produce 

~50 mM ethanol brain concentrations (Yoshimoto and Komura, 1993), were shown in in 

vivo voltammetry studies to reduce evoked dopamine signaling to 34 % of control in rats  

(Budygin et al., 2001a). However, previous ex vivo studies in the NAc failed to 

demonstrate any effect of ethanol on evoked dopamine overflow for concentrations 

below 100 mM, and only modest decreases at higher (150-200 mM), non-physiological 

concentrations in rats (Budygin et al., 2001b). Ethanol has many targets with varying 

sensitivities, such that the large concentration disparities between these in vivo and ex 

vivo studies may be engaging different mechanisms. Along these lines, it has been 

postulated that the differences in ethanol sensitivity for evoked dopamine release in in 

vivo and ex vivo studies are primarily due to differences in available neural circuitry, such 

that ethanol’s inhibitory effects on evoked release are thought to be through interactions 
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at the cell body and not the terminals (Budygin et al., 2001b). However, increased distal 

circuitry in intact preparations may be only partially responsible for observed increases in 

ethanol potency for in vivo preparations. Another explanation for this disparity in 

sensitivity may be related to the major differences between the stimulation paradigms 

used for eliciting dopamine release in these studies. For instance, while the previous ex 

vivo studies used single-pulse stimulations to elicit dopamine release, the in vivo studies 

used multiple-pulse, high-frequency stimulation trains, which may result in increased 

autoreceptor activity (Zhang and Sulzer, 2012). Indeed, several previous ex vivo studies 

have demonstrated that high-frequency stimulations produce larger dopamine changes 

than single-pulse stimulations (Gonon, 1986; Zhang et al., 2009), which in turn result in 

increased autoreceptor activity (Bello et al., 2012; Phillips et al., 2002).  

In addition to increases in dopamine release, and subsequent autoreceptor activity, 

high-frequency stimulations also increase dopamine terminal sensitivity to heteroreceptor 

antagonists, suggesting the presence of additional local circuitry activity under high-

frequency electrical stimulation conditions (for review see Zhang and Sulzer, 2012; Rice 

et al., 2011). Indeed, GABA and glutamate antagonists have little to no effect on single-

pulse stimulations, but robust effects when applied during high-frequency stimulations 

(Rice et al., 2011). It has therefore been suggested that these disparate drug effects with 

high-frequency stimulations are due to recruitment of additional local circuitry and auto-

feedback mechanisms (Rice et al., 2011).  To test if ethanol has increased potency under 

different stimulation conditions, using a parametric analysis we examined ethanol’s 

effects at dopamine terminals in an ex vivo preparation.  
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Material and Methods 

Animals 

Male C57BL/6J mice (Jackson Labs; aged 6-12 weeks) were given ad libitum access to 

food and water, and were maintained on a reverse 12:12-h light/dark cycle (lights on at 

15:00 h). All protocols and animal care procedures were in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by 

the Wake Forest University Institutional Animal Care and Use Committee. 

 

Brain Slice Preparation 

Isoflurane (Patterson Veterinary, Devens, MA) anesthetized mice were sacrificed by 

decapitation and brains were rapidly removed and transferred into 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), MgCl2 (1.2), NaHCO3 (25), glucose (11), 

L-ascorbic acid (0.4), pH adjusted to 7.4. Although endogenous extracellular calcium 

levels are typically around 1.2 mM, presently, calcium concentrations were maintained at 

2.4 mM (except for experiments examining calcium effects on ethanol sensitivity) in 

order to compare results with previous studies, which use the higher calcium 

concentrations to obtain reliable exocytotic dopamine release (Budygin et al., 2001b; 

Mathews et al., 2006). Tissue was sectioned into 400 µm-thick coronal striatal slices with 

a vibratome (Leica VT1000S, Vashaw Scientific, Norcross, GA). Brain slices were 

placed in a submersion recording chamber, and perfused at 1 ml/min at 32 °C with 

oxygenated aCSF. 
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Fast Scan Cyclic Voltammetry 

Dopamine release was evoked every 5 min by a bipolar stimulating electrode (Plastics 

One, Roanoke, VA) placed 100-200 µm from the carbon-fiber electrode in the NAc core, 

as previously described (Yorgason et al., 2013). For initial experiments examining 

ethanol effects on various stimulations, dopamine release was evoked from a single-pulse 

(4 ms, 350 µA, monophasic +) or high-frequency stimulation (20 Hz, 10 pulses). For 

additional experiments examining frequency dependent effects of ethanol, pulse number 

was maintained at either 1 pulse (350 µA), or 10 pulses (5, 20, and 125 Hz; 350 µA). For 

experiments examining pulse dependent effects of ethanol, we stimulated with 1 pulse 

(350 µA), or multiple-pulses at a high-frequency (2, 5, and 10 pulses at 20 Hz; 350 µA). 

In order to examine dopamine release under different stimulation intensities at high 

frequencies, stimulations were maintained at 1 pulse (350 µA) or 20 Hz, 10 pulses at 

varying intensities (50, 100, and 350 µA). Stimulation paradigms were based on high and 

low frequency stimulations used in previous studies examining local circuitry interactions 

with dopamine release (see supplementary methods). 

Voltammetry recordings of dopamine signals were performed and analyzed as 

previously described, using recently developed in-house software (Demon Voltammetry 

and Analysis; Yorgason et al., 2011). The carbon fiber electrode (7 µm X ~150 µm) 

potential was linearly scanned as a triangular waveform from -0.4 to 1.2 V and back to -

0.4 V (Ag vs AgCl) at a scan rate of 400 V/s.  Cyclic voltammograms were recorded at 

the carbon fiber electrode every 100 msec by means of a potentiostat (Dagan 

Corporation, Minneapolis, MN). Once the stimulated dopamine response was stable for 

three successive collections, baseline measurements were taken, and ethanol bath 
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concentrations were manipulated. Extracellular concentrations of dopamine were 

assessed by comparing the current at the peak oxidation potential for dopamine with 

electrode calibrations of known concentrations of dopamine (1-3 µM) as described 

previously (Yorgason et al., 2011).   

 

Statistical Analysis 

Evoked dopamine release was determined from voltammetry collections, where 

dopamine oxidation occurring at ~0.6 V produces a faradaic current proportional to the 

amount of dopamine present at the electrode. For experiments examining stimulation- 

and calcium-dependent changes in dopamine, one-way ANOVAs were performed, with 

stimulation parameter or calcium concentration as the between-subjects variable. For 

experiments examining changes in dopamine release following ethanol, dopamine signals 

were compared to baseline where three consecutive stable collections were averaged to 

determine baseline. For figures showing only one baseline, this baseline represents the 

third baseline in relation to the averaged baseline value in µM. For ethanol concentration 

response curves, two-way analysis of variance (ANOVA) with ethanol concentration as 

the within-subject variable, and stimulation paradigm as the between-subjects variable, 

were used to examine ethanol interactions with different stimulations. For experiments 

examining dopamine across ethanol concentration, Dunnett’s tests were performed 

comparing each drug concentration to their respective baseline, as well as to single pulse 

controls, to test for significant differences. For ANOVAs where comparisons were not 

planned, Tukey’s or Bonferoni post-hoc tests were used to test for significance. For 

experiments examining effects of calcium concentration changes, a one-way repeated 
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measures ANOVA across all time points was initially conducted, and subsequently, 

Dunnet’s post-hoc comparisons were conducted comparing each time point relative to the 

baseline time point immediately prior to calcium change. All statistics were performed 

using GraphPad Prism 5 (Graphpad Software, La Jolla CA), and NCSS (NCSS LLC, 

Kaysville UT). 

 

Results 

Low vs High Frequency Evoked Dopamine Release: Effects of Ethanol 

First, to evaluate if ethanol had direct effects on the carbon fiber electrode, we tested the 

effects of 160 mM ethanol on dopamine detection using a flow cell. Compared to ACSF 

controls, ethanol had no effect, t(4)=1.609, p=0.1829, on voltammetric detection of 

known dopamine concentrations in vitro. Next, ethanol’s inhibitory effects on evoked 

NAc dopamine release from brain slices were examined under single-pulse, and high-

frequency multiple-pulse (20 Hz, 10 pulses) stimulation conditions with bath application 

and washout of 80 mM ethanol (Figure 1A). Signals were normalized to their respective 

baselines (1 pulse or 20 Hz, 10 pulses) to control for differences in dopamine release 

following the different stimulation parameters, and to specifically test relative reductions 

after application of ethanol. A two-way repeated measures ANOVA with ethanol across 

time and stimulation as the within-subject variables revealed a main effect of ethanol 

across time, F(11,10)=24.12, p<0.0001, and stimulation, F(1,10)=34.61, p=0.0002, and 

an interaction between these variables, F(11,110)=12.03, p<0.0001. Under high 

frequency (phasic) stimulation conditions, ethanol reduced dopamine signals by ~32%  



57 
 



58 
 

Figure 1. Ethanol decreases high- but not low-frequency stimulated dopamine 

release. A) Representative dopamine traces from single or 20 Hz 10 pulse stimulations. 

B) Average (±SEM) percent baseline dopamine release elicited from single or multiple-

pulse (20 Hz, 10 pulses) stimulations in the presence of 80 mM ethanol (black bar) and 

post-ethanol washout. Ethanol (80 mM) decreases dopamine release from multiple-

pulses, but not single-pulse dopamine release. C) Mean (±SEM) percent baseline 

decreases in dopamine release across several increasing ethanol concentrations for single 

and multiple-pulse (10 pulses, 20 Hz) stimulations. Ethanol has increased potency for 

multiple-pulse stimulations. For data points where no error bars are visible the SEM fell 

in a range that obscured the symbol. *** p<0.001 
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(Figure 1B). These effects were also present for raw data that was not normalized: 

ethanol, F(11,10)=17.96, p<0.0001, stimulation, F(1,10)=7.10, p=0.05, and interaction, 

F(11,110)=14.76, p<0.0001.  To better understand the relationship between ethanol’s 

inhibitory effects on low frequency (tonic) and ‘phasic’-like release, we examined 

ethanol’s effects under 1 pulse vs 20 Hz 10 pulse stimulation conditions across increasing 

ethanol concentrations (Figure 1C). A two-way ANOVA with ethanol concentration as 

the within subjects comparison, and stimulation as the between-subjects variable, 

revealed a main effect of stimulation, F(1,10)= 24.89, p=0.0005, and concentration, 

F(4,10)=73.91, p<0.0001, and an interaction between these two variables, F(4,40)=13.05, 

p<0.0001. Dunnett’s test, comparing each concentration to its baseline, showed 

significant effects of ethanol on single-pulse release for 160 mM ethanol (p<0.001), 

whereas ethanol reduced multiple-pulse stimulated release at 80 (p<0.001), and 160mM 

(p<0.001). Additional Bonferoni  post-hoc analysis comparing ethanol effects between 

low and high frequency stimulation paradigms revealed significant differences at 40 

(p<0.05), 80 (p<0.001) and 160 mM ethanol (p<0.001). These effects were also present 

for raw data that was not normalized: stimulation, F(1,10)=24.89, p<0.001; ethanol 

concentration, F(4,10)=73.91, p<0.0001; and interaction, F(4,40)=13.05, p<0.0001.    

 

Ethanol Inhibits Evoked Dopamine Release at High Frequencies  

 Dopamine release was measured under several stimulation frequencies (5, 20 and 

125 Hz), while holding constant pulse number and intensity (10 pulses @ 350 µA; Figure 

2A). Similar to previous studies examining dopamine release under high-frequency 

stimulation conditions (Gonon, 1986; Zhang et al., 2009), we observed an increase in  
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Figure 2. Ethanol’s inhibitory effects on dopamine release are frequency dependent. 

The number of pulses and stimulation intensity were held constant (1 pulse or 10 pulses) 

and frequency was varied (5, 20 & 125 Hz). A) Raw dopamine signals from ‘tonic’-like 

(1 pulse or 5 Hz, 10 pulses) and ‘phasic’-like (20 and 125 Hz, 10 pulse) stimulations 

(duration denoted by black lines below traces). B) Average peak dopamine release 

(±SEM) evoked from single- or multiple-pulse stimulations with varying frequencies 

(tonic: 1 pulse or 5 Hz, 10 pulses; phasic: 20 Hz, 10 pulses or 125 Hz, 10 pulses). 

Dopamine release elicited is increased with high-frequency stimulation with an optimal 

frequency of 20 Hz. C) Mean (±SEM) percent baseline dopamine release across 

increasing concentrations of ethanol, demonstrating increased ethanol potency under 

high-frequency ‘phasic’-like stimulation conditions. For data points where no error bars 

are visible the SEM fell in a range that obscured the symbol. Significance symbols are in 

relation to 1 pulse ethanol concentration response curve from post-hoc analysis (*=20 Hz; 

#=125 Hz). *,# p<0.05; ** p<0.01; ***,### p<0.001.   
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dopamine release that was frequency-dependent, with peak dopamine release occurring at 

20 Hz, F(3,20)=10.28, p=0.0003. Tukey’s post-hoc test revealed significant increases in 

dopamine release at 20Hz (p<0.01), and 125 Hz (p<0.05), compared to 1 pulse, and 

significant increases at 20 Hz (p<0.01), and 125 Hz (p<0.05), compared to 5 Hz 

stimulations. Normalized dopamine signals from these various frequency stimulations 

were examined in the presence of increasing concentrations of ethanol (20, 40, 80 & 160 

mM). A two-way repeated measures ANOVA, with ethanol concentration as the within-

subjects variable, and stimulation frequency as the between-subjects variable, revealed a 

main effect of ethanol concentration, F(4,20)=97.39, p<0.0001, and frequency, 

F(3,20)=6.993, p=0.0021, as well as an interaction between these variables, 

F(12,80)=7.549, p<0.0001, suggesting that ethanol reduces dopamine release differently 

across stimulation frequencies. Dunnett’s test revealed significant differences between 

single-pulse and 20 Hz stimulations at 40 (p<0.05), 80 (p<0.001), and 160 mM ethanol 

(p<0.001), as well as 125 Hz at 80 (p<0.001), and 160 mM ethanol (p<0.001), but no 

significant differences between ethanol effects for single-pulse and 5Hz stimulations. 

These effects were also present for raw data that were not normalized: ethanol 

concentration, F(4,20)=21.38, p<0.0001; and the interaction, F(12,80)=7.71, p<0.0001. 

 

Ethanol Inhibition of Dopamine Release Requires Several Pulses  

 Phasic dopamine release is not only characterized by higher frequencies, but also 

increased number of action potentials, with a burst containing typically 3-4 action 

potentials/burst (Grace and Bunney, 1984a; Grace and Bunney, 1984b; Hyland et al., 

2002).  Therefore, we examined dopamine release at several different pulse stimulations 



63 
 

(1, 2, 5 and 10 pulses) while holding constant frequency and intensity (20 Hz @ 350 µA; 

Figure 3). Dopamine release increased in response to multiple-pulses, F(3,20)=6.788, 

p=0.0024, with significant differences for single-pulse vs 10 pulses (p<0.01), and 2 

pulses vs 10 pulses (p<0.01). Ethanol’s inhibitory effects were examined across 

increasing concentrations (20, 40, 80 & 160 mM) under these various pulse number 

conditions (Figure 3B). Two-way repeated measures ANOVA, with concentration as the 

within-subjects variable, and pulse number as the between-subjects variable, revealed a 

main effect of pulse number,  F(3,20)=10.71, p=0.0002, and concentration, 

F(4,20)=53.44, p<0.0001, as well as an interaction between these variables, 

F(12,80)=3.516, p=0.0003 (Figure 3C). Dunnett’s post-test revealed significant 

differences between single-pulse and 5 pulse release at 80 (p<0.01), and 160 mM ethanol 

(p<0.001), as well as 10 pulse release at 80 (p<0.001), and 160 mM ethanol (p<0.001), 

but no significant differences for ethanol between single-pulse and 2 pulse stimulations. 

These effects were also present for raw data that were not normalized: ethanol 

concentration, F(4,20)=20.58, p<0.0001, and the interaction, F(12,80)=6.83, p<0.0001. 

Ethanol inhibition of Dopamine Release at Different Stimulation Intensities 

 As illustrated above, increases in frequency and pulses results in increased 

dopamine release and increased ethanol sensitivity. Dopamine release was examined 

under similar low- and high-frequency multiple-pulse stimulation conditions, while 

varying stimulation intensity (Figure 4A; 1 pulse @ 350 µA; 20 Hz, 10 pulses @ 50, 100 

or 350 µA). One-way ANOVA revealed a main effect of stimulation intensity, 

F(3,20)=5.853, p=0.0049, with peak dopamine release at 350 µA conditions significantly  
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Figure 3. Ethanol’s inhibitory effects on dopamine release are pulse dependent. 

Frequency and stimulation intensity were held constant (20 Hz, 350 µA) and the number 

of pulses was varied (1, 2, 5 and 10 pulses).  A) Raw dopamine signals from ‘tonic’- (1 

pulse) and ‘phasic’-like (2, 5 and 10 pulses, 20 Hz) stimulations (duration denoted by 

black lines below signals). B) Average (±SEM) dopamine release evoked from high-

frequency stimulations with varying pulse trains (tonic: 1 pulse; phasic: 2, 5 and 10 

pulses). Dopamine release increases with number of pulses for 20 Hz stimulation trains. 

C) Mean (±SEM) percent baseline dopamine release across increasing concentrations of 

ethanol, demonstrating increased ethanol potency under increased pulse stimulation 

conditions. For data points where no error bars are visible the SEM fell in a range that 

obscured the symbol. Significance symbols are in relation to 1 pulse ethanol 

concentration response curve from post-hoc analysis (*=10 pulses; #=5 pulses). **, ## 

p<0.01; ***, ### p<0.001. 
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Figure 4. Ethanol’s inhibitory effects on high-frequency dopamine release is not due 

to increased amount of dopamine released. Frequency and the number of pulses were 

held constant (1 pulse, 350 µA, or 20 Hz, 10 pulses) and the current intensity was varied 

for ‘phasic’-like, high-frequency stimulations (50, 100, 350 µA). A) Raw dopamine 

signals from phasic stimulations (duration denoted by black lines below signals) of 

varying intensity (50, 100 and 350 µA). B) Mean (±SEM) dopamine release is dependent 

upon stimulation intensity (50, 100 and 350 µA) with decreased release at lower 

intensities. C) Mean (±SEM) percent baseline dopamine release across increasing 

concentrations of ethanol. Ethanol decreases dopamine release to a similar extent despite 

large differences in baseline stimulated release (shown in B). For data points where no 

error bars are visible the SEM fell in a range that obscured the symbol. Significance 

symbols are in relation to 1 pulse ethanol concentration response curve from post-hoc 

analysis (*=350 µA; #=100 µA; +=50 µA). * p<0.05; ##,++ p<0.01; ***, ### p<0.001.  
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increased from single-pulse, p<0.05, and multiple-pulse at 50 µA,  p<0.05 (Figure 4B). 

Ethanol’s inhibitory effects were examined under these various stimulation conditions, 

across increasing ethanol concentrations (20, 40, 80 and 160 mM; Figure 4C). Two-way 

repeated measures ANOVA with ethanol concentration as the within-subjects variable, 

and stimulation intensity as the between-subjects variable, revealed a main effect of 

stimulation intensity, F(3,20)=5.549, p=0.0061, and ethanol concentration, 

F(4,20)=140.4, p<0.0001, and an interaction between these variables, F(12,80)=5.062, 

p<0.0001. Dunnett’s test, comparing ethanol effects at high-frequency stimulations to 

single-pulse effects, revealed increased ethanol sensitivity for 50 µA at 80 mM (p<0.01), 

160 mM (p<0.01); and 100 µA at 40 mM (p<0.01), 80 mM (p<0.001), 160 mM 

(p<0.001), and 350 µA at 40 mM (p<0.05), 80 mM (p<0.001), and 160 mM (p<0.001). 

These effects were also present for raw data that were not normalized: ethanol 

concentration, F(4,20)=20.54, p<0.0001; and the interaction, F(12,80)=5.64, p<0.0001. 

 

Increased Ethanol Sensitivity Under High Frequency Conditions is not Calcium 

Dependent   

Stimulated dopamine release is calcium-dependent, so that increasing or reducing 

calcium results in modulation of dopamine release (Ford et al., 2010). Therefore, to 

confirm that increased dopamine release observed under ethanol sensitive high-frequency 

stimulation is not responsible for the increased sensitivity to ethanol, we examined 

exocytotic dopamine responses to ethanol at phasic stimulations (20 Hz 10 pulses 350 

µA) in the presence of various concentrations of calcium (1.2, 2.4, and 4.8 mM) at 80 

mM ethanol. Increasing calcium from 2.4 to 4.8 mM resulted in increased dopamine 
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release, F(10,50)=17.24, p<0.0001, while decreasing calcium from 2.4 to 1.2 mM 

resulted in decreased dopamine release, F(10,50)=62.05, p<0.0001 (Figure 5A). Two-

way ANOVA on normalized dopamine signals, comparing ethanol’s (80 mM) effects on 

dopamine release revealed a main effect of ethanol, F(1,15)=8.720, p=0.0099, but no 

interaction between calcium concentration and ethanol effects, F(2,15)=0.02456, 

p=0.9758 (Figure 5B), further demonstrating that calcium level and the amount of 

dopamine release are not responsible for observed increased ethanol sensitivity under 

high-frequency stimulation conditions.  

 

Discussion 

As an important control for our ex vivo ethanol experiments, we first 

demonstrated that ethanol, even at high concentrations (160 mM), does not affect 

voltammetric detection of evoked dopamine. For NAc slice experiments examining 

dopamine release at various stimulations, in agreement with results from previous studies 

examining release throughout the striatum of rats and mice, we have shown that evoked 

dopamine release is contingent upon a number of factors, including frequency, pulse 

number, stimulation intensity, and calcium concentration (Gonon, 1986; Patel et al., 

1992; Zhang et al., 2009; Ford et al., 2010). Additionally, the present results have also 

shown for the first time that ethanol inhibits dopamine release with greater potency at 

higher frequency (≥20 Hz) and pulse number (≥5 pulses) conditions.  Additionally, 

ethanol potency under high-frequency conditions is not due to increases in dopamine 

release, as lower-intensity, high-frequency trains, which produce dopamine 

concentrations similar to single-pulse stimulations, still exhibited increased ethanol  
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Figure 5. Ethanol inhibition of dopamine release is not calcium dependent. A) Mean 

(±SEM) dopamine levels expressed in percent baseline (2.4 mM Calcium) before and 

after calcium (either 1.2 mM or 4.8 mM Calcium) induced changes in electrically 

stimulated (20 Hz, 10 pulses, 350 µA) dopamine release. B) Raw data showing µM or 

percent baseline dopamine release in response to phasic stimulations (20 Hz, 10 pulses) at 

various calcium concentrations (1.2-4.8 mM), and respective decreases after 80 mM 

ethanol. C) Average (±SEM) percent baseline decreases in dopamine release after ethanol 

(80mM). Dopamine release decreases similarly across increasing calcium concentrations. 

For data points where no error bars are visible the SEM fell in a range that obscured the 

symbol. ** p<0.01; *** p<0.001.  
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sensitivity. Similarly, increasing and decreasing aCSF calcium concentrations resulted in 

increases or decreases in dopamine release, respectively, but maintained the relative 

sensitivity to ethanol’s inhibitory effects, further confirming that the overall amount of 

dopamine release is not responsible for the observed increase in ethanol potency under 

high stimulation conditions.  

 

Dopamine Release from Low and High Frequency Stimulations 

Dopamine signaling can be described by two different modes of dopamine 

release, ‘tonic’ and ‘phasic’, which are related to neuron firing activity. Tonic firing, 

which occurs at 1-10 Hz (typically 3-4 Hz) is believed to be largely responsible for 

controlling basal dopamine levels in the absence of salient environmental stimuli (Hyland 

et al., 2002; Grace and Bunney, 1984b; Overton and Clark, 1997; Panin et al., 2012). 

Basal dopamine levels are typically measured with microdialysis techniques (Imperato 

and Di Chiara, 1986; but see Owesson-White et al., 2012), which have consistently 

shown that dopamine levels elicited by endogenous tonic activity are between 5-40 nM in 

the NAc (Wightman and Robinson, 2002; Justice, 1993; Parsons and Justice, 1992). In 

NAc and dorsal striatum slice voltammetry studies where spontaneous dopamine release 

is not a factor, low-frequency ‘tonic’-like stimulations are sometimes used to study the 

direct effects of drugs on dopamine tone through terminal interactions, although it is of 

note that stimulated dopamine release under these ‘tonic’-like stimulations is still greater 

than the estimated dopamine levels of microdialysis (Zhang et al., 2009). Previous studies 

examining ethanol’s effects on the mesolimbic dopamine system have shown that ethanol 
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increases tonic firing activity, which increases NAc dopamine levels (Brodie et al., 1990; 

Imperato and Di Chiara, 1986). In the present study, we demonstrated that under ‘tonic’-

like stimulation conditions, ethanol inhibits evoked dopamine release, but only at supra-

physiological concentrations (160 mM). Combined with the aforementioned studies 

demonstrating increases in tonic and phasic firing activity, and in NAc dopamine levels, 

these data suggest that ethanol’s elevating effects on dopamine tone are mainly through 

excitatory interactions at the cell bodies.  

Phasic burst firing is also characteristic of dopamine neurons (Grace and Bunney, 

1984a; Overton and Clark, 1997; Hyland et al., 2002). Phasic firing occurs in the 

presence of salient stimuli, such as an unexpected reward, or when a cue predicts a 

reward, and is thought to be responsible for learned associations of motivationally 

relevant stimuli (for review see Wanat et al., 2009). Phasic burst firing occurs at 14-22 

Hz with an average of 3-4, but up to 22.2 (±13.3) action potentials per burst, that decrease 

in amplitude across a burst (Grace and Bunney, 1984a; Overton and Clark, 1997; Hyland 

et al., 2002). Phasic burst firing is largely responsible for the rapid phasic NAc dopamine 

release events observed spontaneously in freely moving rats (Robinson et al., 2009; 

Cheer et al., 2007) as well as those observed during cue-conditioned learning in operant 

behavioral paradigms (Sombers et al., 2009), although it should be mentioned that local 

NAc acetylcholine interneuron activity can also induce release similar to that observed 

from a phasic burst (Threlfell et al., 2012; Cachope et al., 2012). Similar to tonic activity, 

phasic activity is also thought to contribute to NAc dopamine levels, as increases in 

phasic burst firing are often associated with increases in dopamine levels as measured by 

microdialysis (Robinson et al., 2009). Ethanol studies examining non-stimulated phasic 
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activity using electrophysiological and voltammetric techniques have shown that ethanol 

increases phasic firing activity in the VTA (Mereu et al., 1983), as well as increased 

frequency of phasic release events in the NAc core (Cheer et al., 2007; Robinson et al., 

2009). Although phasic release in the NAc may occur spontaneously in in vivo 

anesthetized preparations (Park et al., 2010), it is typically mimicked using high-

frequency multiple-pulse stimulations of the midbrain, or the medial forebrain bundle 

(Yavich and Tiihonen, 2000; Jones et al., 2006). In in vivo voltammetry studies, ethanol 

has a biphasic effect on electrically evoked dopamine release, slightly increasing evoked 

dopamine release at low doses (0.1 g/kg, I.P.) in the NAc of rats, but robustly decreasing 

evoked release at moderate to high doses (1-5 g/kg) in the NAc and dorsal striatum in rats 

and mice (Pelkonen et al., 2010; Yavich and Tiihonen, 2000; Jones et al., 2006; Budygin 

et al., 2001a). We demonstrate here for the first time that similar to in vivo studies, 

ethanol also reduces dopaminergic signals from high frequency, ‘phasic’-like 

stimulations in ex vivo preparations, suggesting that ethanol’s inhibitory effects on 

dopamine involve interactions at dopamine terminals. Collectively, these different tonic 

and phasic electrophysiology, microdialysis and voltammetry studies suggest that ethanol 

has both excitatory and inhibitory effects on dopamine release, which culminate in 

overall changes in dopamine levels, which are then involved in modulating ethanol’s 

reinforcing effects.  

As mentioned earlier, previous freely-moving rat voltammetry studies have 

demonstrated that ethanol increases the frequency of naturally occurring ‘spontaneous’ 

NAc dopamine release events (Cheer et al., 2007; Robinson et al., 2009). This increase in 

transients is believed to contribute to overall increase in dopamine levels as measured by 
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microdialysis (Robinson et al., 2009). The present studies demonstrate that ethanol 

inhibits rapid ‘phasic’-like dopamine signaling amplitude. In agreement with our current 

studies, Cheer et al., (2007) reported no decreases in dopamine release amplitude from a 

1 g/kg I.P. injection, which should produce approximately ~20 mM ethanol brain 

concentrations. Robinson et al., (2009) examined ethanol’s effects with a large range of 

doses (0.125-2.0 g/kg), and reported increases in transient release frequency and 

dopamine levels. However, an investigation as to whether higher doses of ethanol affect 

dopamine release amplitude from spontaneously occurring release, has yet to be 

completed. Indeed, a study examining ethanol’s effects on in vivo spontaneous release at 

higher doses would be very informative given the results from our current study, as well 

as several studies examining ethanol’s inhibitory effects on electrically evoked dopamine 

release in in vivo preparations. Additionally, freely moving studies examining ethanol’s 

effects on cue elicited release would be beneficial for determining the behavioral 

relevance of ethanol’s inhibitory effects on dopamine signaling. For example, several 

previous studies have demonstrated ethanol impairs conditioned learning at 

concentrations similar to those used in the present study (Hunt et al., 2009; Yttri et al., 

2004). Given the role of task-specific dopamine release to encode conditioned learning, 

both the ethanol-induced spontaneous release of dopamine and reduced dopamine 

amplitude at higher concentrations could underlie disruptions in conditioned learning.  

 Presently, we tested inhibition of dopamine signaling under high frequency 

conditions for a range of concentrations (20-160 mM) similar to those obtained from I.P. 

injections from 1-8 g/kg doses.  This range of doses represent a wide array of dopamine 

related ethanol induced behavioral effects. For example, in locomotor assays, acute 
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ethanol at 1-2 g/kg transiently increases locomotion in C57BL/6J mice (Cunningham et 

al., 1991), which appear to be associated with the excitatory effects of ethanol on 

dopamine transmission, as dopamine antagonists decrease ethanol induced hyperactivity 

(Cohen et al., 1997). As ethanol doses increase (3-4 g/kg), ethanol’s sedative effects 

become clear, with suppression of locomotor activity, as well as loss of righting reflex 

(LORR; Cunningham et al., 1991; Lisenbardt et al., 2009). Under the higher sedating 

doses, decreased dopamine signaling is believed to contribute to sedation, as non-

selective dopamine receptor antagonists increase sensitivity to ethanol’s sedating effects 

in a LORR assay (Cohen et al., 1997). Moreover, in rats, the selective dopamine 

transporter inhibitor GBR 12909 elicits faster recovery from ethanol induced LORR, 

further implicating reduced dopamine in ethanol’s behavioral sedating effects (Budygin 

et al., 2001a). Importantly, this series of doses (1-4 g/kg) which produce at first 

activating, and next sedating effects on behavior, are frequently used for establishing 

conditioned place preference (CPP) in mice, demonstrating that the rewarding and 

conditioned learning effects of ethanol can occur even under sedating doses 

(Cunningham et al., 1991; Groblewski et al., 2008). Finally, at higher doses (>6 g/kg, 

I.P.), acute ethanol results in heavy sedation, as well hypothermic effects, and eventually 

lethality in mice (Finn et al., 1989).   

 

Possible Mechanism for Ethanol Inhibition of Dopamine Release at Terminals 

In order to discover the mechanism for ethanol’s inhibitory effects on dopamine 

release with ‘phasic’-like stimulations, it may be useful to consider what additional 

activity is being recruited under high-frequency conditions. For instance, electrical 
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stimulations are well known to be non-selective in nature. Thus, it is likely that our 

stimulation paradigms are enlisting additional circuit activity not present with low-

frequency, low-pulse stimulations. This may include changes in activity of diffusible 

retrograde messengers after ethanol, such as hydrogen peroxide and nitric oxide. For 

example, while GABAA and AMPA receptor antagonists have no effect on single-pulse 

stimulated dopamine release, under higher frequency conditions (10 Hz, 30 pulses) 

GABAA and AMPA antagonists reduce and increase dopamine release, respectively, 

through modulation of KATP channels via hydrogen peroxide retrograde transmission 

from medium spiny neurons (Rice et al., 2011). In this scenario, ethanol could interact 

with several different receptors on medium spiny neurons to increase hydrogen peroxide 

signaling, and subsequently decrease release. Nitric oxide, on the other hand, has mainly 

excitatory effects on high-frequency striatal dopamine release (Rice et al., 2011). In this 

scenario, ethanol would be inhibiting nitric oxide production, or downstream effectors, to 

reduce dopamine release under these conditions.   

Another possible target of ethanol’s effects could be the enhancement of 

GABAergic activity which may inhibit dopamine release through GABAB heteroreceptor 

activity. In support of this hypothesis, previous studies have shown that VTA dopamine 

neurons express GABAB receptors, and that GABAB agonists decrease evoked dopamine 

release, although it is still unclear as to whether GABAB receptors are located on 

dopamine terminals (Charara et al., 2000; Schmitz et al., 2002). Also, ethanol is known to 

increase inhibitory post synaptic potentials in dopaminergic neurons through increased 

GABAB activity (Federici et al., 2009). Since ethanol has increased potency under 

multiple conditions, it is also noteworthy that multiple-pulse stimulations are frequently 
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used to study GABAB receptor activity (Otis and Mody, 1992; Federici et al., 2009). 

Ethanol has been shown to increase GABA release in several regions (for review see 

Weiner and Valenzuela, 2006). Therefore, ethanol may be enhancing GABA release 

under high-frequency stimulation conditions, resulting in increased GABAB activity on 

dopamine terminals (Ariwodola and Weiner, 2004; Theile et al., 2008). We are currently 

pursuing this hypothesis in a pharmacological analysis of ethanol effects on dopamine 

release in the NAc. 

Lastly, ethanol may be attenuating dopamine release through interactions with 

dopamine release machinery regulating releasable pools under high-frequency 

stimulation conditions.  Readily releasable pools are regulated by several different 

proteins including snare proteins, synucleins, synapsins, vesicular coat proteins (Rizzoli 

and Betz, 2005), which ethanol may be interacting with to decrease the amount of 

available release under ‘phasic’ conditions.  So far, alpha-synucleins have been examined 

in alcohol-preferring and non-preferring rats, and despite differences in alpha-synuclein 

expression, and overall evoked dopamine release, there were no differences in ethanol’s 

inhibitory effects under high-frequency stimulation conditions in an in vivo anesthetized 

preparation (Pelkonen et al., 2010).  

 

Conclusions 

We have shown that ethanol preferentially reduces dopamine from high-

frequency, multiple-pulse electrical stimulations that are more similar to ‘phasic’ 

dopamine release, whereas dopamine from ‘tonic’-like stimulations appears relatively 

insensitive to ethanol’s inhibitory effects. Although high-frequency stimulations are 
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typically associated with greater amounts of dopamine release, the amount of release 

does not appear to dictate whether a dopamine signal has increased sensitivity to ethanol. 

Rather, it appears that these stimulations selectively recruit additional mechanisms that 

appear to be ethanol-sensitive. Additional studies examining ethanol inhibition of 

dopamine release under high frequency and pulse (phasic-like) conditions in animal 

models of increased risk for alcohol abuse may help us better understand how this effect 

contributes to ethanol modulation of learning and reinforcement.  

 



80 
 

References 

Ariwodola OJ, Weiner JL (2004) Ethanol potentiation of GABAergic synaptic 
transmission may be self-limiting: role of presynaptic GABA(B) receptors. J 
Neurosci 24:10679-10686. 

 
Bello EP, Mateo Y, Gelman DM, Noain D, Shin JH, Low MJ, Alvarez VA, Lovinger 

DM, Rubinstein M (2012) Cocaine supersensitivity and enhanced motivation for 
reward in mice lacking dopamine D2 autoreceptors. Nat Neurosci 14:1033-1038. 

 
Brodie MS, Shefner SA, Dunwiddie TV (1990) Ethanol increases the firing rate of 

dopamine neurons of the rat ventral tegmental area in vitro. Brain Res 508:65-69. 
 
Budygin EA, Phillips PE, Robinson DL, Kennedy AP, Gainetdinov RR, Wightman RM 

(2001a) Effect of acute ethanol on striatal dopamine neurotransmission in 
ambulatory rats. J Pharmacol Exp Ther 297:27-34. 

 
Budygin EA, Phillips PE, Wightman RM, Jones SR (2001b) Terminal effects of ethanol 

on dopamine dynamics in rat nucleus accumbens: an in vitro voltammetric study. 
Synapse 42:77-79. 

 
Cachope R, Mateo Y, Mathur BN, Irving J, Wang HL, Morales M, Lovinger DM, Cheer 

JF (2012) Selective activation of cholinergic interneurons enhances accumbal 
phasic dopamine release: setting the tone for reward processing. Cell Rep 2:33-
41. 

 
Charara A, Heilman TC, Levey AI, Smith Y (2000) Pre- and postsynaptic localization of 

GABA(B) receptors in the basal ganglia in monkeys. Neuroscience 95:127-140. 
 
Cheer JF, Wassum KM, Sombers LA, Heien ML, Ariansen JL, Aragona BJ, Phillips PE, 

Wightman RM (2007) Phasic dopamine release evoked by abused substances 
requires cannabinoid receptor activation. J Neurosci 27:791-795. 

 
Cohen C, Perrault G, Sanger DJ (1997) Evidence for the involvement of dopamine 

receptors in ethanol-induced hyperactivity in mice. Neuropharmacology  36:1099-
1108. 

 
Cunningham CL, Niehus DR, Malott DH, Prather LK (1992) Genetic differences in the 

rewarding and activating effects of morphine and ethanol. Psychopharmacology 
(Berl) 107:385-393. 

 
Federici M, Nistico R, Giustizieri M, Bernardi G, Mercuri NB (2009) Ethanol enhances 

GABAB-mediated inhibitory postsynaptic transmission on rat midbrain 
dopaminergic neurons by facilitating GIRK currents. Eur J Neurosci 29:1369-
1377. 

 



81 
 

Finn DA, Bejanian M, Jones BL, Syapin PJ, Alkana RL (1989) Temperature affects 
ethanol lethality in C57BL/6, 129, LS and SS mice. Pharmacol Biochem Behav 
34:375-380. 

 
Ford CP, Gantz SC, Phillips PE, Williams JT (2010) Control of extracellular dopamine at 

dendrite and axon terminals. J Neurosci 30:6975-6983. 
 
Gatto GJ, McBride WJ, Murphy JM, Lumeng L, Li T-K (1994) Ethanol self-infusion into 

the ventral tegmental area by alcohol-preferring (P) rats. Alcohol 11:557-564. 
 
Gonon FG (1986) Control of dopamine release by dopamine receptors and by impulse 

flow as studied by in vivo voltammetry. Ann N Y Acad Sci 473:160-169. 
 
Grace AA, Bunney BS (1984a) The control of firing pattern in nigral dopamine neurons: 

burst firing. J Neurosci 4:2877-2890. 
 
Grace AA, Bunney BS (1984b) The control of firing pattern in nigral dopamine neurons: 

single spike firing. J Neurosci 4:2866-2876. 
 
Groblewski PA, Bax LS, Cunningham CL (2008) Reference-dose place conditioning with 

ethanol in mice: empirical and theoretical analysis. Psychopharmacology (Berl) 
201:97-106. 

 
Hunt PS, Levillain ME, Spector BM, Kostelnik LA (2009) Post-training ethanol disrupts 

trace conditioned fear in rats: effects of timing of ethanol, dose and trace interval 
duration. Neurobiol Learn Mem 91:73-80. 

 
Hyland BI, Reynolds JN, Hay J, Perk CG, Miller R (2002) Firing modes of midbrain 

dopamine cells in the freely moving rat. Neuroscience 114:475-492. 
 
Imperato A, Di Chiara G (1986) Preferential stimulation of dopamine release in the 

nucleus accumbens of freely moving rats by ethanol. J Pharmacol Exp Ther 
239:219-228. 

 
Iyer SV, Benavides RA, Chandra D, Cook JM, Rallapalli S, June HL, Homanics GE 

(2011) α4-Containing GABA(A) Receptors are Required for Antagonism of 
Ethanol-Induced Motor Incoordination and Hypnosis by the 
Imidazobenzodiazepine Ro15-4513. Front Pharmacol 2:18. 

 
Jones SR, Mathews TA, Budygin EA (2006) Effect of moderate ethanol dose on 

dopamine uptake in rat nucleus accumbens in vivo. Synapse 60:251-255. 
 
Justice JB, Jr. (1993) Quantitative microdialysis of neurotransmitters. J Neurosci 

Methods 48:263-276. 
 



82 
 

Linsenbardt DN, Moore EM, Gross CD, Goldfarb KJ, Blackman LC, Boehm SL 2nd 
(2009) Sensitivity and tolerance to the hypnotic and ataxic effects of ethanol in 
adolescent and adult C57BL/6J and DBA/2J mice. Alcohol Clin Exp Res 33:464-
476. 

 
Mathews TA, John CE, Lapa GB, Budygin EA, Jones SR (2006) No role of the dopamine 

transporter in acute ethanol effects on striatal dopamine dynamics. Synapse 
60:288-294. 

 
Mereu G, Fadda F, Gessa GL (1984) Ethanol stimulates the firing rate of nigral 

dopaminergic neurons in unanesthetized rats. Brain Res 292:63-69. 
 
Otis TS, Mody I (1992) Differential activation of GABAA and GABAB receptors by 

spontaneously released transmitter. J Neurophysiol 67:227-235. 
 
Overton PG, Clark D (1997) Burst firing in midbrain dopaminergic neurons. Brain Res 

Brain Res Rev 25:312-334. 
 
Owesson-White CA, Roitman MF, Sombers LA, Belle AM, Keithley RB, Peele JL, 

Carelli RM, Wightman RM (2012) Sources contributing to the average 
extracellular concentration of dopamine in the nucleus accumbens. J Neurochem 
121:252-262. 

 
Panin F, Cathala A, Piazza PV, Spampinato U (2012) Coupled intracerebral microdialysis 

and electrophysiology for the assessment of dopamine neuron function in vivo. J 
Pharmacol Toxicol Methods 65:83-92. 

 
Park J, Aragona BJ, Kile BM, Carelli RM, Wightman RM (2010) In vivo voltammetric 

monitoring of catecholamine release in subterritories of the nucleus accumbens 
shell. Neuroscience 169:132-142. 

 
Parsons LH, Justice JB, Jr. (1992) Extracellular concentration and in vivo recovery of 

dopamine in the nucleus accumbens using microdialysis. J Neurochem 58:212-
218. 

 
Patel J, Trout SJ, Kruk ZL (1992) Regional differences in evoked dopamine efflux in 

brain slices of rat anterior and posterior caudate putamen. Naunyn Schmiedebergs 
Arch Pharmacol 346:267-276. 

 
Pelkonen A, Hiltunen M, Kiianmaa K, Yavich L (2010) Stimulated dopamine overflow 

and alpha-synuclein expression in the nucleus accumbens core distinguish rats 
bred for differential ethanol preference. J Neurochem 114:1168-1176. 

 
Phillips PE, Hancock PJ, Stamford JA (2002) Time window of autoreceptor-mediated 

inhibition of limbic and striatal dopamine release. Synapse 44:15-22. 
 



83 
 

Rice ME, Patel JC, Cragg SJ (2011) Dopamine release in the basal ganglia. Neuroscience 
198:112-137. 

 
Rizzoli SO, Betz WJ (2005) Synaptic vesicle pools. Nat Rev Neurosci 6:57-69. 
 
Robinson DL, Howard EC, McConnell S, Gonzales RA, Wightman RM (2009) Disparity 

between tonic and phasic ethanol-induced dopamine increases in the nucleus 
accumbens of rats. Alcohol Clin Exp Res 33:1187-1196. 

 
Samson HH, Chappell AM (2004) Effects of raclopride in the core of the nucleus 

accumbens on ethanol seeking and consumption: the use of extinction trials to 
measure seeking. Alcohol Clin Exp Res 28:544-549. 

 
Schmitz Y, Schmauss C, Sulzer D (2002) Altered dopamine release and uptake kinetics 

in mice lacking D2 receptors. J Neurosci 22:8002-8009. 
 
Sombers LA, Beyene M, Carelli RM, Wightman RM (2009) Synaptic overflow of 

dopamine in the nucleus accumbens arises from neuronal activity in the ventral 
tegmental area. J Neurosci 29:1735-1742. 

 
Theile JW, Morikawa H, Gonzales RA, Morrisett RA (2008) Ethanol enhances 

GABAergic transmission onto dopamine neurons in the ventral tegmental area of 
the rat. Alcohol Clin Exp Res 32:1040-1048. 

 
Threlfell S, Lalic T, Platt NJ, Jennings KA, Deisseroth K, Cragg SJ (2012) Striatal 

dopamine release is triggered by synchronized activity in cholinergic 
interneurons. Neuron 75:58-64. 

 
Ungless MA, Grace AA (2012) Are you or aren’t you? Challenges associated with 

physiologically identifying dopamine neurons. Trends Neurosci 35:422-430. 
 
Wanat MJ, Willuhn I, Clark JJ, Phillips PE (2009) Phasic dopamine release in appetitive 

behaviors and drug addiction. Curr Drug Abuse Rev 2:195-213. 
 
Weiner JL, Valenzuela CF (2006) Ethanol modulation of GABAergic transmission: the 

view from the slice. Pharmacol Ther 111:533-554. 
 
Wightman RM, Robinson DL (2002) Transient changes in mesolimbic dopamine and 

their association with 'reward'. J Neurochem 82:721-735. 
 
Yavich L, Tiihonen J (2000) Ethanol modulates evoked dopamine release in mouse 

nucleus accumbens: dependence on social stress and dose. Eur J Pharmacol 
401:365-373. 

 



84 
 

Yorgason JT, Espana RA, Jones SR (2011) Demon voltammetry and analysis software: 
analysis of cocaine-induced alterations in dopamine signaling using multiple 
kinetic measures. J Neurosci Methods 202:158-164. 

 
Yorgason JT, Espana RA, Konstantopoulos JK, Weiner JL, Jones SR (2013) Enduring 

increases in anxiety-like behavior and rapid nucleus accumbens dopamine 
signaling in socially isolated rats. Eur J Neurosci 37:1022-1031. 

 
Yoshimoto K, Komura S (1993) Monitoring of ethanol levels in the rat nucleus 

accumbens by brain microdialysis. Alcohol Alcohol 28:171-174. 
 
Yttri EA, Burk JA, Hunt PS (2004) Intermittent ethanol exposure in adolescent rats: 

dose-dependent impairments in trace conditioning. Alcohol Clin Exp Res 
28:1433-1436. 

 
Zhang H, Sulzer D (2012) Regulation of striatal dopamine release by presynaptic auto- 

and heteroreceptors. Basal Ganglia 2:5-13. 
 
Zhang L, Doyon WM, Clark JJ, Phillips PE, Dani JA (2009) Controls of tonic and phasic 

dopamine transmission in the dorsal and ventral striatum. Mol Pharmacol 76:396-
404. 

 

 



85 
 

Supplementary Methods 

 

Fast Scan Cyclic Voltammetry and Stimulated Dopamine Release 

In the present study, various stimulation frequencies were selected due to similarities to 

tonic (1-10 Hz) and phasic (14-22 Hz; 2 or more pulses per burst) firing activity in DA 

neurons (Hyland et al., 2002; Grace and Bunney, 1984a; Grace and Bunney, 1984b; 

Overton and Clark, 1997; Zhang et al., 2009). For examination of ethanol’s effects across 

various frequencies, we also included a high frequency (125 Hz) which is similar to that 

observed in fast spiking GABAergic interneurons in the NAc (Tepper and Bolam, 2004), 

which may be involved in the increased ethanol sensitivity shown here, and is similar to 

stimulations previously used to study local circuit activity on DA release (Rice et al., 

2011). Electrically stimulated DA release in ex vivo preparations is recruited in a 

synchronous manner, which is different from in vivo conditions where DA populations 

fire asynchronously, and include many ‘silent’ neurons (for review see Ungless and 

Grace, 2012). However, electrically evoked release appears to mimic some similarities to 

in vivo conditions, such as similar anatomical release gradient under ‘phasic’-like 

conditions (Zhang et al., 2009). 
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Abstract 

Mesolimbic dopamine signaling, originating in the ventral tegmental area (VTA) and 

projecting to the nucleus accumbens (NAc) has been heavily implicated in the reinforcing 

and rewarding effects of ethanol. Recent ex vivo voltammetry studies have shown a novel 

effect of ethanol, demonstrating that ethanol inhibits dopamine release amplitude 

selectively under high frequency stimulation conditions that are similar to dopamine 

release events important for reward related learning. These decreases in dopamine 

signaling are thought to contribute to overall increases in dopamine levels, as measured 

by microdialysis techniques. In the present study, we examined ethanol-mediated 

dopamine inhibition in two mouse strains that demonstrate divergent dopamine responses 

to ethanol, C57BL/6J (C57) and DBA/2J (DBA) mice. For instance, electrophysiology 

and microdialysis studies have demonstrated greater ethanol induced VTA dopaminergic 

firing and NAc dopamine elevations in DBA compared to C57 mice. Additionally, DBA 

mice show greater ethanol induced dopamine related behaviors, including 

hyperlocomotion, and conditioned place preference. In the present studies, we 

demonstrate that ethanol inhibition of dopamine signaling is greater in C57 mice. These 

decreases in ethanol inhibition in DBA mice may contribute to the overall greater 

dopamine signaling, and related behaviors observed in this strain. Additionally, NAc 

cholinergic activity is known to modulate terminal dopamine release in a frequency 

dependent manner. Furthermore, previous studies have shown that ethanol inhibits NAc 

cholinergic firing rates. The present study examines whether ethanol inhibition of 

dopamine release occurs through decreased cholinergic activity. Bath application of the 

non-selective nicotinic receptor antagonist mecamylamine reduced high frequency 
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stimulated dopamine release similarly in both C57 and DBA mice. Furthermore, 

ethanol’s inhibitory effects on dopamine release were blocked by mecamylamine. 

Together, these results suggest that ethanol inhibition of high frequency evoked 

dopamine release occurs through inhibition of cholinergic activity. 
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Introduction  

The mesolimbic dopamine system consists of projections from the ventral 

tegmental area (VTA) to limbic structures, including the nucleus accumbens (NAc), 

and has been implicated in the rewarding and reinforcing properties of ethanol and other 

drugs of abuse (for review see Sulzer, 2011).  Support for a role of this system in ethanol 

reinforcement comes from a series of electrophysiological and electrochemical studies, 

which indicate that acute ethanol increases VTA dopamine firing rates and dopamine 

release in limbic structures (Brodie and Appel, 2000; Imperato and Di Chiara, 1986; 

Mereu and Gessa, 1984). Furthermore, behavioral studies have shown that 

pharmacological or genetic manipulations which diminish dopamine activity also inhibit 

ethanol consumption, preference (El-Ghundi et al., 1998; Ikemoto et al., 1997; Phillips et 

al., 1998), conditioned place preference (CPP; Cunningham et al., 2000; Risinger et al., 

2001; Young et al., 2013), and the acquisition of ethanol self-administration (Risinger et 

al., 2000).  

Although it is clear that dopamine activity in the NAc is involved in ethanol 

reinforcement, its exact contribution has been difficult to resolve because of results from 

various neurochemical studies which demonstrate a biphasic effect of ethanol on NAc 

dopamine activity.  For example, microdialysis studies have demonstrated that ethanol 

self-administration is associated with increases in dopamine levels (Ericson et al., 1998; 

Weiss et al., 1993), and that non-contingent acute ethanol administration of low to 

moderate doses (1-2.5 g/kg; I.P.) elevates dopamine levels (Blomqvist et al., 1993; 

Imperato and Di Chiara, 1986; Yoshimoto et al., 1992). However, ethanol-induced 
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increases in dopamine levels reach their peak around ~1 g/kg. With higher doses (2-5 

g/kg; I.P.), ethanol-induced dopamine release is attenuated and eventually altogether 

inhibited (Blanchard et al., 1993; Imperato and Di Chiara, 1986). Voltammetry studies 

have also shown the biphasic effects of ethanol, albeit at a different range of doses. For 

instance, the excitatory effects of ethanol have been demonstrated in freely moving 

voltammetry studies in rats, where non-contingent ethanol (0.125-2.0 g/kg, I.P.) increased 

the frequency of naturally occurring dopamine release transients (Cheer et al., 2007; 

Robinson et al., 2009). Furthermore, low doses of ethanol (0.1 g/kg, I.P.) have been 

shown to increase electrically evoked NAc dopamine release amplitude (Pelkonen et al., 

2010; Yavich and Tiihonen, 2000). The inhibitory effects of ethanol on dopamine have 

been shown in in vivo and ex vivo NAc voltammetry preparations, with acute 

administration (1-5 g/kg, I.P.) decreasing electrically evoked dopamine release in freely-

moving and anesthetized rats (IC50 of 2.0 g/kg; Budygin et al., 2001a; Jones et al., 2006; 

Pelkonen et al., 2010; Yavich and Tiihonen, 2000), as well as in mouse and rat brain 

slices (100-200 mM; Budygin et al., 2001b; Mathews et al., 2006). Combined with the 

aforementioned biphasic dose response in electrophysiology studies, these various 

neurochemical studies suggest that ethanol acts via both excitatory and inhibitory effects 

on dopaminergic activity to regulate NAc dopamine levels. 

While the excitatory effects of ethanol on dopamine activity have been studied 

fairly extensively (for review see Morikawa and Morrisett, 2010), the inhibitory effects of 

ethanol on NAc dopamine signaling are less understood. In a series of electrical 

stimulation experiments, we have recently demonstrated increased sensitivity to ethanol-

mediated dopamine inhibition under high frequency stimulations in the NAc (Yorgason 
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et al., 2013b). High and low frequency stimulations are often used to model two distinct 

modes of firing that occur in VTA dopamine neurons, and subsequent dopamine release 

at terminals. Tonic low frequency firing in VTA dopamine neurons occurs at 1-10 Hz in a 

pacemaker fashion to establish basal dopamine tone in efferent striatal regions such as the 

NAc. In the presence of salient stimuli, such as a natural or drug related reward, or 

reward predicting cues, dopamine neurons shift to a phasic firing mode with a burst of 

action potentials from 14-22 Hz (Grace and Bunney, 1984; Hyland et al., 2002; Overton 

and Clark, 1997; Panin et al., 2012). While ethanol is known to increase tonic firing rates 

(Brodie and Appel, 2000) and phasic burst dopamine release events (Cheer et al., 2007; 

Robinson et al., 2009), our recent experiments have demonstrated that dopamine release 

amplitude from low frequency stimulations appears to be insensitive to physiologically 

relevant ethanol concentrations, while dopamine release to high frequency ‘phasic’-like 

stimulations is significantly reduced at 40-160 mM by 15-60% (Yorgason et al., 2013b). 

This increased ethanol sensitivity under phasic-like conditions suggests that ethanol 

inhibition of dopamine signaling may play a role in dopamine related ethanol behaviors 

such as reinforcement learning. In order to better understand ethanol-induced inhibition 

of dopamine release, we examined ethanol’s inhibitory effects on NAc dopamine 

terminal release under in two genetically diverse inbred strains of mice, C57BL/6J (C57) 

and DBA/2J (DBA), which show divergent patterns of dopamine related behaviors 

following ethanol administration. C57 and DBA mice are often used in ethanol research, 

and have similar baseline VTA dopamine firing (Brodie and Appel, 2000; McDaid et al., 

2008) as well as NAc dopamine levels, release, uptake and autoreceptor activity 

(Kapasova and Szumlinski, 2008; Rose et al., Submitted), but show distinct sensitivity to 
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ethanol’s behavioral and neurochemical effects. For instance, C57 mice are often used for 

studying ethanol self-administration, as this strain readily consumes alcohol, whereas it is 

very difficult to obtain similar ethanol consumption in DBA mice, partly due to taste 

differences in these strains (Grahame and Cunningham, 1997; McCool and Chappell, 

2012). Although DBA mice do not consume ethanol as readily as C57s, they demonstrate 

greater ethanol sensitivity in dopamine related behaviors, such as CPP, hyperlocomotion, 

and locomotor sensitization  (Cunningham and Noble, 1992; Gremel et al., 2006; Melon 

and Boehm, 2011; Phillips et al., 1994; Rose et al., Submitted). Additionally, DBA mice 

have greater overall responsivity to ethanol’s excitatory effects on VTA dopamine firing 

activity (Brodie and Appel, 2000) as well elevations in NAc dopamine levels (Kapasova 

and Szumlinski, 2008; but see Zapata et al., 2006), suggesting that DBA mice are more 

susceptible to the dopamine elevating effects of ethanol. Another way that DBA mice 

may be more sensitive to ethanol dopamine enhancement is by reduced sensitivity to 

ethanol’s inhibitory effects, which has yet to be investigated to date. Therefore, the 

purpose of the present study is to examine ethanol inhibition on dopamine release in these 

strains across a range of low frequency tonic-like and high frequency phasic-like 

stimulations.  

Striatal dopamine release is regulated by a number of factors such as releasable 

pool machinery, autoreceptor, and heteroreceptor activity (for review see Pereira and 

Sulzer, 2012; Rice et al., 2011; Zhang and Sulzer, 2012). Several recent studies have 

demonstrated that striatal tonically active cholinergic interneuron (TAN) activity on 

dopamine terminal nicotinic acetylcholine receptors (nAChR) is a powerful modulator of 

dopamine release, and that modulation occurs in a frequency dependent manner. 
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Pharmacological and genetic reductions in striatal TAN activity result in decreased 

dopamine release under low and high frequency stimulation conditions, though it is also 

enhanced under 100 Hz stimulations in some studies (Patel et al., 2012; Rice and Cragg, 

2004; Zhang and Sulzer, 2004; Zhang et al., 2009). The reductions in release are 

accompanied by enhanced release per pulse, so that overall ratios of high to low 

frequency stimulated release are increased during these reductions in TAN activity and 

increased with greater numbers of pulses (Cragg, 2006). It has therefore been suggested 

that pauses in TAN activity act as a high pass filter, so that dopamine release from phasic 

firing activity is enhanced compared to tonic release during pauses in TAN activity, and 

enhanced phasic to tonic release ratios under higher stimulation frequencies (Cragg, 

2006). Additionally, ethanol has been shown to reduce TAN firing rates, with 50 mM 

ethanol reducing activity by ~25% (Blomeley et al., 2011). These reductions in TAN 

firing should result in temporary inactivation of nAChR, and subsequent decreases in 

evoked dopamine release. To test whether nAChR activity is underlying our increased 

ethanol sensitivity under high frequency phasic-like dopamine release conditions, we 

examined ethanol’s inhibitory effects in the presence of the non-selective nAChR 

antagonist mecamylamine.  

 

Material and Methods  

Animals 

Male C57BL/6J and DBA/2J mice (Jackson Labs; aged 6-12 weeks) were given ad 

libitum access to food and water, and were maintained on a reverse 12:12-h light/dark 

cycle (lights on at 15:00 h). All protocols and animal care procedures were in accordance 
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with the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

and approved by the Wake Forest School of Medicine Institutional Animal Care and Use 

Committee. 

 

Brain Slice Preparation 

Isoflurane (Patterson Veterinary, Devens, MA) anesthetized mice were sacrificed by 

decapitation and brains were rapidly removed and transferred into 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), pH adjusted to 7.4. Tissue was sectioned into 400 

µm-thick coronal slices containing the striatum with a vibrating tissue slicer (Leica 

VT1000S, Vashaw Scientific, Norcross, GA). Brain slices were placed in a submersion 

recording chamber, and perfused at 1 ml/min at 32 °C with oxygenated aCSF. 

 

Fast Scan Cyclic Voltammetry 

Fast scan cyclic voltammetry (voltammetry) recordings of dopamine signals were 

performed and analyzed as previously described, using recently developed in-house 

software (Demon Voltammetry and Analysis; Yorgason et al., 2011). The carbon fiber 

electrode (7 µm  X ~150 µm) potential was linearly scanned as a triangular waveform 

from -0.4 to 1.2 V and back to -0.4 V (Ag vs Ag/Cl) at a scan rate of 400 V/s.  Cyclic 

voltammograms were recorded at the carbon fiber electrode every 100 msec by means of 

a potentiostat (Dagan Corporation, Minneapolis, MN). Dopamine release was evoked 

every 5 min through a bipolar stimulating electrode (Plastics One, Roanoke, VA) placed 
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100-200 µm from the carbon-fiber electrode in the NAc core, as previously described 

(Yorgason et al., 2013a). For input/output experiments examining baseline dopamine 

signals across increasing current stimulations, single pulse baseline dopamine signals 

were collected (4 ms, 350 µA) until signals were stable for across 3 collections, at which 

point stimulation intensity was decreased to 10 µA, and subsequently increased every 5 

minutes across a range of intensities (10 -500 µA). For baseline frequency response and 

pulse response curves, single pulse release was measured until stabilized, at which point 

stimulated release was measured across multiple frequencies (5, 10, 20, 25, 100 Hz @ 5 

pulses). For ethanol frequency response curve experiments, stabilized baseline signals 

were obtained under phasic conditions (20 Hz, 10 Pulses, 350 µA), and tested at 1 pulse, 

and across a range of frequencies (10, 20, 40, 60 Hz) at 10 pulses. For additional 

experiments examining concentration dependent ethanol effects across strains, 

stimulations were maintained at 20 Hz 10 pulses (350 µA), and ethanol concentrations 

were increased (20-160 mM). Experiments examining nicotinic receptor interactions with 

ethanol inhibition were performed with high frequency stimulations at 20 Hz 10 pulses 

(300 µA) to match previous studies which observed decreases at these stimulations 

(Zhang and Sulzer, 2004). The potent nonselective nicotinic receptor antagonist 

Mecamylamine (2 µM; Sigma-Aldrich, St Louis, MO) was bath applied for similar 

amounts of time in all experiments to control for relative rundown in dopamine signals 

across time. Additionally, a set of mecamylamine experiments were performed alongside 

ethanol mecamylamine experiments, and mecamylamine effects were subtracted out from 

these experiments. 
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Statistical Analysis 

Dopamine release was determined from voltammetry collections, where dopamine 

oxidation occurring at ~0.6 V produces a faradaic current proportional to the amount of 

dopamine present at the electrode. Current vs time signals were then transformed into µM 

dopamine concentrations using post-experiment calibration factors, and peak values were 

used for baseline comparisons. For experiments examining stimulation amplitude 

dependent changes in dopamine release (input/output curve), a two-way repeated 

measures analysis of variance (ANOVA) was performed, with stimulation intensity as the 

within subjects factor, and strain as the between subject factor. For experiments 

examining frequency dependent effects of ethanol across mouse strains, three-way mixed 

ANOVA was performed with stimulation frequency and ethanol as the within subjects 

factors, and strain as the between subject factor. Post-tests for these experiments were 

Tukey’s pairwise comparisons, testing for significant differences between dopamine 

signals after ethanol to respective frequency baseline signals. For ethanol concentration 

response curves, two-way ANOVA with ethanol concentration as the within-subject 

variable, and mouse strain as the between-subject variable, were used to examine ethanol 

potency between strains. In these experiments, Dunnett’s tests were performed comparing 

each drug concentration to their respective baseline to test for significant differences. For 

ANOVAs where comparisons were not planned, Tukey’s post-hoc tests were used to test 

for significance. All statistics were performed using GraphPad Prism 5 (GraphPad 

Software, La Jolla CA) and NCSS 8 (NCSS, Kaysville UT). 
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Results 

 In order to determine whether dopamine kinetics differed between C57 mice and 

DBA mice under drug free (baseline) conditions, we monitored electrically-stimulated 

dopamine release and uptake across a range of stimulation intensities and frequencies.  

Figure 1A shows no difference in the peak height or rate of return to baseline (uptake) 

between C57 (red traces) and DBA (blue traces) mice, using both low (left panel) and 

high (right panel) amplitude, single-pulse stimulations. Grouped data in Figure 1B shows 

a clear amplitude response, F(11,7) = 23.58, p<0.0001, that is no different between the 

two strains of mice (p>0.05). Similarly, Figure 1C shows a significant effect of frequency 

(5 Pulses @ 350µA) on dopamine release, F(4,8) = 28.51, p<0.0001, that does not differ 

between C57 and DBA mice (p>0.05). 

 Given well documented differences between C57 and DBA mice in their 

sensitivity to ethanol’s effect on dopamine dependent behaviors, we tested whether an 80 

mM concentration of ethanol would differentially affect sub-second dopamine release in 

brain slices in C57 vs. DBA mice.  We recently showed that low concentrations of 

ethanol robustly inhibit dopamine release to high, but not low, frequency stimulations. 

Therefore, we monitored dopamine release across multiple low and high frequency 

stimulations (at 10 pulses) after application of 80 mM ethanol in both strains of mice.  

Representative dopamine traces demonstrate a robust inhibition of dopamine only in C57 

mice (Figure 2A).  Similar to our earlier work, this inhibition only occurs at stimulation 

frequencies greater than or equal to 20 Hz.  Indeed, a one-way multifactorial within-

subjects ANOVA  
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Figure 1. High and low frequency dopamine (DA) release is similar in C57 and DBA 

mice. A) Raw dopamine traces from single pulse stimulations at low (10 µA) and high 

(500 µA) stimulation intensities in C57 (red) and DBA (blue) mice. B) Mean (±SEM) 

input/output curve for dopamine release across increasing stimulation intensities (10-500 

µA) under single pulse stimulation conditions in C57 (red) and DBA (blue) mice. C) 

Mean (±SEM) dopamine release in C57 (red) and DBA (blue) mice across a range of 

stimulation frequencies, from 5-100 Hz (5 pulses, 350 µA).  
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with dopamine release from C57 mice as the dependent variable (Figure 2B) showed a 

main effect of frequency, F(4,7) = 5.07, p<0.01, a main effect of ethanol, F(1,6) = 22.87, 

p<0.01, and a Frequency X Ethanol Interaction, F(4,12) = 3.52, p<0.05.  Post-hoc 

analyses demonstrated that ethanol significantly blunted dopamine release at the 20 Hz 

(p<0.001) and 60 Hz (p<0.05) frequencies.  The same analysis in DBA mice (Figure 2C) 

showed only a main effect of frequency, F(4,6) = 15.66, p<0.0001, with no effect of 

ethanol (p>0.05), and no Frequency X Ethanol interaction (p>0.05). 

 To test whether C57 mice show greater sensitivity to the dopamine suppressing 

effects of ethanol across a range of ethanol concentrations, we performed an ethanol 

concentration response curve using a frequency (10 Pulses @ 20 Hz) shown to be 

affected by ethanol in C57 mice (Figure 3A).  A two-way mixed ANOVA with dopamine 

release from C57 and DBA mice as the dependent variable (Figure 3B) showed a main 

effect of strain, F(1,10) = 28.44, p<0.001, a main effect of ethanol concentration, F(4,10) 

= 57.36, p<0.0001, and a Strain X Ethanol Interaction, F(4,40) = 3.96, p<0.01.  

Bonferonni post-hoc analyses demonstrated that ethanol significantly blunted dopamine 

release at the 40 mM (p<0.05) and 80 mM (p<0.001), and 160 mM (p<0.01) 

concentrations.  Additionally, Bonferonni comparisons of each ethanol concentration 

against pre-drug baseline shows an effect of ethanol at 160 mM (p<0.05), and no effect at 

20, 40, and 80 mM ethanol in DBA mice.  In C57 mice, however, this comparison 

yielded no effect at 20 mM, with significant effects of ethanol at 40 (p<0.01), 80 

(p<0.001), and 160 mM (p<0.001).   Therefore, not only are C57 more sensitive to the 

dopamine inhibiting effects of ethanol,  



102 
 



103 
 

Figure 2. Ethanol inhibits dopamine release under high stimulation frequencies in 

C57 mice. A) Raw evoked dopamine signals in C57 and DBA mice under single pulse 

conditions, and across increasing stimulation frequencies (10-60 Hz; 10 pulses), with 

baselines in black, and 80 mM ethanol in red (C57) and blue (DBA). B-C) Group data 

(mean ±SEM) from dopamine release evoked from increasing stimulation frequencies 

from 1 pulse, and 10 pulse (10-60 Hz) experiments in C57 (B) and DBA (C) mice during 

baseline (closed circles) and 80 mM ethanol (open circles) bath application normalized to 

baseline single pulse signals. *,p<0.05; ***,p<0.001. 
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Figure 3. Ethanol potency for inhibition of dopamine (DA) release is greater in C57 

mice. A) Normalized evoked dopamine release traces for 20 Hz, 10 pulse stimulation 

conditions across increasing ethanol concentrations (20-160 mM) in C57 (red) and DBA 

(blue) mice. B) Mean (±SEM) dopamine release under high frequency (20 Hz @ 10 

pulses) stimulation conditions in C57 (red) and DBA (blue) mice across increasing 

concentrations of ethanol (20-160 mM). On group data where error bars overlapped with 

symbols, error bars were removed.*,p<0.05; **,p<0.01; ***,p<0.001.  
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but that DBA mice are completely insensitive to the dopamine inhibiting effects of 

ethanol until high concentrations are reached. 

 Given strong evidence for differences in nAChR function between these two 

strains, in combination with the fact that nAChRs have been shown to modulate 

dopamine release in a frequency dependent manner, we decided to investigate the 

contribution of nAChRs to the ability of ethanol to decrease dopamine release in a 

frequency-dependent manner.  We first applied the nAChR antagonist, mecamylamine (2 

µM), to brain slices of C57 and DBA mice to examine differential effects of nAChR 

blockade on stimulated dopamine release. Figure 4 shows that mecamylamine 

significantly inhibited dopamine release, F(24,11) = 51.04, p<0.0001, equally in both 

C57 and DBA mice (p>0.05) with no interaction between strain and mecamylamine 

effect (p>0.05). Thus, there is no difference in the ability of nAChR blockade to inhibit 

dopamine release in the two strains.  

We next tested whether ethanol retained the ability to inhibit dopamine release in 

the presence of mecamylamine, particularly in C57 mice.  A two-way mixed ANOVA on 

dopamine release (expressed as % baseline) when applying 80 mM ethanol in C57 mice 

(Figure 5A) showed a significant main effect of group (i.e., Ethanol vs. Ethanol + 

Mecamylamine), F(1,10) = 12.69, p<0.0001, a main effect of time, F(16,10) = 7.08, 

p<0.0001, and a Drug Group X Time interaction, F(16,160) = 9.42, p<0.0001.  

Bonferonni post-hoc analyses demonstrated that the ethanol only group had significantly 

blunted dopamine release relative to the ethanol + mecamylamine group between the 15 

and 36 minute time-points.  Given the difference between ethanol vs. ethanol + 

mecamylamine and the Group X Time interaction, we ran separate within-subject  
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Figure 4. Mecamylamine (MEC), the nicotinic acetylcholine receptor (nAChR) 

antagonist, reduces dopamine (DA) release similarly in C57 and DBA mice. A) Raw 

normalized dopamine responses to 2 µM MEC bath application in C57 (red) and DBA 

(blue) mice under 20 Hz, 10 pulse stimulation conditions. B) Mean (±SEM) percent 

baseline dopamine release before and after bath application of 2 µM MEC in C57 (red) 

and DBA (blue) mice during 20 Hz, 10 pulse stimulation conditions. On group data 

where error bars overlapped with symbols, error bars were removed. 
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ANOVAs on the two groups to examine whether mecamylamine completely abolished 

ethanol’s dopamine suppressing effects. As expected, ethanol alone significantly 

decreased dopamine release, F(16,80) = 14.79, p<0.0001, while mecamylamine 

completely abolished the ability of ethanol to decrease dopamine release in the ethanol + 

mecamylamine group, F(16,80) = 0.49, p>0.05.  Similar to 80 mM ethanol, ANOVA on 

160 mM ethanol data in C57 mice (Figure 5B) showed a significant main effect of group 

(i.e., Ethanol vs. Ethanol + Mecamylamine), F(1,10) = 6.58, p<0.05, a main effect of 

time, F(16,10) = 21.87, p<0.0001, and a Drug Group X Time interaction, F(16,160) = 

3.82, p<0.0001. Bonferonni post-hoc analyses demonstrated that the ethanol only group 

had significantly blunted dopamine release relative to the ethanol + mecamylamine group 

between the 23 and 30 minute time-points.   Separate within-subject ANOVAs on each 

group revealed a significant decrease in dopamine release in both ethanol, F(16,80) = 

20.15, p<0.0001, and the ethanol + mecamylamine group, F(16,80) = 4.90, p>0.0001. For 

DBA mice after 80 mM ethanol (Figure 5C), there was no main effect of ethanol with or 

without mecamylamine present and no difference between these groups (all effects, 

p>0.05).  There was a Group X Time interaction, F(16,176) = 1.87, p<0.05; however, 

there was no main effect of time when analyzing ethanol and ethanol + mecamylamine 

groups separately.  Thus neither 80 mM ethanol nor ethanol + mecamylamine 

significantly altered dopamine release in DBA mice. Finally, ANOVA using 160 mM 

ethanol in DBA mice (Figure 5D) showed no main effect of group (i.e., Ethanol vs. 

Ethanol + Mecamylamine, p>0.05), a main effect of time, F(16,10) = 10.00, p<0.0001, 

and a Drug Group X Time interaction, F(16,160) = 1.80, p<0.05. Similar to earlier  
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Figure 5. Mecamylamine (MEC) blocks ethanol’s inhibitory effects on dopamine 

release. A-D) Mean (±SEM) percent baseline dopamine release under 20 Hz, 10 pulses 

stimulation conditions before, during and after ethanol (EtOH) application at 80 (A,C) 

and 160 (B,D) mM in C57 (top) and DBA (bottom) mice. Experiments were performed 

in absence (red or blue) or presence (green) of 2 µM mecamylamine (MEC). On group 

data where error bars overlapped with symbols, error bars were removed. *,p<0.05; 

**,p<0.01; ***,p<0.001. 
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experiments in DBA mice at 160 mM ethanol, separate within-subject ANOVAs on each 

group revealed a significant decrease in dopamine release in both ethanol, F(16,64) = 

6.80, p<0.0001, and the ethanol + mecamylamine group, F(16,80) = 2.94, p<0.001.            

 

Discussion  

 The present study demonstrates that dopamine release in C57 and DBA mice is 

dependent upon a number of factors, including stimulation intensity, frequency, and 

number of pulses, and that under baseline conditions is similar in these strains. Frequency 

dependent dopamine release peaks between 20-25 Hz in both strains, comparable to the 

peak phasic firing rates observed in VTA dopamine neurons (Grace and Bunney, 1984; 

Hyland et al., 2002; Overton and Clark, 1997; Panin et al., 2012). Despite baseline 

similarities in stimulated release in C57 and DBA mice, these two strains display diverse 

sensitivities to ethanol’s inhibitory effects on dopamine release. Specifically, C57 mice 

show increases in sensitivity to 80 mM ethanol across higher frequencies (20-60 Hz), 

whereas DBA mice are relatively insensitive to ethanol at this concentration across all 

tested frequencies. Additionally, ethanol concentration responses revealed an increase in 

ethanol potency under high frequency (20 Hz, 10 pulses) stimulation conditions in C57 

compared to DBA mice. In C57 mice, ethanol significantly reduced dopamine signals at 

40-160 mM ethanol, whereas DBA mice only demonstrated significant reductions at 160 

mM ethanol.  Although C57 and DBA mice have differential striatal TAN levels 

(Altavista et al., 1987; Dains et al., 1996), these strains show similar mecamylamine 

induced reductions in high frequency stimulated dopamine release. Ethanol’s inhibitory 

effects on dopamine signaling appear to involve modulation of cholinergic signaling, as 
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the nicotinic receptor antagonist mecamylamine attenuates ethanol inhibition of 

dopamine signals. Mecamylamine’s effects appear to be more selective for 80 mM 

concentrations, as attenuations in ethanol’s effects are more modest at the higher ethanol 

concentration (160 mM), suggesting that under these higher ethanol concentrations 

additional mechanisms are being recruited for dopamine inhibition.  

 

Baseline Dopamine Similarities in C57 and DBA Mice 

Recently, our lab has demonstrated that dopamine release and autoreceptor sensitivity to 

quinpirole under single pulse conditions is similar in C57 and DBA mice (Rose et al., 

Submitted). Consistent with studies showing similar dopamine transporter numbers in the 

strains (D'Este et al., 2007), dopamine transporter uptake rates are also similar in C57 and 

DBA mice (Rose et al, Submitted). Additionally, C57 and DBA mice share similarities in 

baseline VTA dopamine firing rates (Brodie and Appel, 2000), NAc VMAT and TH 

expression (D'Este et al., 2007), and basal dopamine levels in the NAc (Kapasova and 

Szumlinski, 2008). In the present study, we have examined various aspects of dopamine 

release in greater depth in order to better understand NAc dopamine signaling in these 

strains. Consistent with prior studies (Rose et al., Submitted), we have currently shown 

that single pulse release is similar in C57 and DBA mice, and that these similarities are 

consistent across a range of stimulation intensities (10-500 µA). The current studies 

extend these previous voltammetry studies, demonstrating that NAc dopamine release is 

similar in C57 and DBA mice across increasing stimulation frequency conditions (5-100 

Hz) and number of pulses (1-10). Therefore, although we observed similar dopamine 

release across these strains, it is likely that dopamine differences in these strains only 
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manifest under specific conditions, such as exposure to pharmacological agents such as 

ethanol. Indeed, in the present study, our lack of differences in baseline dopamine 

release, but marked differences in sensitivity to ethanol suggest that differences in 

dopaminergic activity are likely masked through microcircuit compensations in the 

dopamine system of these strains which are uncovered by pharmacological perturbations. 

 

C57 and DBA Differences in Dopamine Signaling and Ethanol Interactions 

As mentioned previously, although C57 mice more readily consume ethanol, 

DBA mice appear to be more sensitive to ethanol’s dopamine enhancing effects. 

Electrophysiology and microdialysis studies have shown that acute ethanol induces 

greater dopaminergic firing in DBA mice, than C57s (Brodie and Appel, 2000), as well 

as greater increases in dopamine levels in the NAc (Kapasova and Szumlinski, 2008; but 

see Zapata et al., 2006). Results from the current study extend this work to show 

decreased ability of ethanol to inhibit dopamine release in DBA compared to C57 mice. 

This reduction in ethanol inhibition in DBAs may contribute to the overall excitatory 

effects of ethanol on dopamine levels. Given greater sensitivity to ethanol’s excitatory 

effects shown previously in DBA mice, in combination to a reduced sensitivity to 

ethanol’s inhibitory effects on dopaminergic activity in DBA mice at higher doses, it is 

no wonder that several previous studies have reported large differences between these 

strains in ethanol evoked dopamine related behaviors. CPP is one behavior that has 

received a lot of attention for its relevance to phasic dopamine signaling. For instance, 

CPP can be induced by dopamine selective high frequency ‘phasic’ burst stimulation of 

VTA dopamine neurons (Tsai et al., 2009) which produces dopamine release similar to 
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the high frequency stimulations used in the present study (Zhang et al., 2009). 

Furthermore, NAc D1 receptor activity, which is optimal during phasic dopamine bursts, 

mediates certain aspects of ethanol induced CPP, as D1 receptor blockade during 

conditioning trials blocks ethanol CPP (Young et al., 2013). Since ethanol inhibition of 

‘phasic’-like dopamine release is greater in C57 mice, it is noteworthy that ethanol CPP 

behavior is much greater in DBA mice, and in C57 mice often requires additional training 

sessions or the use of a biased procedure (Cunningham, 1995; Cunningham et al., 1992; 

Gabriel and Cunningham, 2008; Gremel et al., 2006; Nocjar et al., 1999). Given the 

present results, it would be informative to investigate whether selective blockade of 

ethanol’s inhibitory effects in the NAc of C57 mice could potentiate NAc dopamine 

levels and CPP in this strain.  

 

Ethanol and Cholinergic Modulation of Dopamine Activity 

Several previous voltammetry studies have demonstrated an imperative 

modulatory role for TAN cholinergic activity on striatal dopamine release. For instance, 

pharmacological blockade of nAChR, located on dopamine terminals, results in reduced 

release under low and high frequency stimulations, although under really high frequency 

conditions dopamine release is sometimes enhanced, and ratios between ‘phasic’ high 

and ‘tonic’ low frequency stimulated release are enhanced under nAChR blockade (Patel 

et al., 2012; Rice and Cragg, 2004; Zhang and Sulzer, 2004; Zhang et al., 2009; Zhou et 

al., 2001).  Similar results in dopamine release and phasic tonic ratios have also been 

observed in knockout mice where cholinergic expression is reduced in the forebrain 

(Patel et al., 2012) and after muscarinic autoreceptor activation, which reduces TAN 



115 
 

acetylcholine release (Threlfell et al., 2010; Threlfell and Cragg, 2011). Together, these 

previous studies suggest that pauses in cholinergic TAN activity reduce dopamine release 

probability, and enable a high pass filter, so that high frequency stimulated release 

overcomes reductions from loss of cholinergic heteroreceptor activity (Cragg, 2003, 

2006; Rice and Cragg, 2004).   

Although reductions in TAN activity have typically been used to explain 

engagement of a high pass filter on dopamine signaling, it is also possible that a low-pass 

filter can be engaged through selective reductions in TAN activity. For example, in the 

present study and previous published work (Yorgason et al., 2013b), we have 

demonstrated that moderate to high concentrations of ethanol (40-160 mM) inhibit 

dopamine release preferentially under higher stimulation frequencies, whereas low 

frequency dopamine release appears to be preserved at these concentrations. Therefore, 

ethanol acts on the dopamine release as a low pass filter, so that release from ‘tonic’-like 

stimulations is preserved, whereas release from higher frequency ‘phasic’-like release is 

reduced. Additionally, the current study shows that ethanol reductions under high 

frequencies are precluded in the presence of mecamylamine, through substitution, so that 

80 mM ethanol cannot reduce dopamine release in the absence of cholinergic activity on 

nAChRs, specifically during high frequency stimulations. Together, these data suggest 

that ethanol’s reductions in TAN activity are stimulation dependent, with decreases in 

TAN activity during high frequency dopamine bursts, resulting in a low pass filter on 

dopamine signaling. 
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Possible Mechanisms of Ethanol Dopamine Inhibition through Reduced Cholinergic 

Activity 

Ethanol has many different interactions with the cholinergic system (for review 

see Hendrickson et al., 2013). In the present study, we have demonstrated that ethanol 

and mecamylamine both reduce dopamine release under high frequency stimulation 

conditions, and that mecamylamine pre-application prevents further reductions after 80 

mM ethanol and attenuations in dopamine reductions to 160 mM ethanol, suggesting that 

ethanol at these concentrations is somehow acting to reduce either presynaptic or 

postsynaptic cholinergic activity on high frequency dopamine release. Recent 

electrophysiology studies have shown that ethanol reduces striatal TAN firing rates, and 

that reduced firing is attributable to increases in after spike hyperpolarizations (AHPs; 

Blomeley et al., 2011). Furthermore, these reports of decreases in TAN firing rates are 

complemented by reductions in extracellular acetylcholine levels (Erickson and Graham, 

1973; Hunt and Dalton, 1976). Since AHPs are generated by Ih current activity (Oswald 

et al., 2009), it is noteworthy that ethanol studies have demonstrated ethanol 

enhancement of Ih activity (Brodie and Appel, 1998; Okamoto et al., 2006). The other 

way ethanol may be acting to reduce dopamine signaling is by reducing nAChR activity, 

either through receptor desensitization (for review see Dopico and Lovinger, 2009) or 

possibly blockade, as observed in homomeric α7 nAChRs (Cardoso et al., 1999). 

However, it should be noted that ethanol has been shown repeatedly to increase nAChR 

cation conductance in heteromeric receptors containing the specific subunits 

combinations, including α2β2, α2β4, α4β2 and α4β4 subunits (Borghese et al., 2003; 

Bradley et al., 1984; Cardoso et al., 1999; Zuo et al., 2001). Furthermore, although 
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homomeric α7 nAChR activity is reduced by ethanol (Cardoso et al., 1999), α7 

antagonists have little to no effect on high frequency stimulated dopamine release ex vivo 

(Zhou et al., 2001), suggesting that our ethanol effect is primarily through decreased 

activity at heteromeric β2-containing nAChRs (Exley et al., 2008). Therefore, future 

studies examining the respective contributions of ethanol reductions in acetylcholine 

levels, as well as possible desensitization in heteromeric nAChRs (Dopico and Lovinger, 

2009) may observe changes in both of these possible mechanisms. As a side note, several 

previous studies have demonstrated that I.P. mecamylamine blocks many of ethanol’s 

effects on dopamine and related behaviors, including ethanol induced elevations in 

dopamine levels (Blomqvist et al., 1993; Blomqvist et al., 1997), ethanol consumption 

(Blomqvist et al., 1996; Ericson et al., 1998), and operant responding for ethanol 

(Kuzmin et al., 2009), though these effects have been attributed to interactions in the 

VTA (Blomqvist et al., 1993; Blomqvist et al., 1997).  

 

Strain Differences in Cholinergic Activity, and Ethanol Sensitivity  

As mentioned earlier, cholinergic activity in the striatum modulates dopamine 

release in a frequency dependent manner. Several previous studies have demonstrated 

differences between C57 and DBA mice in cholinergic circuitry that may affect ethanol 

sensitivity under high frequency stimulation conditions. For instance, C57 mice have 

reduced striatal cholinergic TANs compared to DBAs (~30% higher  in DBAs;  Altavista 

et al., 1987; Dains et al., 1996), decreased acetylcholine esterase density and activity, and 

reduced choline acetyl-transferase density compared to DBAs (Bentivoglio et al., 1994; 

Iacopino et al., 1986). Furthermore, these decreases in TAN numbers, as well as synthesis 
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and degradation enzymes are accompanied by changes in muscarinic receptor levels, with 

~28% decreased striatal receptor binding in C57 mice (Schwab et al., 1992). These 

greater numbers of striatal TAN neurons in DBA mice may form an activity reserve, 

which may be partly responsible for the reduced ethanol potency observed in this strain. 

For instance, ethanol may be reducing TAN firing rates similarly in both strains, but 

greater TAN numbers in DBA mice may reduce the overall potency of ethanol inhibition 

on striatal acetylcholine levels. In this scenario, dopamine release would still be sensitive 

to nAChR blockade induced reductions. This hypothesis also dovetails well with previous 

literature indicating large strain differences in striatal cholinergic systems in C57 and 

DBA mice (Altavista et al., 1987; Dains et al., 1996). However, since DBA mice have 

greater numbers of striatal TAN neurons, these mice may have greater extracellular 

acetylcholine during high frequency stimulations, and subsequently more desensitized 

nAChRs than the C57 counterparts. Lastly, since ethanol inhibition of dopamine release 

may be occurring through reductions in TAN firing, ethanol sensitivities may merely 

reflect reduced ethanol potency in TAN firing inhibition between these strains, with 

decreased inhibition in DBA mice. Interestingly, despite differences in TAN numbers, 

and receptor expression, C57 and DBA mice display similar dopamine release across 

frequencies, as well as similar sensitivity to mecamylamine’s inhibitory effects (at 2 µM). 

If future studies find this similarity to hold out across several concentrations and 

stimulations frequencies, this would suggest that cholinergic modulation of dopamine 

signaling has adapted to compensate for these differences in TAN signaling. 

Furthermore, such similarities would also suggest that differences in ethanol’s inhibitory 
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effects on dopamine between these strains are likely upstream of nAChRs, through 

interactions at cholinergic cell bodies.  

 

Conclusions 

We have currently shown that dopamine release under baseline conditions is similar for 

C57 and DBA mice. Additionally, we have demonstrated that ethanol inhibition of 

phasic-like dopamine release associated with reward related learning is greater in C57 

compared to DBA mice. This difference in sensitivity to ethanol inhibition of dopamine 

may help explain large behavioral differences in reward related task such as CPP and 

locomotor assays. Lastly, ethanol inhibition of dopamine release under higher frequency 

conditions appears to be in part due to reduced local TAN activity, as mecamylamine, the 

nonselective nAChR antagonist prevented further inhibition of dopamine signaling by 

ethanol. Additional studies examining directly how cholinergic activity is influenced by 

ethanol, and subsequent changes in rapid dopamine signaling, may help us better 

understand the involvement of ethanol inhibition of dopamine release in reinforcement 

and reward related behaviors. 
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Preamble 

The focus of this dissertation is to examine nucleus accumbens dopamine function in 

genetic and environmental animal models of alcohol abuse vulnerability. The previous 

chapter described baseline dopamine release and ethanol’s inhibitory effects on accumbal 

dopamine release in two genetic vulnerability models of ethanol abuse, C57BL/6 and 

DBA/2 mice. These mice were examined due to their inherent differences in ethanol 

reward related behavior and neurochemistry. In the following two chapters, we examined 

dopamine function and ethanol’s inhibitory effects on dopamine release in an 

environmental model of increased alcohol abuse vulnerability after early life stress, social 

isolation (SI) rearing. In general, animal chronic stress models produce greater ethanol 

consumption and reward related behavior (for review see Becker et al., 2011). Stress-

associated increases in ethanol consumption are thought to occur in part through 

ethanol’s anxiolytic effects (Breese et al., 2011). In the present studies, we chose to move 

from mice into an early life stress model in rats because we thought that the SI 

vulnerability to alcoholism was similar to DBAs, but arrived at through experience of 

stress instead of genetics. Therefore, we wanted to examine if the same mechanism of 

reduced dopamine terminal inhibition for animals with greater reward related behavior 

might also exist in the more ethanol reward vulnerable, and anxious-like SI rats. In 

CHAPTER IV, we examine dopamine terminal release and uptake, as well as 

autoreceptor function in the accumbens in SI and group housed (GH) reared rats, as 

baseline differences may be important for interpreting ethanol effects. These studies 

demonstrate that SI rearing results in increases in dopamine terminal function, including 

increases in evoked dopamine release and dopamine uptake rates. This chapter also 
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examined dopamine terminal function in a separate cohort of adult animals (postnatal day 

174) that had either been isolated at postnatal day 21, or at postnatal day 77. These latter 

experiments demonstrated that increases in dopamine terminal function are dependent 

upon time of isolation, so that animals reared in GH conditions, and later isolated are 

protected from SI rearing induced alterations in dopamine transmission.  In CHAPTER 

V, we further investigated dopamine release in SI and GH rats, under low and high 

frequency multiple-pulse stimulation conditions similar to those used in characterizing 

baseline release in C57 and DBA mice (CHAPTER III). Dopamine release was greatest 

in SI rats across stimulation frequencies compared to GH rats. Additionally, in 

CHAPTER V we examined ethanol’s effects on dopamine release under high frequency 

stimulation conditions (20 Hz, 10 pulses) similar to those used in CHPATERS II-III. In 

these experiments, we found that dopamine release was greater in SI rats across all 

concentrations of ethanol. However, after normalizing dopamine signals to pre-drug 

values, we found that ethanol’s inhibitory effects were similar across housing conditions. 

These studies suggest overall dopamine release may be more important than relative 

reductions after ethanol for increased ethanol vulnerability.  
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Abstract 

Social isolation (SI) rearing, a model of early life stress, results in profound behavioral 

alterations, including increased anxiety-like behavior, impaired sensorimotor gating and 

increased self-administration of addictive substances. These changes are accompanied by 

alterations in mesolimbic dopamine function, such as increased dopamine and metabolite 

tissue content, increased dopamine responses to cues and psychostimulants, and increased 

dopamine neuron burst firing. Using voltammetric techniques, we examined the effects of 

SI rearing on dopamine transporter activity, vesicular release and dopamine D2-type 

autoreceptor activity in the nucleus accumbens core. Long–Evans rats were housed in 

group (GH; 4/cage) or SI (1/cage) conditions from weaning into early adulthood 

[postnatal day (PD) 28–77]. After this initial housing period, rats were assessed on the 

elevated plus-maze for an anxiety-like phenotype, and then slice voltammetry 

experiments were performed. To study the enduring effects of SI rearing on anxiety-like 

behavior and dopamine terminal function, another cohort of similarly reared rats was 

isolated for an additional 4 months (until PD 174) and then tested. Our findings 

demonstrate that SI rearing results in lasting increases in anxiety-like behavior, dopamine 

release and dopamine transporter activity, but not D2 activity. Interestingly, GH-reared 

rats that were isolated as adults did not develop the anxiety-like behavior or dopamine 

changes seen in SI-reared rats. Together, our data suggest that early life stress results in 

an anxiety-like phenotype, with lasting increases in dopamine terminal function. 
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1.  Introduction 

Early life stress (Heidbreder et al., 2000) increases vulnerability to a variety of 

affective mental health disorders, including anxiety, schizophrenia and substance abuse 

(for review see Scheller-Gilkey et al., 2004; Nugent et al., 2011).  Social isolation (SI) 

rearing is commonly used as an animal model of early life stress, where post-weanling 

animals are raised in single housed conditions (Lapiz et al., 2003; Fone & Porkess, 2008).  

SI produces several behavioral outcomes similar to those observed in humans with early 

life stress. For example, SI rats display anxiety/depressive-like behaviors, including 

decreased time spent on open arms of the elevated plus-maze (EPM; Da Silva et al., 

1996), decreased mobility during the Porsolt forced swim test and decreased social 

interaction (Kokare et al., 2010).  Consistent with reports of increased rates of 

schizophrenia in people with early life stress (Scheller-Gilkey et al., 2004), SI rats 

demonstrate schizophrenia-like impairments, including reduced pre-pulse inhibition (PPI) 

of the acoustic startle reflex, indicating sensorimotor gating deficits, and disrupted latent 

inhibition in associative learning (Shao et al., 2009; Han et al., 2012).  Lastly, similar to 

the increased risk for drug addiction observed in people with early life stress (Enoch, 

2012), SI animals display increased self-administration of drugs of abuse (Schenk et al., 

1987; Bozarth et al., 1989; Yajie et al., 2005; McCool & Chappell, 2009; but see Phillips 

et al., 1994).   

Many SI rearing-induced behavioral alterations are long-lasting and may be 

permanent.  For instance, resocialization of SI reared rats fails to ameliorate anxiety-like 

behaviors and PPI deficits (Einon & Morgan, 1977; Wright et al., 1991; but see Kokare et 

al., 2010).  Additionally, PPI impairments are not present in adult isolated group-reared 
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rats (McCool & Chappell, 2009), suggesting that there is a critical period for developing 

impaired PPI (Liu et al., 2011; but see Varty et al., 1999).  

SI induced increases in drug self-administration, hyperlocomotor activity, and 

impaired PPI and latent inhibition may be related to changes in dopamine signaling, since 

each of these behavioral assays can be modulated by dopamine activity (Domeney & 

Feldon, 1998; Pierce & Kumaresan, 2006; Sora et al., 2009; Weiner & Arad, 2009).  SI 

rearing produces robust alterations in mesolimbic dopamine systems (for review see 

Lukkes et al., 2009), including increased ventral tegmental area dopamine neuron phasic 

bursting activity (Fabricius et al., 2010), NAc tissue dopamine levels (Miura et al., 2002), 

dopamine turnover (Hall et al., 1998b; Heidbreder et al., 2000), and dopamine responses 

to cocaine, amphetamine, and foot shock stress (Jones et al., 1992; Fulford & Marsden, 

1998; Hall et al., 1998b; Howes et al., 2000).  Together, these various neurobiological 

studies suggest that SI animals have overall increased NAc dopaminergic activity. 

However, while many different mechanisms may contribute to dopamine increases, the 

specific dopamine changes in SI animals remain unknown. NAc dopamine is primarily 

regulated by a balance of release and uptake, and knowing whether release or uptake is 

affected will help define the mechanisms involved for the observed increased dopamine 

activity and drug responsivity. For example, previous studies have shown that higher 

dopamine transporter levels are associated with increased sensitivity to stimulants (Chen 

& Reith, 2007), and that increased dopamine uptake rates are associated with augmented 

stimulant-induced hyperlocomotion (Salahpour et al., 2008). In short, understanding 

specific neurochemical changes that occur after early life stress may help us better 

understand the observed behavioral impairments.  Therefore, to further explore the 
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effects of SI rearing on NAc dopamine transmission, using voltammetric methods, we 

examined dopamine release and uptake kinetics, as well as dopamine D2-type 

autoreceptor activity, in brain slices of SI and GH rats.   

 

2.  Material and methods 

2.1 Animal Housing 

Previous studies have reported robust sex differences in measures related to the 

present studies, including greater NAc dopamine release, uptake and tissue levels in 

females than males (Walker et al., 2000; Duchesne et al., 2009), and increased anxiety-

like behavior in males, although the behavioral differences are inconsistent (for review 

see Simpson & Kelly, 2012). In the current study, male rats were chosen to avoid 

hormonal fluctuations in females and complex sex interactions, and to compare with 

previous SI studies examining dopamine parameters and anxiety-like behavior in males. 

Male Long-Evans rats (Harlan Laboratories, Indianapolis, IN) were procured on post-

natal day (PD) 21 and housed for one week under standard conditions (4 rats/cage, 

food/water ad libitum, 12/12 hr light/dark).  On PD 28, rats were randomly assigned to 

two groups, SI (1 rat/cage; 20x27 cm cages; Allentown Inc, Allentown, NJ) and GH (4 

rats/cage; 33x60 cm cages; Ancare, Bellmore, NY ) for six weeks (Figure 1).  

Experimental protocols adhered to the National Institutes of Health guide for the care and 

use of laboratory animals and were approved by the Wake Forest University Institutional 

Animal Care and Use Committee.   

Young adult rats: Preceding the end of the initial housing period (PD 77), SI and 

GH rats were tested for anxiety-like behavior on the EPM (PD 74). Afterward, in vitro  
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Figure 1.  Schematic model of housing paradigm and experimental timeline. Rats 

were obtained on postnatal day (PD) 21 and placed in group housed (GH) conditions until 

PD 28. Two groups maintained GH, while another two groups were socially isolated (SI) 

for the remainder of the study. At PD 74 all rats were tested on the elevated plus maze 

(EPM). A set of SI and GH rats were sacrificed, and slice voltammetry experiments were 

performed to examine release, uptake, and autoreceptor activity (PD 84 ± 7). The second 

set of SI and GH rats were isolated for 4 additional months (PD 77-174), and examined 

again on the EPM, and in similar voltammetry experiments to the previous group (PD 

181 ± 7). 



135 
 

voltammetry experiments were performed. To reduce isolation stressor effects in GH 

reared rats for voltammetry experiments, GH animals were sacrificed in pairs, so that 

each cage of 4 rats was examined across 2 days (2 rats per day).  

Adult rats: Adult GH and SI reared rats followed similar housing procedures to 

young adult rats until PD 77. At this time GH and SI rats were single-housed for roughly 

4 months, and were involved in additional behavioral experiments that were unrelated to 

this study (Chappell et al., submitted). At the end of this period (PD 174), adult rats were 

reexamined in the EPM, and dopamine function was characterized using in vitro 

voltammetric experiments. Two adult animals were removed from the study due to 

technical difficulties during brain slice voltammetric experiments. 

 

2.2 Elevated Plus Maze 

Anxiety-like behavior was assessed using a standard EPM (Med Associates, St. 

Albans, VT).  The maze consisted of four radial arms (10.2 X 50.8 cm) elevated 72.4 cm 

above the floor.  Two opposing arms were enclosed by black polypropylene walls (40.6 

cm high) and the other two arms were open and illuminated by incandescent light (~40 

lux).  Infrared sensors were positioned at the opening of each arm to score an animal’s 

entry and/or exit from each arm and data acquisition was performed using a personal 

computer interfaced with control units and programmed with MED-PC (Med Associates, 

St. Albans, VT).  Subjects were placed at the central junction, facing an open arm, and 

activity measures were recorded for 5 min.  Decreases in open arm time were used as a 

measure of anxiety-like behavior and closed arm entries were used as a measure of 

locomotor activity.      
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2.3 In Vitro Slice Preparation 

Rats were euthanized and their brains rapidly removed and prepared as previously 

described (John & Jones, 2007).  Coronal slices (400 µM) of the striatum were 

maintained at 32° C in oxygen perfused (95% O2-5% CO2) artificial cerebrospinal fluid 

(aCSF) which consisted of (in mM): NaCl (126), NaHCO3 (25), D-glucose (11), KCl 

(2.5), CaCl2 (2.4), MgCl2 (1.2), NaH2PO4 (1.2), L-ascorbic acid (0.4), pH adjusted to 7.4.  

A capillary glass-based carbon-fiber electrode was positioned ~75 µm below the surface 

of the slice in the NAc core.  Dopamine release was evoked every 5 min by a 4 ms, one-

pulse stimulation (monophasic, 350 µA) from a bipolar stimulating electrode (Plastics 

One, Roanoke, VA) placed 100-200 µm from the carbon-fiber electrode.   

 

2.4 Fast Scan Cyclic Voltammetry 

Fast scan cyclic voltammetry recordings were performed and analyzed using recently 

developed in-house software (Demon Voltammetry and Analysis; Yorgason et al., 2011).  

The electrode potential was linearly scanned as a triangular waveform from -0.4 to 1.2 V 

and back to -0.4 V (Ag vs AgCl) using a scan rate of 400 V/s.  Cyclic voltammograms 

were recorded at the carbon fiber electrode every 100 ms by means of a potentiostat 

(Dagan Corporation, Minneapolis, MN).  Once the stimulated dopamine response was 

stable for three successive collections, baseline measurements were taken and evaluated 

using a Michaelis-Menten based kinetic model (Wightman et al., 1988; Yorgason et al., 

2011).  Michaelis-Menten based changes in release and uptake were obtained by setting 

baseline apparent affinity (Km) values to 0.16 µM and establishing a baseline maximal 
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uptake rate (Vmax) and stimulated dopamine release ([DAp]) individually for each subject 

(Wightman et al., 1988; Wightman & Zimmerman, 1990; Wu et al., 2001).  Extracellular 

concentrations of dopamine were assessed by comparing the current at the peak oxidation 

potential for dopamine with electrode calibrations of known concentrations of dopamine 

(1-3 µM).   

For dopamine D2 autoreceptor studies, the selective D2-type receptor agonist (-)-

quinpirole hydrochloride (Sigma-Aldrich, St. Louis, MO) was used to induce 

autoreceptor activation. Quinpirole-induced decreases in electrically stimulated dopamine 

release were compared with pre-drug values (each animal served as its own control) to 

obtain a percent change in stimulated dopamine release. The dose–response curve was 

then plotted as log concentration (M) of quinpirole versus percent of control dopamine 

response, and the data were fit using a nonlinear regression curve fit (sigmoidal dose 

response curve) to determine EC50 concentrations. 

 

2.5 Statistical Analyses 

Behavioral measures on the EPM were analyzed using unpaired t-tests or the Mann-

Whitney Rank Sum U test when variance differences were detected.  Anxiety-like 

behavior was assessed using open and closed arms times, and closed arm entries was 

used as a measure of general locomotor activity (Holmes & Rodgers, 1998). 

All dopamine release voltammetric assessments are reported as µM concentration, or in 

percent of baseline.  To examine whether dopamine uptake and release measures differ 

across housing conditions in young and adult rats, a two-way omnibus analysis of 

variance (ANOVA) was performed with age (adult vs young) and housing (SI vs GH) as 
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the between subject variables, followed by Tukey’s post hoc tests on statistically 

significant effects. Correlation analysis examining relationships between EPM behavior 

and dopamine function were performed using Pearson’s correlation. For correlation 

analysis, all data were collapsed across housing and age groups. Autoreceptor sensitivity 

comparisons were performed using a three-way mixed measures ANOVA or analysis of 

covariance (ANCOVA), with age and housing as the between-subject variables, drug 

concentration as the within-subject variable, and baseline stimulated release as the 

covariant.  ANCOVA was performed using the Delaney and Maxwell method (Delaney 

& Maxwell, 1981) to prevent the covariate from changing the main effect of the repeated 

measures. Statistical analyses were performed using SPSS 20 (IBM, New York NY) and 

Sigmaplot (Systat Software, San Jose CA).   

 

3.  Results 

Elevated Plus-Maze 

We first assessed the effect of juvenile SI on anxiety-like behavior using the EPM 

on PD 74 (Figure 2).  SI rats (n=7) spent significantly less time in the open arms of the 

EPM than GH (n=7) animals (t12 = 2.29, P < 0.04) and more time in the closed arms (t12 = 

2.231, P < 0.05), suggesting increased anxiety-like behavior in these rats.  In contrast, no 

differences in closed arm entries, a measure of general locomotor activity, were noted (t12 

= 1.18, P = 0.26).   To determine the extent to which anxiety-like behavior endured into 

adulthood, we repeated the EPM assay four months later in the same animals (PD 174).  

Despite the fact that both cohorts had been housed singly during this four month period, 

SI reared rats still displayed decreased open-arm time (U = 7, P < 0.03) and increased  
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Figure 2.  Effect of isolation rearing on anxiety-like behavior on the elevated plus 

maze (EPM). Bar graph illustrating the effect of adolescent rearing condition on mean (± 

SEM) open, and closed arm time and number of closed arm entries in the EPM at two 

separate time points, PD 74 (A) and PD 174 (B) in group housed (GH n=7), socially 

isolated (SI n=7) rats. * P<0.05.   
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closed-arm time (U = 7, P < 0.04) relative to the GH reared subjects.  Again, no group 

differences in closed-arm entries were observed on this second test of anxiety-like 

behavior (t12 = 1.86, P = 0.09). 

 

Stimulated Dopamine Release and Uptake 

To examine the enduring effects of SI rearing on dopamine neurochemistry, 

electrically-evoked dopamine release was measured in the NAc core of young (PD = 84 ± 

7; GH n=8; SI n=8) and adult (PD = 181 ± 7; GH n=7; SI n=7) GH and SI animals 

(Figure 3). The averaged dopamine traces display clear differences, with increased 

overall amplitude in dopamine signals from SI animals (t28=3.273, P=0.0028). As shown 

in Figure 4, two way ANOVA indicated that there was a significant effect of SI on µM 

dopamine release (Housing, F(1,26)=11.78, P<0.002), but no effect of age F(1,26)=0.370, 

P=0.548) or Housing X Age interaction (F(1,26)=0.374, P=0.546).  For Vmax, ANOVA 

indicated a significant effect of  housing (F(1,26)=5.034, P<0.001) and age (Vmax Age, 

F(1,26)=5.034, P=0.034),  but no housing by age  interaction ( F(1,26)=1.837, P=0.187). 

Further analysis of these dopamine signals using Tukey’s post hoc tests revealed that 

dopamine release and uptake Vmax are both increased in SI rats regardless of age (Figure 

4B; [DAp]: Young, q1,16=3.91, P<0.05; Adult, q1,14=5.23, P<0.01; Vmax: Young, 

q1,16=5.21, P<0.01; Adult, q1,14=4.79, P<0.01) suggesting that observed dopamine 

changes are long-lasting, occurring both in young and adult SI rats, and that uptake rates 

decline with age. To examine relationships between anxiety-like behavior and dopamine  
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Figure 3.  Nucleus accumbens core stimulated dopamine overflow in socially isolated 

(SI; young n=8; adult n=7) and group housed (GH; young n=8; adult n=7) rats. A) 

Averaged background subtracted voltammetric color plots for SI and GH rats, with 

applied potential (y axis) plotted against time (x axis) and current (z axis). B) Mean (± 

SEM) concentration versus time traces for GH and SI reared rats. Solid line is mean data, 

whereas the lighter outline represents the SEM. 
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Figure 4.  Effect of isolation rearing on stimulated dopamine release and uptake rate 

within the nucleus accumbens. A) Bar graph of mean (± SEM) stimulated dopamine 

release in socially isolated (SI) and group housed (GH) rats at young (Left; PD 84 ± 7; 

GH n=8; SI n=8) and adult (Right; PD 181 ± 7; GH n=7; SI n=7) time points. B) Bar 

graph of mean (± SEM) dopamine uptake rates (Vmax) in SI and GH rats at young (Left; 

PD 84 ± 7; GH n=8; SI n=8) and adult (Right; PD 181 ± 7; GH n=7; SI n=7) time points. 

* P<0.05, ** P<0.01. 
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measures, open arm time from previous EPM experiments in young (PD 84 ± 7)  and 

adult (PD 181 ± 7) rats was compared with dopamine release and Vmax values using 

correlation analysis. As shown in Figure 5, these analyses revealed that changes in EPM 

behavior are highly correlated with dopamine signaling ([DAp], r30 = -0.423, P = 0.0099; 

Vmax, r30 = -0.3905, P = 0.0164). 

 

Dopamine Autoreceptor Activity 

Previous studies indicate that NAc dopamine release and uptake are both 

regulated by dopamine D2-type autoreceptor activity (Benoit-Marand et al., 2001; 

Kramer et al., 2011). Therefore, in another set of voltammetry experiments in young (PD 

= 84 ± 7; GH n=5; SI n=5) and adult (PD = 181 ± 7; GH n=4; SI n=4) rats, we tested 

whether presynaptic autoreceptor activity was different in SI and GH animals. Increasing 

concentrations of the D2-type receptor agonist, quinpirole, were bath applied to NAc core 

brain slices, and electrically stimulated dopamine release was measured (Figure 6; Mateo 

et al., 2005; Maina & Mathews, 2010). Given that the variations observed in baseline 

dopamine release between SI and GH rats could potentially affect autoreceptor activity, 

we conducted a three way Analysis of Covariance (ANCOVA) with housing and age as 

the between subject variables, quinpirole concentration as the repeated measures variable, 

and baseline levels of dopamine release as the covariate. As demonstrated previously 

(Mateo et al., 2005), quinpirole reduced stimulated dopamine release in a concentration 

dependent manner (Figure 6A; Quinpirole, F4,52=284.6, P<0.001). Although ANCOVA 

revealed that the baseline covariate significantly interacted with the effects of quinpirole 

(Baseline X Quinpirole, F4,52=33.034, P<0.001), there were no effects of age or housing  
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Figure 5.  Relationship between dopamine function and anxiety-like behavior. 

Nucleus accumbens dopamine release (top) and rate of uptake (bottom) from 

voltammetric studies were significantly correlated with open arm time on the elevated 

plus maze in data combined from young (PD 74) and adult (PD 174) group housed (GH; 

blue) and social isolation (SI; green) reared rats n=30. Release P = 0.0099; Uptake P = 

0.0164 
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on quinpirole-induced reductions in dopamine release (Age, F1,13=2.00, P=0.18; Housing, 

F1,13=0.436, P=0.521; Age X Housing, F1,13=0.106, P=0.749). A similar set of findings 

was observed when we conducted a three way ANOVA on the effects of quinpirole with 

dopamine release expressed as a percent baseline. In these analyses, quinpirole 

significantly reduced dopamine release, but again there were no significant effects of age 

or housing (Figure 6B; quinpirole, F4,56=373.836, P<0.001; Age, F1,14=4.16, P=0.061; 

Housing, F1,14=0.031, P=0.863; Age X Housing, F1,14=0.031, P=0.863). When taken 

together, these results suggest that autoreceptor activity is the same regardless of housing 

condition or age.   

  

4.  Discussion  

In the current study, we tested the long-term effects of SI rearing on anxiety-like 

behavior and on NAc dopamine terminal function. Using the EPM assay in young and 

adult animals, we demonstrated that SI rearing decreases time spent on the open arms, 

consistent with greater anxiety-like behavior. Additionally, voltammetric studies in these 

animals provided evidence that juvenile SI rearing increases dopamine terminal release 

and reuptake rates. Additional groups of SI and GH animals were isolation housed at PD 

77 and tested 4 months later (PD 181). At the later time point, GH rats had lower levels 

of anxiety-like behavior and decreased dopamine activity compared to their SI 

counterparts, despite several months of adult social isolation. This suggests that the 

protective effects of GH rearing on dopamine transmission and anxiety-like behavior are 

long lasting.  Alternatively, SI housing may only have these effects when performed  
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Figure 6.  Nucleus accumbens dopamine D2 autoreceptor activity in group (GH) 

and social isolation (SI) reared rats. Electrically stimulated dopamine overflow was 

measured while bath applying increasing concentrations of the D2-type dopamine 

receptor agonist quinpirole (10 nM – 1 µM). A) Mean µM dopamine release peak 

amplitude and B) percent baseline stimulated dopamine in young (Left; PD 84 ± 7; GH 

n=5; SI n=5) and adult (Right; PD 181 ± 7; GH n=4; SI n=4) SI and GH rats. Quinpirole 

significantly reduced dopamine signals to the same extent in GH and SI reared rats for 

both young and adult cohorts. *** P<0.001. 
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during a critical period of development. Future studies specifically examining critical 

periods’ effects on dopamine and anxiety-like behavior may provide insight into this 

possibility.  

As mentioned earlier, early life stress is associated with increased risk for 

developing disorders of anxiety, schizophrenia and substance abuse (for review see 

Scheller-Gilkey et al., 2004; Nugent et al., 2011).  However, it is important to note that 

long lasting changes in dopamine function and behavior may occur after only mild stress 

in early life, which may fulfill a behaviorally protective role. For example, increases in 

dopamine function may serve to increase awareness to environmental cues related to 

natural rewards. Also, increased anxiety-like behavior may be appropriate for animals 

raised in more threatening environments, where it may be beneficial to spend more time 

in enclosed areas.  

 

Enduring Behavioral Changes after SI Rearing 

 As mentioned earlier, SI rearing has been shown to produce behavioral 

phenotypes that are similar to the sequelae observed in people who have experienced 

severe early life stress (Fone & Porkess, 2008; Lukkes et al., 2009). A myriad of studies 

have shown increases in anxiety-like behavior after SI rearing using both the EPM and 

open field assays (Wright et al., 1991; Da Silva et al., 1996; Hall et al., 1998a; McCool 

& Chappell, 2009), increased aggression (Wongwitdecha & Marsden, 1996), 

impulsivity/reactivity to novelty (Gentsch et al., 1988; Hall et al., 1997), impaired 

sensorimotor gating (Powell et al., 2003) and attenuated memory function (Hellemans et 

al., 2004; Bianchi et al., 2006).  Some of these behavioral alterations are permanent, 
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whereas others can be reversed through resocialization and enrichment. For example, SI 

rearing-induced locomotor hyperactivity, hypoalgesia and increased latency for 

emergence into a novel environment are all reversible through resocialization (Einon & 

Morgan, 1977; Gentsch et al., 1988; Cilia et al., 2001; Liu et al., 2011). In contrast, PPI 

impairment, increased novel object reactivity, decreased open arm time on the EPM and 

increased anxiety-like vocalizations are not reversed through resocialization (Einon & 

Morgan, 1977; Wright et al., 1991; Bassi et al., 2007; Liu et al., 2011).  

GH rearing also produces enduring behaviors. In addition to showing that 

resocialization does not reverse SI-induced reductions in EPM open arm time, Wright et 

al (1991) also examined the effects of 30 day isolation in adulthood on GH reared 

animals in the EPM assay, and found that GH rearing blocks the anxiogenic-like effect of 

single housing on EPM behavior. We have confirmed these previous findings, 

demonstrating that GH rearing protects against isolation-induced impairments in EPM 

behavior. Additionally, we have extended these studies by showing that the protective 

effects of GH rearing on EPM behavior endure for at least 4 months of isolation, further 

demonstrating the long term nature of these behavioral alterations. Since the present 

results are documented in older animals than in the previous study (PD 174 vs PD 81), 

this confirms that SI-induced anxiety-like effects are very long-lasting. In contrast to 

these results, Wallace et al (2009), demonstrated that adult isolation increases anxiety-

like behavior on the EPM. However, there are several important differences between 

these studies, including strain, age and length of isolation, and early life housing 

conditions, which may affect EPM behavior. Our present results suggest that GH rearing 

makes animals less susceptible to the stress associated with single housing conditions.  
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Enduring Dopamine Terminal Changes after SI Rearing 

 We showed that SI rearing produces robust increases in electrically evoked 

dopamine release in the NAc. Similar to our findings, other experimental paradigms have 

also shown results consistent with greater dopamine release. For instance, 

electrophysiology and tissue content studies have revealed that SI rearing increases the 

number of ventral tegmental area dopamine neurons that burst fire, and levels of 

dopamine and its metabolites in the NAc (Fabricius et al., 2010; Han et al., 2011).  Also, 

CDCrel-1, a presynaptic septin protein that inhibits dopamine release through interactions 

with the SNARE-protein, syntaxin (Beites et al., 1999), is downregulated in the striatum 

of SI rats, suggesting that NAc dopamine release should be increased after SI (Barr et al., 

2004). Lastly, psychostimulants such as cocaine and amphetamine have a greater 

increasing effect on extracellular dopamine levels in SI animals (Hall et al., 1998b; 

Howes et al., 2000). Together, these previous studies have given a clear picture of 

increased dopamine activity after early life stress. In addition to validating these previous 

studies, by using voltammetric methods to study dopamine function in an early life stress 

model, we have demonstrated that increases in dopaminergic activity are not due to 

increased cell firing alone (Fabricius et al., 2010), but also due to increased dopamine 

terminal activity.  

We have documented increased dopamine transporter function in isolates. These 

results may be surprising since extracellular dopamine levels are regulated by transporter 

activity (Salahpour et al., 2008; Owesson-White et al., 2012) and microdialysis studies 

measuring basal dopamine levels in SI and GH cohorts have shown either no difference 
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(Wilkinson et al., 1994; Fulford & Marsden, 1998; Howes et al., 2000), or increases in SI 

rats (Hall et al., 1998b; Bortolato et al., 2011; Han et al., 2011). However, microdialysis 

techniques measuring extracellular dopamine levels are influenced by both release and 

uptake, and the increased release found in SI animals may partially offset the increased 

uptake rates. This balance between release and uptake may help explain the seemingly 

paradoxical lack of effect of isolation on basal dopamine levels reported previously.  

Dopamine activity in the NAc is thought to play an important role in cue related 

learning for positive and negative reinforcers (for review see Wheeler & Carelli, 2009). 

Considering the aforementioned increases in dopamine activity in isolates, it is notable 

that SI rearing also produces increases in acquisition of Pavlovian conditioning. For 

example, SI animals show enhanced cue-conditioned responding for food and 

discriminative learning for a sucrose reward (Jones et al., 1990; Jones et al., 1992; 

Harmer & Phillips, 1998; Lapiz et al., 2003).  Footshock-conditioned contextual cues 

also induce greater increases in dopamine levels in the NAc of SI rats compared to GH 

cohorts (Fulford & Marsden, 1998; Lapiz et al., 2003).  The increased dopamine release 

and dopamine transporter activity observed in this study may be partly responsible for the 

increased sensitivity to Pavlovian conditioning, and greater dopamine responses to cues 

(Fulford & Marsden, 1998; Lapiz et al., 2003).  

 

Relationship between Anxiety and Dopamine 

Although the amygdala, hippocampus and prefrontal cortex are the focus of many 

anxiety studies in humans and rodents, the mesolimbic dopamine system also appears to 

play a critical role in anxiety-like behavior.  The relationship between anxiety and 
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dopamine activity is somewhat inconsistent, however, and may vary by brain region. For 

example, while intra-amygdala infusion of either D1-like or D2-like dopamine receptor 

agonists results in increased anxiety-like behaviors in rats (Bananej et al., 2012), 

systemic administration of dopamine agonists decrease anxiety-like behavior, an effect 

that can be blocked by D2-like receptor antagonists (Bartoszyk, 1998; Garcia et al., 

2005). Also, dopamine is thought to have opposing roles in the central vs the basolateral 

amygdala (Perez de la Mora et al., 2012).  Although dopamine interactions with anxiety-

like behavior are still being elucidated, it has been established that acute stressors 

increase dopamine in the nucleus accumbens (Imperato et al., 1992; Abercrombie et al., 

1989; Pei et al., 1990), possibly through corticotrophin releasing factor and/or 

glucocorticoid receptors (Angulo and McEwen,  1994; Piazza et al., 1996; Piazza and Le 

Moal, 1997; Lemos et al., 2012), and injections of dopamine receptor antagonists or 

temporary inactivation of VTA dopamine cell bodies prior to footshock stress prevents 

the later expression of anxiety-related behaviors (Corral-Frias et al., 2012). In addition, 

administration of L-DOPA, the dopamine precursor, in an animal model of Parkinson’s 

disease increases anxiety-like behavior (Eskow Jaunarajs et al., 2012). Since circuits 

involved in anxiety-like behavior and reinforcing behaviors are highly interconnected 

(Pezze & Feldon, 2004; Price & Drevets, 2010). We have demonstrated a relationship 

between dopamine function and anxiety-like behavior through negative correlations 

between EPM open arm time, and both dopamine release and uptake, further suggesting 

that anxiety is heightened when dopamine is high, regardless of housing conditions.   
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SI Rearing and Dopamine D2-type Autoreceptors 

 Dopamine terminal release and reuptake in the NAc are highly regulated 

processes, and both are modulated by feedback mechanisms such as dopamine D2-type 

autoreceptor activity (Joseph et al., 2002). D2 autoreceptors regulate dopamine activity 

by decreasing vesicular release through inhibition of dopamine synthesis and inhibition 

of exocytosis by hyperpolarization of dopamine cell bodies and terminals (Cubeddu & 

Hoffmann, 1982; Wolf & Roth, 1990; Mercuri et al., 1997). Additionally, presynaptic D2 

receptor activation can affect uptake by increasing dopamine transporter surface 

expression as well as increasing the rate of uptake for each dopamine transporter by 

hyperpolarization of the presynaptic membrane (Meiergerd et al., 1993; Sonders et al., 

1997; Dickinson et al., 1999; Bolan et al., 2007). Although SI has consistently produced 

increases in general dopamine activity, studies examining D2 levels have shown mixed 

results in the NAc core. For example, SI rearing has been reported to increase D2 

receptor numbers (King et al., 2009) and the proportion of D2 receptors in a high affinity 

state (Han et al., 2012), suggesting overall increases in striatal D2 activity.  In contrast, 

several other studies have shown decreases (Hall et al., 1998b) or no changes in striatal 

D2 levels after SI rearing (Jones et al., 1992; Del Arco et al., 2004; Djouma et al., 2006). 

To further complicate the interpretation, these previous studies do not distinguish 

between pre- and post-synaptic D2 receptor expression, nor are the assays utilized 

capable of measuring changes in dopamine terminal function.  To overcome these 

problems, in the current study, we examined presynaptic D2 receptor activity after SI 

rearing using voltammetry, which can be used to measure autoreceptor activity as 

agonist-induced (quinpirole) inhibition of evoked dopamine release (Joseph et al., 2002; 
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Mateo et al., 2005; Maina & Mathews, 2010). Our results suggest that there are no SI 

rearing induced differences in presynaptic D2 dopamine autoreceptor activity.  

 

Conclusions 

In the present study, we demonstrated that SI rearing results in long lasting 

increases in anxiety-like behavior, and that these behavioral alterations are accompanied 

by changes in NAc dopamine kinetics, including increased evoked dopamine overflow 

and increased reuptake rates. These functional increases may produce greater dopamine 

responses in SI reared rats, compared to GH animals, in the presence of a stimulus or 

challenge, such as during cue conditioned learning or stimulant drug administration.  

Because SI rearing is a model of schizophrenia (Scheller-Gilkey et al., 2004; Nugent et 

al., 2011), the increased dopamine responses observed SI rats may be related to the 

impaired latent inhibition and reduced prepulse inhibition observed in humans with 

schizophrenia. Our finding that increased dopamine function in isolates is associated with 

increased anxiety-like behavior suggests that individuals who have experienced early life 

stress, and suffer from anxiety disorders, may also have disrupted dopamine system 

function. These differences in dopamine terminal activity are enduring, lasting well into 

adulthood. Additionally, there appears to be a protective effect of juvenile GH rearing 

conditions, such that adult isolation in GH animals does not engender an SI-like 

behavioral and neurochemical phenotype, further supporting the concept that in humans, 

stressors may be more deleterious in early life.   
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Abstract  

Although social isolation (SI) rearing produces notable increases in ethanol consumption 

and other dopamine related behaviors, little is known about how ethanol interacts with 

dopamine activity after early life stress. We have recently discovered that ethanol 

disrupts local circuit activity in the nucleus accumbens to reduce dopamine release under 

phasic-like conditions ex vivo. Furthermore, in inbred mouse strains that are more 

susceptible to ethanol’s dopamine enhancing effects, we found decreases in ethanol 

inhibition of dopamine release, suggesting that ethanol inhibition contributes to overall 

ethanol-mediated dopamine responses. Lastly, we have recently demonstrated that 

ethanol increases dopamine levels, as measured by microdialysis, to a greater extent in SI 

compared to group housed (GH) reared rats. In the present study, we examine ethanol 

inhibition of dopamine release in SI and GH reared rats, to see if ethanol inhibition 

differences exist after early life stress. Our present findings show that ethanol inhibits 

rapid dopamine release to the same extent in SI and GH rats; however, SI rats have 

greater evoked dopamine release before and during ethanol application.  
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Introduction  

During the peri-adolescent developmental period, humans are particularly sensitive to 

environmental insults such as severe acute and chronic stressors. Early life stress 

increases the risk for developing depression, anxiety, and schizophrenia related disorders 

(for review see Nugent et al., 2011; Scheller-Gilkey et al., 2004). Additionally, people 

who have experienced severe early life stress are also at increased risk for abusing and 

becoming addicted to drugs such as ethanol and psychostimulants (Scheller-Gilkey et al., 

2004).  Post-weanling social isolation (SI) rearing in rats is used as a model of early life 

stress, and produces robust changes in anxiety-like and drug seeking behavior, including 

increases in ethanol self-administration (Chappell et al., 2013; Deehan et al., 2007; Hall 

et al., 1998a; Lodge and Lawrence, 2003; McCool and Chappell, 2009).  Furthermore, SI 

rearing also results in large increases in dopaminergic activity, including increased VTA 

dopamine burst firing (Fabricius et al., 2010), and enhanced NMDA receptor mediated 

excitatory glutamatergic transmission on ventral tegmental area (VTA) dopamine 

neurons (Whitaker et al., 2013). Additionally, dopamine terminal activity in the nucleus 

accumbens (NAc) is increased after SI rearing, including decreased expression of the 

inhibitory regulatory protein septin CDCrel-1 (Barr et al., 2004), as well as electrically 

evoked dopamine release (Yorgason et al., 2013a). Complementary to these previous 

electrophysiology, molecular and voltammetry studies, microdialysis studies have 

demonstrated consistently that SI rats have greater dopamine responses to 

psychostimulants and footshock stress (Fabricius et al., 2011; Fulford and Marsden, 

1998; Hall et al., 1998b; Jones et al., 1992). However, it is important to note that 

baseline, non-stimulated NAc dopamine levels are similar in SI and GH rats, possibly 
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because increased dopamine uptake rates balance the increased release (Fabricius et al., 

2011; Fulford and Marsden, 1998; Wilkinson et al., 1994; Yorgason et al., 2013a). We 

have recently extended microdialysis studies in SI and GH rats, demonstrating that 

ethanol also increases dopamine levels to a greater extent in SI reared rats (Karkhanis et 

al., Submitted).  

Ethanol’s enhancing effects on dopamine are associated with its behavioral 

reinforcing effects (for review see Morikawa and Morrisett, 2010; Soderpalm et al., 

2009). However, we recently discovered a novel inhibitory effect of ethanol on dopamine 

signaling, specifically, that ethanol inhibits dopamine terminal release under high 

frequency stimulation conditions (Yorgason et al., 2013b). These high frequency 

stimulation parameters are sometimes used to mimic phasic burst firing in VTA 

dopamine neurons (Rice et al., 2011; Zhang and Sulzer, 2012; Zhang et al., 2009). 

Ethanol inhibition of high frequency stimulated dopamine release may reflect an 

inhibitory effect of ethanol on naturally occurring phasic dopamine release, though this 

remains to be tested at doses similar to inhibitory concentrations (Yorgason et al., 2013b). 

These inhibitory effects on dopamine release may also reflect the initial attenuation 

observed in ethanol evoked dopamine levels (2.5 g/kg, I.P.), and eventual reductions in 

dopamine tone at higher ethanol doses (5 g/kg, I.P.), as measured by microdialysis 

(Imperato and Di Chiara, 1986).  Therefore, in the present study, we examined ethanol 

inhibition of high frequency, electrically stimulated dopamine signaling in SI and GH rats 

to understand if ethanol inhibition of phasic-like dopamine release is decreased by SI 

rearing.  
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Methods 

Animal Housing 

Male Long-Evans rats (Harlan Laboratories, Indianapolis, IN) were procured on post-

natal day (PD) 21 and housed for one week under standard conditions (4 rats/cage, 

food/water ad libitum, 12/12 hr light/dark).  On PD 28, rats were randomly assigned to 

two groups, SI (1 rat/cage; 20x27 cm cages; Allentown Inc, Allentown, NJ) and GH (4 

rats/cage; 33x60 cm cages; Ancare, Bellmore, NY ) for six weeks. Preceding the end of 

the initial housing period (PD 77), SI and GH rats were tested for anxiety-like behavior 

on the elevated plus maze (EPM; PD 74) as part of a separate set of studies. In vitro 

voltammetry experiments were performed between PD 93-116. Experimental protocols 

adhered to the National Institutes of Health guide for the care and use of laboratory 

animals and were approved by the Wake Forest University Institutional Animal Care and 

Use Committee.   

Rats were euthanized and their brains rapidly removed and prepared as previously 

described (Yorgason et al., 2013a).  Coronal slices (400 µM) of the striatum were 

maintained at 32° C in oxygen perfused (95% O2-5% CO2) artificial cerebrospinal fluid 

(aCSF) which consisted of (in mM): NaCl (126), NaHCO3 (25), D-glucose (11), KCl 

(2.5), CaCl2 (2.4), MgCl2 (1.2), NaH2PO4 (1.2), L-ascorbic acid (0.4), pH adjusted to 7.4.  

A capillary glass-based carbon-fiber electrode was positioned ~75 µm below the surface 

of the slice in the NAc core.  Dopamine release was evoked every 5 min by a 4 ms, one-

pulse stimulation (monophasic, 350 µA) or multiple-pulse stimulation (5 and 10 pulses @ 

5-60 Hz) from a bipolar stimulating electrode (Plastics One, Roanoke, VA) placed 100-

200 µm from the carbon-fiber electrode.   
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Fast Scan Cyclic Voltammetry 

Fast scan cyclic voltammetry recordings were performed and analyzed using in-house 

software (Demon Voltammetry and Analysis; Yorgason et al., 2011).  The electrode 

potential was linearly scanned as a triangular waveform from -0.4 to 1.2 V and back to -

0.4 V (Ag vs AgCl) using a scan rate of 400 V/s.  Cyclic voltammograms were recorded 

at the carbon fiber electrode every 100 ms by means of a potentiostat (Dagan 

Corporation, Minneapolis, MN).  Once the stimulated dopamine response was stable for 

three successive collections, baseline measurements were taken and compared to changes 

across increasing stimulation frequencies or ethanol concentrations. Evoked dopamine 

concentrations were assessed by comparing the current at the peak oxidation potential for 

dopamine with electrode calibrations of known concentrations of dopamine (1-3 µM).   

Statistical Analyses 

All dopamine release voltammetric assessments are reported as µM concentration, or 

percent of baseline recordings. Experiments comparing effects of ethanol concentration 

or stimulation frequency used a two-way mixed analysis of variance (ANOVA) with 

housing condition as the between subject factor, and ethanol concentration or stimulation 

frequency as the within subject comparison. Statistical analyses were performed using 

GraphPad Prism 5 (GraphPad Software, La Jolla CA).   

 

Results 

Dopamine release across increasing stimulation frequencies 

We have recently demonstrated that evoked NAc dopamine release is greater in SI than 

GH reared rats (Yorgason et al., 2013a), however, whether these increases are consistent 
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across stimulation frequencies that are similar to tonic and phasic firing induced 

dopamine release in SI and GH rats needs to be determined. Therefore, in the present 

study, we used various stimulation frequencies to model ‘tonic’ and phasic-like dopamine 

release in the NAc ex vivo (Figure 1). Two-way repeated measures ANOVA revealed a 

main effect of frequency on stimulated dopamine release (F(4,10)=4.546, p=0.004), as 

well as a main effect of housing conditions (F(1,10)=9.563, p=0.0114), with greater 

dopamine release across increasing frequencies in SI rats (Figure 1A). There was no 

significant interaction detected between frequency and housing variables 

(F(4,10)=0.3899; p=0.8146). When dopamine signals were normalized to single-pulse 

baseline conditions, in GH rats we observed greater increases in evoked dopamine release 

under multiple pulse conditions, relative to single pulse release (Figure 1B; Housing, 

F(1,9)=18.33, p=0.002; Frequency, F(4,9)=16.88, p<0.0001; Frequency X Housing, trend 

toward significance F(4,9)=2.479, p=0.0613), suggesting that although SI rats have 

greater overall evoked DA release, GH rats have greater tonic/phasic release ratios. 

Ethanol inhibition of phasic-like dopamine release in SI and GH rats 

 As mentioned earlier, we have recently discovered that ethanol inhibits dopamine 

release preferentially under high frequency conditions that are used to mimic dopamine 

release from phasic burst firing in VTA dopamine neurons (Yorgason et al., 2013b). 

Since SI rats have greater ethanol evoked dopamine elevations as measured by 

microdialysis, we examined ethanol-mediated inhibition of phasic-like dopamine release 

(20 Hz @ 10 pulses) in the NAc of SI and GH rats. Two-way repeated measures ANOVA 

revealed a main effect of ethanol-mediated reductions in dopamine release (Figure 2A;  
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Figure 1. SI rats have greater evoked dopamine release than GH rats. A) Mean 

(±SEM) NAc dopamine release across increasing stimulation conditions (@ 5 pulses) in 

SI and GH. B) Mean (±SEM) normalized (to 1p) NAc dopamine release across increasing 

stimulation conditions (@ 5 pulses) in SI and GH rats. *,p<0.05; **,p<0.01; ***,p<0.001. 

In cases where SEM is small enough to overlap with symbol, error bars were removed. 
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Figure 2. Ethanol reduces high frequency dopamine release in SI and GH rats. A) 

Mean (±SEM) NAc dopamine release under high frequency stimulation conditions (20Hz 

@ 10 pulses) across increasing concentrations of ethanol (40-160 mM) in SI and GH 

reared rats. B) Mean (±SEM) percent baseline dopamine release under 20 Hz 10 pulse 

stimulation conditions in SI and GH reared rats across increasing concentrations of 

ethanol (40-160 mM). *,p<0.05. In cases where SEM is small enough to overlap with 

symbol, error bars were removed. 
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ethanol, F(3,10)=49.53,p<0.0001) as well as a main effect of housing, with decreased 

dopamine release across all ethanol concentrations in GH rats F(1,10)=7.518, p=0.0208). 

Additionally, after normalizing release to baseline values across housing treatments, we 

observed a similar significant main effect of ethanol (Figure 2B; F(5,12)=54.95, 

p<0.0001), with no significant difference in housing conditions (F(1,12)=0.6525, 

p>0.05), suggesting that differences in ethanol sensitivity for evoked dopamine release in 

SI and GH rats are due mostly to differences in baseline dopamine activity.  

 

Discussion 

In the present study, we demonstrated that dopamine release is greater in SI compared to 

GH reared rats, across a range of low and high stimulation frequencies.  These increases 

in dopamine release are consistent with numerous reports showing greater overall 

dopamine activity in SI rats (for review see Lukkes et al., 2009). Furthermore, we 

demonstrated that, relative to single pulse dopamine release, high frequency stimulated 

dopamine release is greater in GH compared to SI rats. This suggests that dopamine 

release in SI rats under high frequency conditions is somehow being disrupted, resulting 

in attenuated release under phasic conditions, possibly due to increased autoreceptor 

activity during bursts, and subsequent reductions in dopamine release (Rice et al., 2011). 

However, changes in release ratios may also be due to a ceiling effect on stimulated 

release. Indeed, Ferris et al (In preparation) has shown that high to low frequency ratios 

are greatest when single pulse release is at its lowest.  Despite reduced phasic/tonic-like 

dopamine release ratios in SI rats, SI rats display greater conditioned learning responses, 
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suggesting that overall evoked dopamine release under phasic-like conditions may be 

more pertinent for reinforcement learning (for review see Lapiz et al., 2003).  

Our present results also demonstrated that dopamine release at high frequency 

stimulations is greater across all tested ethanol concentrations in SI rats. However, these 

differences in ethanol sensitivity are due primarily to the large differences in baseline 

evoked dopamine release under phasic-like conditions, as normalizing signals to pre-drug 

conditions resulted in similar ethanol concentration response curves across housing 

conditions. Ethanol has been shown to increase dopamine levels through several different 

mechanisms, including disinhibition of local VTA GABAergic transmission (Tateno and 

Robinson, 2011), increased glutamatergic excitatory post-synaptic activity on dopamine 

cell bodies (Deng et al., 2009) and enhanced Ih current activity (Okamoto et al., 2006). 

Together, these excitatory effects of ethanol on dopamine neurons result in increases in 

tonic, pacemaker-like firing rates (Morikawa and Morrisett, 2010). Since overall 

dopamine terminal release is increased after SI rearing, ethanol’s excitatory effects on 

dopamine release may result in greater phasic dopamine release amplitudes, which would 

translate into greater increases in dopamine levels (Robinson et al., 2009). 
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CHAPTER VI 
 

Discussion and Future Directions 

Ethanol Reinforcement and Dopamine 

Dopamine activity, initiating in the ventral tegmental area (VTA), and resulting in 

dopamine release in the nucleus accumbens (NAc), is thought to underlie many aspects of 

motivation and reward, including reinforcement learning for cues associated with natural 

and drug rewards (for review see Wanat et al., 2009). VTA dopamine neurons fire in 

distinct patterns, termed tonic and phasic. Tonic dopamine firing occurs at ~4 Hz and 

maintains dopamine tonic levels, whereas phasic burst firing occurs transiently at 14-20 

Hz for 2-4 (but up to 20) action potentials in a burst, and results in rapid fluctuations in 

dopamine release (Grace & Bunney, 1984a; b; Overton & Clark, 1997; Owesson-White 

et al., 2006). These phasic bursts occur spontaneously, or in response to salient or 

rewarding stimuli, or cues that predict rewards, and are thought to underlie the encoding 

of reinforcement learning, as dopamine bursts shift from unexpected rewards to cues that 

predict rewards (Schultz, 1986; Schultz et al., 1997; Phillips et al., 2003; Carelli & 

Wightman, 2004; Roitman et al., 2004; Day et al., 2007; Wanat et al., 2010).  

 Ethanol’s effects on tonic and phasic dopamine activity have been characterized 

fairly extensively. In vivo and ex vivo studies have demonstrated that ethanol enhances 

tonic and phasic VTA dopamine cell firing in a concentration dependent manner (Mereu 

et al., 1984; Brodie et al., 1990; Brodie & Appel, 2000; Foddai et al., 2004). These 

increases in firing translate into increases in spontaneous release in terminal fields of the 

NAc (Cheer et al., 2007; Robinson et al., 2009) which are accompanied by increases in 

NAc dopamine levels, as measured by microdialysis (Imperato & Di Chiara, 1986).  In 
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the latter study, which used microdialysis to measure changes in dopamine, ethanol was 

shown to have a biphasic effect on dopamine levels, with increased dopamine levels at 

lower doses (0.5-1.5 g/kg, I.P.), and attenuated evoked release at 2.0 g/kg, and finally 

suppression of dopamine levels at the 5 g/kg doses (Imperato & Di Chiara, 1986). This 

biphasic dopamine response to ethanol suggests that dopamine levels reflect a balance 

between ethanol’s excitatory and inhibitory effects on dopamine cell bodies and 

terminals. In vivo voltammetry studies have corroborated this hypothesis, showing that 

ethanol at microdialysis enhancing doses (1-2.5 g/kg) (Imperato & Di Chiara, 1986) is 

inhibitory on VTA evoked NAc dopamine release (Budygin et al., 2001a). Additional 

studies examining ethanol inhibition in slices found that dopamine release was only 

inhibited at extremely high concentrations under single pulse stimulation conditions 

(Budygin et al., 2001b). The authors of these previous studies suggested that ethanol’s 

inhibitory effects on evoked dopamine release may be localized to direct effects on 

dopamine neurons, since dopamine cell bodies are not present in NAc slice studies 

(Budygin et al., 2001b). While this may explain the differences between the in vivo and 

ex vivo results, another major difference between these in vivo and ex vivo studies are the 

stimulation parameters used, with multiple pulse stimulations in the in vivo studies, and 

single pulse stimulations in slice studies. Multiple pulse stimulations are often used to 

mimic tonic and phasic dopamine release through manipulations stimulation frequencies 

(Zhang et al., 2009). Additionally, using multiple pulse stimulations can confer increased 

sensitivity to additional circuit activity (for review see Rice et al., 2011; Zhang & Sulzer, 

2012). For instance, several recent slice voltammetry studies have shown that under 

multiple pulse stimulation conditions, gamma-amino butyric acid (GABA), glutamate, 
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and cannabinoid antagonists affect dopamine release, whereas these antagonists have no 

effect on single pulse release (Avshalumov et al., 2003; Avshalumov & Rice, 2003; Sidlo 

et al., 2008). Also, cholinergic antagonists inhibit dopamine release optimally under 

single pulse conditions, whereas high frequency dopamine release ‘overcomes’ this 

depression (Rice & Cragg, 2004; Zhang & Sulzer, 2004). In addition to the 

aforementioned increased heteroreceptor activity, multiple pulse stimulations also 

increase autoreceptor activity (Bello et al., 2011).  

Therefore, the purpose of some of the present studies was to investigate ethanol’s 

inhibitory effects on NAc dopamine release under multiple pulse stimulation conditions. 

The initial characterization experiments, found in CHAPTER II, first demonstrated that 

ethanol inhibition is increased during high frequency stimulations. Following these 

primary experiments, we examined ethanol inhibition in different models of ethanol 

abuse vulnerability in order to better understand how ethanol inhibition contributes to 

overall ethanol reinforcement. Specifically, in CHAPTER III, we compared ethanol’s 

inhibitory effects on dopamine in C57BL/6J (C57) and DBA/2J (DBA) mice, which have 

are known for their large differences in ethanol dopamine responses. In this study, we 

also demonstrated that ethanol dopamine inhibition occurs through decreased activity at 

nicotinic acetylcholine receptors (nAChRs). In CHAPTER VI-V we examined dopamine 

function in our other model of ethanol abuse vulnerability, comparing dopamine function 

between high risk social isolation (SI) reared and low risk group housed (GH) reared rats. 

Finally, in CHAPTER V, we examined ethanol’s inhibitory effects on ‘phasic’-like 

dopamine release in SI and GH reared rats. The rest of this discussion will focus on the 

following themes:  Ethanol inhibition of ‘phasic’-like dopamine release, ethanol inhibits 
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dopamine through nAChR activity, C57 vs DBA Mice and ethanol abuse vulnerability, 

social isolation rearing and ethanol abuse vulnerability, and conclusions. 

 

Ethanol Abuse Vulnerability and Dopamine Terminal Inhibition 

In the present studies, we examined ethanol’s inhibitory effects on dopamine release in 

well characterized animal models of ethanol abuse vulnerability in order to better 

understand how ethanol mediated dopamine inhibition contributes to ethanol 

susceptibility. In CHAPTER II, we described a novel inhibitory effect of ethanol, where 

ethanol inhibits dopamine release preferentially under high frequency stimulations. We 

hypothesized that this effect may be different in individuals who are more prone to 

experience ethanol’s rewarding/reinforcing effects.  In CHAPTER III, C57 and DBA 

mice were examined as genetic models of ethanol vulnerability. Previous studies 

examining ethanol CPP, and hyperlocomotor activity have identified DBA mice, 

compared to C57 mice, as the vulnerable strain for ethanol’s rewarding/reinforcing 

properties, and dopamine elevating properties (Gremel et al., 2006; Brodie & Appel, 

2000; Kapasova & Szumlinski, 2008). Our present studies have shown that electrically 

stimulated dopamine release is similar in C57 and DBA mice. However, when ethanol is 

applied, stimulated dopamine release is decreased differentially between these strains, 

with decreased dopamine inhibition in DBA mice. Taken together with studies that show 

increases in dopamine signaling are associated with increases in ethanol reinforcement 

(for review see Gonzales et al., 2004), these data suggest that ethanol’s inhibitory effects 

on dopamine release may act as a governor on overall dopamine excitability. 
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We also studied an environmental model of vulnerability, social isolation rearing 

in Long-Evans rats. Social isolation rearing results in increases in ethanol CPP, as well as 

dopamine responses to ethanol, as measured by microdialysis (Whitaker et al., 2013; 

Karkhanis et al., Submitted). In CHAPTER IV, we found that dopamine release and 

uptake rates are increased in isolates compared to group reared rats. Furthermore, in 

CHAPTER V, we demonstrated ethanol inhibits high frequency stimulated dopamine 

release in both isolation and group reared rats. Moreover, increases in dopamine release 

in isolates was greater across increasing concentrations of ethanol. However, after 

normalizing the dopamine signals, ethanol inhibition appeared similar across rearing 

conditions. Together with our mouse data, these results suggest that it is the amount of 

dopamine release in the presence of ethanol that is important for determining ethanol 

abuse vulnerability, and not just relative differences in ethanol sensitivity. It should be 

noted that ethanol has many excitatory effects on dopamine that were not investigated in 

the present studies. Many previous studies have shown that ethanol’s dopamine 

enhancing effects, including increases in dopamine cell firing, and subsequent 

postsynaptic activity, are important for its reinforcing/rewarding properties (for review 

see Gonzales et al., 2004). Since we have shown that ethanol has inhibitory effects on 

dopamine, it should be noted that we do not believe that ethanol’s inhibitory effects are 

responsible for dopamine’s reinforcing effects. Rather, we believe that the inhibitory 

effects of ethanol should be thought of in terms of a governor, so that ethanol inhibition 

merely contributes to dopamine signaling by attenuating excitatory effects on dopamine 

release. Furthermore, in individuals more prone to ethanol’s reinforcing effects, ethanol’s 



182 
 

inhibitory effects on rapid high frequency signaling may be reduced, resulting in greater 

overall dopamine signaling. 

 

Ethanol Inhibition of ‘Phasic’-like Dopamine Release 

In CHAPTER II, we demonstrated that ethanol inhibits dopamine release more potently 

under higher frequency stimulation conditions compared to single pulse stimulation 

conditions. This sensitivity was observed in stimulations with frequencies of 20 Hz or 

more, and with 5 or more pulses. Since high frequency stimulations result in greater 

amounts of dopamine release, we investigated whether the amount of dopamine release 

was responsible for the observed increase in ethanol sensitivity. By varying the 

stimulation intensity (50-350 µA), we were able to use high frequency multiple pulse 

parameters to evoke dopamine release similar to single pulse release. Under lower 

intensity stimulations (50-100 µA), ethanol inhibition potency was still increased over 

single pulse ethanol effects, however, ethanol inhibition was significantly reduced at 160 

mM for 50 µA compared to 350 µA stimulated release. Therefore, as another test of 

whether dopamine release magnitude contributes to increased ethanol sensitivity, we 

changed dopamine release concentrations by altering extracellular calcium 

concentrations. Under low calcium concentration (1.2 mM) dopamine release was 

reduced to ~33% compared to baseline calcium (2.4 mM). After normalizing to the new 

calcium baseline, ethanol reduced dopamine release an additional ~38%, which was 

similar to the reductions observed at the higher calcium concentrations (2.4-4.8 mM), 

further suggesting that the amount of dopamine release is not related to increased ethanol 

potency under high frequency stimulation conditions.  
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 As mentioned above, the high frequency stimulation patterns used in CHAPTER 

II are sometimes used to model dopamine release from phasic firing activity. Therefore, it 

is important to know whether ethanol inhibits dopamine release under natural occurring 

phasic activity where dopamine release is driven by neuronal firing. Two freely moving 

voltammetry studies have examined ethanol’s effects on naturally occurring phasic 

dopamine release (Cheer et al., 2007; Robinson et al., 2009). The Cheer study, which 

only examined ethanol’s effects up to 1 g/kg (I.P.), which produces ~20 mM ethanol 

brain concentrations, reported no differences in release amplitude (Cheer et al., 2007), 

and although the Robinson study did examine higher doses, it did not examine release 

amplitude as an independent variable (Robinson et al., 2009). Therefore, in CHAPTER 

II, we suggested that future ethanol studies in freely moving animals are warranted, given 

the current presented evidence for ethanol inhibition of high frequency dopamine release. 

These experiments could be two-fold, examining ethanol’s effects on dopamine release 

amplitude from spontaneous phasic burst transients (Robinson et al., 2009), and 

evaluating ethanol inhibition of cue evoked dopamine release on an operant task (Phillips 

et al., 2003; Roitman et al., 2004). While the former experiments would be informative 

for evaluating the effects of ethanol on spontaneous release contributing to dopamine 

tone (Owesson-White et al., 2006; Robinson et al., 2009), the latter experiments would 

be more informative for understanding the role of ethanol inhibition on dopamine related 

learning; for example, whether non-contingent ethanol results in inhibition of phasic 

release associated with food reward, and delays in phasic dopamine shifts to cue 

predicting rewards. Since noxious stimuli produce phasic release, even under 

anesthetized conditions (Budygin et al., 2012), a practical preliminary experiment for 
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establishing whether ethanol inhibition of non-electrically stimulated release would be to 

examine ethanol inhibition in an in vivo anesthetized preparation in response to a tail-

pinch.  

 

Ethanol Inhibits Dopamine through Reduced nAChR Activity 

In CHAPTER III, we demonstrated that both ethanol and mecamylamine, the 

nonselective nicotinic acetylcholine receptor (nAChR) antagonist, reduce high frequency 

(20 Hz @ 10 pulses) dopamine release. Additionally, mecamylamine prevented further 

reductions in dopamine release by 80 mM ethanol, and attenuated ethanol inhibition at 

160 mM. Since ethanol’s effects are blocked through substitution, this suggests that 

ethanol is either acting directly on nAChRs, reducing current flow through these 

receptors, or somehow reducing cholinergic activity on nAChRs, possibly by inhibiting 

cholinergic tonically active neuron (TAN) firing.  

VTA dopamine neurons express a number of nAChR subunits, including α3-7 and 

β2 subunits. Nicotinic α7 subunits combine to form homopentameric nAChRs, whereas 

α3-6 subunits are combined in various arrangements to form heteropentameric nAChRs, 

with 2 or 3 α subunits combined with 2 or 3 β subunits (Hendrickson et al., 2013). Many 

different studies have shown ethanol interactions with nAChRs, ranging from inhibitory 

to excitatory, depending upon the subunit composition. Homomeric α7 nAChR currents 

are inhibited by ethanol, possibly through receptor desensitization (25-50 mM; Cardoso 

et al., 1999; Dopico & Lovinger, 2009). However, it seems unlikely that ethanol would 

be mediating dopamine inhibition through α7 receptor interactions, as the selective α7 

nAChR antagonists, methyllycaconitine (MLA) and α-Bungarotoxin, have no effect on 
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voltammetric detected stimulated dopamine release in striatal brain slices (Zhou et al., 

2001; Exley et al., 2008), and α7 subunits are purportedly not transported to striatal 

dopamine terminals (Champtiaux et al., 2003; Quik et al., 2005), though α7 expression is 

present at dopamine cell bodies (Azam et al., 2002).  

In contrast to ethanol’s inhibitory effects on homomeric α7 receptor currents, 

heteromeric nAChR currents are typically enhanced by ethanol, though this varies 

depending upon the subunit composition (Cardoso et al., 1999). For instance, at 50-200 

mM, α2β4, α4β4, α2β2, and α4β2 heteromeric nAChRs are enhanced by ethanol, whereas 

α3β4 receptors are unaffected by ethanol at these concentrations, but inhibited at 

supraphysiologically high concentrations (1-3 M; Aistrup et al., 1999; Cardoso et al., 

1999; Zuo et al., 2002). Voltammetry studies in various nAChR subunit knockout mice 

have identified α4α6* containing nAChRs as the predominate receptor for regulating 

tonic to phasic dopamine release ratios in the NAc. Since ethanol has been shown to 

enhance conductance through α4 subunit containing nAChRs, for ethanol to be reducing 

nAChR activity, it would need to be somehow interacting with the α6 subunit to decrease 

nAChR activity. It seems unlikely that ethanol alone is causing α4α6* nAChR 

desensitization in our studies as the majority of heteromeric nAChRs are enhanced by 

ethanol (Cardosa et al., 1999; Borghese et al., 2002; Covernton and Connolly, 1997). 

Furthermore, Liu et al (2013) recently demonstrated that α6 containing receptors 

contribute to ethanol’s excitatory effects on tonic dopamine firing, as α6 antagonism 

blocks ethanol induced increases in VTA dopamine firing, suggesting that ethanol’s 

effects on α6 receptors are mainly excitatory. Also, genetically modified mice with 

supersensitive α6 containing nAChRs on VTA dopamine neurons, have increased ethanol 
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consumption and CPP (Powers et al., 2013). Nevertheless, it is noteworthy that high 

frequency stimulations have been shown to cause rapid desensitization of nAChRs 

(Papke et al., 2011). It may therefore be possible that ethanol is interacting with our 

electrical stimulations to enhance nAChR desensitization, and subsequently reducing 

high frequency stimulated dopamine release. Indeed, this explanation would work well to 

explain our tonic/phasic differences between ethanol as a low-pass filter and historical 

studies showing mecamylamine conferring a high-pass filter, as rapid desensitization 

would be occluded by the presence of an antagonist, and high-frequency stimulations are 

sufficient for this type of desensitization (Papke et al., 2011). Considering that nAChRs 

containing β2 subunits are more sensitive to rapid desensitization, future studies may 

benefit from examining differences in ethanol sensitivity to antagonizing effects of 

DhβE, which is has greater potency at β2 subunit containing receptors compared to β4 

subunit containing receptors (Quick and Lester, 2002).  

Another noteworthy scenario is that ethanol is reducing nAChR activity through 

reductions in acetylcholine release from local TANs. Indeed, ethanol has recently been 

shown to reduce TAN firing in the striatum (Blomeley et al., 2011). These reductions in 

TAN firing would mimic a reduction in TAN activity at nAChRs. Therefore, rather than 

ethanol directly inhibiting nAChRs on dopamine terminals, ethanol may be reducing 

cholinergic activity, resulting in reduced dopamine release in our ex vivo preparation. 

Importantly, reductions in TAN activity, or pharmacological blockade of TAN activity on 

postsynaptic nAChRs, results in attenuated dopamine release under single pulse 

conditions (Zhang and Sulzer, 2004; Rice and Cragg, 2004). However, a major finding in 

the present work is that ethanol (40-160 mM) reduces dopamine selectively during high 
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frequency stimulations, and only reduces dopamine from low frequency release at high 

ethanol concentrations (>160 mM). This apparent discrepancy suggests that reductions in 

TAN activity after ethanol (Blomeley et al., 2011) may not be sufficient for reducing 

dopamine release under single pulse conditions. Therefore, future studies examining 

ethanol’s cholinergic and dopamine interactions may want to examine changes in 

acetylcholine levels after ethanol. For instance, an experimenter could use acetylcholine 

sensitive electrodes in an ex vivo amperometric preparation to measure reductions in 

cholinergic release after 80-160 mM ethanol. The experimenter would next need to 

establish if these reductions are sufficient for modulation of high frequency dopamine 

release, but not single pulse release. This could be done by reducing endogenous 

cholinergic tone by applying nAChR antagonists across multiple concentrations while 

measuring stimulated release for multiple stimulation frequencies. The question in this 

scenario would be whether nAChR dependent modulation of stimulated release is 

biphasic, with decreased effects on single-pulse release at low concentrations of 

antagonist. . Interestingly, it was recently discovered that selective optogenetic 

cholinergic stimulation in the striatum results in dopamine release that is similar across 

low and high stimulation frequencies (Cachope et al., 2012; Threlfell et al., 2012). Taken 

together with the results from the Blomeley study (2011) showing ethanol inhibition of 

cholinergic firing, ethanol may result in attenuated cholinergic stimulation of dopamine 

release. Therefore, using optogenetics to selectively stimulate TAN elicited dopamine 

release may reveal decreases in dopamine after ethanol, even under low frequency 

stimulation conditions.  
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C57 vs DBA Mice and Ethanol Abuse Vulnerability 

Animal models are often used to study the neural correlates of susceptibility to drugs of 

abuse. C57 and DBA mice are two such genetic models that have very dissimilar 

behavioral and neurochemical responses to ethanol. While C57 mice consume greater 

amounts of ethanol than DBA mice, DBA mice show greater responsivity to the 

rewarding and reinforcing effects of ethanol, including greater ethanol conditioned place 

preference (CPP) and hyperlocomotion (Gremel et al., 2006). Consistent with 

involvement of dopamine in reward and reinforcement learning (Wanat et al., 2009), 

DBA mice also have greater ethanol induced excitation of dopamine firing (Brodie & 

Appel, 2000), and increases in NAc dopamine levels than C57 mice (Kapasova & 

Szumlinski, 2008). In CHAPTER III, we demonstrated that dopamine release in C57 and 

DBA mice is similar across low frequency and high frequency conditions. Additionally, 

ethanol inhibition of high frequency dopamine release is decreased in DBA compared to 

C57 mice (CHAPTER III). As mentioned earlier, dopamine release under these high 

frequency conditions may reflect dopamine release under phasic release conditions 

during reinforcement cue association learning (Cragg, 2006; Wanat et al., 2009; Zhang et 

al., 2009). Indeed, phasic-like stimulations of dopamine release are sufficient for 

producing CPP (Tsai et al., 2009). Also, since phasic dopamine responses are preferential 

for striatal D1-type receptor activity (Dreyer et al., 2010), it is important to note that 

ethanol CPP can be blocked during the conditioning phase by intra-NAc D1-type receptor 

antagonism (Young et al., 2013). Therefore, combined with our results, increased ethanol 

inhibition of phasic-like dopamine release in C57s may contribute to decreased ethanol 
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CPP in C57s compared to DBAs by decreasing activity on postsynaptic D1 receptors on 

medium spiny neurons (MSNs).  

In CHAPTER III we showed that mecamylamine blocks ethanol inhibition in C57 

mice at 80-160 mM. Additionally, pauses in striatal TAN activity have been postulated to 

result in increases in dopamine signaling involved in conditioned learning (Cragg, 2006). 

Therefore, experimentally induced reductions in NAc TAN activity may result in 

increased ethanol CPP in C57 mice. Future experiments could test this hypothesis by 

selectively transfecting NAc TAN neurons with the light sensitive inhibitory channel halo 

rhodopsin, and inhibit TAN activity during ethanol CPP conditioning trials in C57 mice. 

In these studies, we would expect increases in ethanol CPP in C57 mice. As an important 

side note, it has recently been shown that optogenetic selective TAN inhibition does not 

produce CPP or conditioned place aversion (CPA) (Witten et al., 2010). These ethanol 

CPP experiments may help us better understand the role of NAc TAN activity in 

modulating ethanol dopamine related behaviors, such as reinforcement learning. Another 

possible experiment would be to test whether pharmacological nAChR blockade would 

enhance ethanol CPP in C57 mice. However, special consideration would need to be 

taken for route of administration, as systemic mecamylamine has been shown to block 

CPP to food (Disse et al., 2011), nicotine (Sershen et al., 2010), and cocaine (Sershen et 

al., 2010), and also results in decreases in ethanol-induced dopamine increases, and 

ethanol self-administration (Blomqvist et al., 1993; Blomqvist et al., 1997; Ericson et al., 

1998). Consistent with the idea that ethanol’s excitatory effects on dopamine occur in 

part through increased VTA nAChR activity (Liu et al., 2013), ethanol reinforcement and 

associated dopamine elevations are blocked by intra-VTA mecamylamine 
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microinjections (Ericson et al., 1998). Therefore, studies examining if nAChR blockade 

increases ethanol CPP should consider performing microinjections specifically in the 

NAc in order to reduce possible confounds from nAChR VTA interactions. Furthermore, 

since mecamylamine is nonselective for nAChRs, careful attention should also be made 

about antagonist selectivity. For example, a more selective antagonist for α4 containing 

heteromeric receptors, such as dihydro-β-erythroidine (DHβE), which we would also 

expect to block ethanol dopamine inhibition, may be more appropriate for this type of 

study.  

 

Social Isolation Rearing and Ethanol Abuse Vulnerability  

Environmental variables, such as early life stress, can also influence ethanol 

consumption. For instance, humans with severe early life stress are at increased risk for 

ethanol abuse and addiction (Anda et al., 2002; Scheller-Gilkey et al., 2004; Strine et al., 

2012; Young-Wolff et al., 2012). Social isolation (SI) rearing is a model of early life 

stress that also results in increased ethanol consumption compared to group housed (GH) 

reared rats (Hall et al., 1998a; Lodge & Lawrence, 2003; Deehan et al., 2007; McCool & 

Chappell, 2009; Chappell et al., 2013). Several aspects of dopamine activity are also 

increased by SI rearing, including increased dopamine burst firing in the VTA (Fabricius 

et al., 2010), decreased expression of septin and heat shock protein 60 release regulatory 

proteins (Barr et al., 2004; Roncada et al., 2009), increased α-synuclein and 14-3-3 ζ/δ 

vesicular trafficking protein expression (Barr et al., 2004; Roncada et al., 2009), and 

increased dopamine turnover in the NAc (Heidbreder et al., 2000). Although these 

several studies suggest that extracellular dopamine would be greater in SI rats, for the 
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most part, studies have shown that dopamine levels, as measured by microdialysis, are 

either unchanged (Fabricius et al., 2011), or only slightly increased in SI compared to GH 

reared rats (Han et al., 2011). However, this lack of difference in extracellular levels may 

be explained by increases in dopamine transporter (DAT) activity, which could 

counteract increased dopamine release activity so that dopamine levels appear similar 

under baseline conditions. Accordingly, in CHAPTER IV we showed that NAc 

stimulated dopamine release is greater in SI rats than GH rats, and that dopamine 

clearance is greater in SI rats (Yorgason et al., 2013). These increases in release and 

uptake are dependent upon age of housing treatment, as GH rats that were isolated in 

adulthood failed to demonstrate similar increases in dopamine release and clearance rates 

several months after isolation. In these baseline activity studies, we also examined D2 

autoreceptor sensitivity by bath applying the D2-type receptor agonist quinpirole. These 

experiments demonstrated that dopamine release was reduced by D2 activation, in a 

concentration dependent manner, in both SI and GH rats. In these studies, quinpirole 

concentration response curves were different between housing conditions, with decreased 

evoked dopamine release in GH rats across all tested quinpirole concentrations. However, 

this difference was removed after accounting for differences in baseline dopamine 

release. The results from these studies show that after SI rearing increases dopamine 

function that endure throughout adulthood. Another important detail to know is whether 

the effects of SI rearing on dopamine function can be reversed through rearing 

environmental enrichment in SI reared animals or if dopamine changes persist through 

enrichment, for example, whether SI induced dopamine increases endure through 

resocialization. If these proposed studies demonstrated enduring dopamine increases 
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through resocialization, this would indicate a critical period for dopamine impairment 

after SI rearing.  

 SI rearing has also been shown to increase dopamine responsivity to external 

pharmacological and environmental stimuli. For instance, drugs of abuse, such as cocaine 

and amphetamine, as well as environmental stimuli result in greater elevations in 

dopamine levels in SI rats (Jones et al., 1992; Fulford & Marsden, 1998; Hall et al., 

1998b; Fabricius et al., 2011). Since SI rats demonstrate greater ethanol reinforcement 

related behavior (Whitaker et al., 2013), we hypothesized that ethanol would have similar 

enhancing effects on NAc dopamine levels in SI rats. Accordingly, recent microdialysis 

studies in our lab have demonstrated that acute ethanol injections (2 g/kg, I.P.) increase 

NAc dopamine levels to a greater extent in SI rats (Karkhanis et al., Submitted). Greater 

ethanol induced elevations in NAc dopamine may be either due to greater ethanol 

excitation of dopamine release, decreased ethanol inhibition at dopamine terminals, or a 

combination of these two variables. Therefore, in CHAPTER V we examined ethanol 

inhibition of phasic-like NAc dopamine release in SI and GH rats. In these ethanol 

voltammetry studies, phasic-like evoked dopamine release was greater in SI rats across 

all examined ethanol concentrations (40-160 mM). However, after accounting for 

differences in baseline release, ethanol inhibition was similar across housing conditions, 

suggesting that greater amounts of action potential dependent dopamine release may be 

responsible for greater ethanol-mediated dopamine elevations in SI rats. Since these 

studies suggest that SI rats have greater ethanol dopamine excitation, future 

electrophysiology studies examining ethanol’s direct effects on dopamine cell firing are 

justified to establish if ethanol excitation at cell bodies is also increased in SI rats, or if 
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differences in ethanol dopamine responses are due just to greater dopamine terminal 

release. Since ethanol is known to increase tonic and phasic dopamine firing activity 

(Mereu et al., 1984; Brodie et al., 1990; Brodie & Appel, 2000; Foddai et al., 2004), it 

would be valuable to know whether both types of firing are enhanced by ethanol 

differentially across housing conditions. Furthermore, freely moving ethanol self-

administration studies in SI and GH rats may be helpful for determining how ethanol’s 

excitatory effects on dopamine influence task specific learning. Many studies of this 

nature have been used for studying reinforcement learning for other reinforcing drugs, as 

well as natural rewards (Phillips et al., 2003; Day et al., 2007; Wanat et al., 2010). 

However, to date, no freely moving cue-related voltammetry ethanol studies have been 

published, possibly due in part to the inherent difficulties associated with both freely-

behaving voltammetry experiments, as well as operant ethanol self-administration in 

rodents (Gonzales et al., 2004). 

 

Summary and Conclusions 

In conclusion, the current studies used voltammetry to study ethanol inhibition of 

dopamine signaling in genetic and environmental ethanol vulnerability models. Our 

initial studies demonstrated that ethanol inhibition of phasic-like high frequency 

dopamine release is greater than tonic-like low frequency dopamine release. These 

studies are the first voltammetry studies to show any ethanol effect on NAc dopamine 

transmission in a slice preparation under physiologically relevant ethanol concentrations, 

and thus were used to evaluate frequency and pulse dependent effects of ethanol on NAc 

release. We also demonstrated that ethanol’s primary inhibitory effects are through 
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decreases in nAChR activity on dopamine terminals, though whether this was due to 

direct effects of ethanol on nAChRs, or through decreased cholinergic activity remains to 

be determined. Our genetic models of ethanol vulnerability, C57 and DBA mice, showed 

that in mice with similar baseline dopamine activity (Brodie & Appel, 2000; Kapasova & 

Szumlinski, 2008), ethanol interacts with high frequency dopamine release preferentially, 

so that DBA mice, which are known for having greater overall dopamine responses, have 

decreased sensitivity for ethanol-mediated dopamine inhibition. Lastly, in our 

environmental model of ethanol vulnerability, SI rearing, baseline dopamine release was 

increased under low and high frequency stimulation conditions, and dopamine responses 

were greater across all examined ethanol concentrations. However, after accounting for 

differences in baseline release, ethanol inhibition was similar across rearing conditions. 

These data suggest that for SI rearing, differences in baseline dopamine activity may 

impart increased ethanol abuse susceptibility. Since ethanol is known to increase 

dopamine firing rates (Mereu et al., 1984; Brodie & Appel, 2000; Foddai et al., 2004) as 

well as dopamine burst associated release (Cheer et al., 2007; Robinson et al., 2009), 

ethanol should confer greater dopamine responses as measured by freely moving 

voltammetry in SI rats. Our data which shows increased dopamine uptake rates in SI 

compared to GH rats helps explain why baseline differences in NAc dopamine levels are 

so small, if different at all, an apparent inconsistency that has been noted by other 

researchers (Fabricius et al., 2011). Combined, the present studies suggest that ethanol 

inhibition of dopamine release contributes to phasic dopamine activity. Future studies 

examining ethanol inhibition under more natural conditions, perhaps during behavioral 

paradigms, will help us better understand how ethanol dopamine inhibition contributes to 
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reinforcement learning. Lastly, animal models of ethanol vulnerability suggest that 

multiple factors may contribute to ethanol reinforcement susceptibility, first, ethanol 

inhibition may be decreased in animals more susceptible to the dopamine enhancing 

effects of ethanol, and second, that baseline dopamine release may contribute to greater 

ethanol reinforcement through greater overall dopamine release, even in the presence of 

ethanol’s inhibitory effects on dopamine release. 
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Wake	  Forest	  School	  of	  
Medicine	  

2013	   Ph.D.	   Neuroscience	  

Brigham	  Young	  University	   2008	   B.S.	   Neuroscience	  
Utah	  Valley	  University	   2004	   A.S.	   General	  
	  
	  
RESEARCH	  EXPERIENCE	  
	  
Graduate	  
	  
2009-‐Present	  	   Research	  Assistant	  /	  Doctoral	  Candidate	  

Department	  of	  Physiology	  and	  Pharmacology	  /	  Neuroscience	  
Program	  
Wake	  Forest	  School	  of	  Medicine	  
Laboratory	  of	  Sara	  R.	  Jones,	  Ph.D.	  

	  
2008	   	   	   Research	  Assistant	  /	  Rotating	  Graduate	  Student	  
	   	   	   Department	  of	  Physiology	  and	  Pharmacology	  /	  Neuroscience	  
Program	  

Wake	  Forest	  School	  of	  Medicine	  
Laboratory	  of	  Jeffrey	  L.	  Weiner,	  Ph.D.	  

	  
Post-undergraduate	  
	  
2007-‐2008	   	   Research	  Assistant	  
	   	   	   Department	  of	  Psychology	  	  

Brigham	  Young	  University	  
Laboratory	  of	  Scott	  C.	  Steffensen,	  Ph.D.	  
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Undergraduate	  
	  
2004-‐2007	   	   Research	  Assistant	  
	   	   	   Department	  of	  Psychology	  	  

Brigham	  Young	  University	  
Laboratory	  of	  Scott	  C.	  Steffensen,	  Ph.D.	  
	  
	  

HONORS	  AND	  AWARDS	  
	  
2013	   Recipient	  of	  the	  predoctoral	  Enoch	  Gordis	  research	  recognition	  

award,	  Research	  Society	  on	  Alcoholism	  
2011-‐present	   NIAAA	  1F31AA020439	  individual	  training	  grant:	  2011-‐

present,	  Wake	  Forest	  School	  of	  Medicine;	  Trainee	   	   	  
2012	   Tenth	  International	  Catecholamine	  Symposium	  Travel	  Award	  

recipient	  
2012	   Western	  North	  Carolina	  Society	  for	  Neuroscience,	  Mary	  A.	  Bell	  

Award	  recipient	  	  
2009-‐11	   NIAAA	  2T32AA007565	  training	  grant:	  2009-‐11,	  Wake	  Forest	  

School	  of	  Medicine,	  Brian	  A.	  McCool;	  Trainee	  
2006	   Office	  of	  Research	  and	  Creative	  Activities	  mentored	  training	  

grant,	  Brigham	  Young	  University,	  Scott	  C.	  Steffensen;	  Trainee	  
	  
	  	  
PUBLICATIONS	  
	  
Research	  Papers	  
	  
Yorgason,	  JT,	  Ferris,	  MJ,	  Steffensen,	  SC,	  Jones,	  SR	  (Accepted,	  2013).	  Ethanol	  Inhibits	  
Phasic,	  but	  not	  Tonic,	  Evoked	  Dopamine	  Release	  in	  Nucleus	  Accumbens	  Brain	  Slices.	  	  
Alcoholism:	  Clinical	  and	  Experimental	  Research.	  
	  
Shin,	  SI,	  Andersen,	  DJ,	  Hansen,	  DM,	  Yorgason,	  JT,	  Schilaty,	  ND,	  Busath,	  DD,	  
Steffensen,	  SC	  (Accepted,	  2013).	  Connexin-‐36	  Knock-‐Out	  Mice	  have	  Increased	  
Threshold	  for	  Kindled	  Seizures:	  Role	  of	  GABA	  Inhibition.	  	  Biochemical	  
Pharmacology.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Konstantopoulos,	  JK,	  Weiner,	  JL,	  Jones,	  SR	  (2013).	  
Enduring	  increases	  in	  anxiety-‐like	  behavior	  and	  rapid	  nucleus	  accumbens	  dopamine	  
signaling	  in	  socially	  isolated	  rats.	  	  European	  Journal	  of	  Neuroscience,	  37(6):	  1022-‐
1031.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2011).	  Demon	  Voltammetry	  and	  Analysis	  
Software:	  Analysis	  of	  Cocaine-‐Dopamine	  Transporter	  Interactions	  Using	  Several	  
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Kinetic	  Measurements.	  Journal	  of	  Neuroscience	  Methods:	  In	  Vivo	  Methods	  Conference	  
special	  edition,	  202(2):	  158-‐164.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2011).	  Low	  and	  high	  affinity	  dopamine	  
transporter	  inhibitors	  block	  dopamine	  uptake	  within	  5	  sec	  of	  intravenous	  injection.	  
Neuroscience,	  182:	  125-‐132.	  
	  
Silberman,	  Y,	  Ariwodola,	  OJ,	  Chappell,	  AM,	  Yorgason,	  JT,	  Weiner,	  JL	  (2010).	  Lateral	  
Paracapsular	  GABAergic	  Synapses	  in	  the	  Basolateral	  Amygdala	  Contribute	  to	  the	  
Anxiolytic	  Effects	  of	  β3	  Adrenoceptor	  Activation.	  Neuropsychopharmacology,	  35(9):	  
1886-‐1896	  
	  
Ludlow,	  K,	  Bradley,	  K,	  Taylor,	  SR,	  Yorgason,	  JT,	  Hansen,	  DM,	  Walton,	  C,	  Allison,	  DW,	  
Sudweeks,	  SN,	  and	  Steffensen,	  SC	  (2009).	  Acute	  and	  chronic	  ethanol	  modulate	  
dopamine	  D2-‐subtype	  receptor	  responses	  in	  ventral	  tegmental	  area	  GABA	  neurons.	  	  
Alcoholism:	  Clinical	  and	  Experimental	  Research,	  33(5):	  804-‐811.	  	  
	  
Steffensen,	  SC,	  Walton,	  CH,	  Hansen,	  DM,	  Yorgason,	  JT,	  Gallegos,	  RA,	  Criado,	  JR	  
(2009).	  Contingent	  and	  non-‐contingent	  effects	  of	  low-‐dose	  ethanol	  on	  GABA	  neuron	  
activity	  in	  the	  ventral	  tegmental	  area.	  Pharmacology	  Biochemistry	  and	  Behavior,	  
92(1):	  68-‐75.	  
	  
Reviews	  
	  
Ferris,	  MJ,	  Calipari,	  EC,	  Yorgason,	  JT,	  Jones,	  SR	  (Accepted,	  2013).	  Examining	  the	  
complex	  regulation	  and	  drug-‐induced	  plasticity	  of	  dopamine	  release	  and	  uptake	  
using	  voltammetry	  in	  brain	  slices.	  	  ACS	  Chemical	  Neuroscience,	  4(5):683-‐703	  
	  
Conference	  Proceedings	  
	  
Yorgason,	  JT,	  Weiner,	  JL,	  Jones,	  SR	  (2013). Early	  Life	  Stress	  Increases	  Nucleus	  
Accumbens	  Dopamine	  Signaling.	  Proceedings	  of	  the	  Tenth	  International	  
Catecholamine	  Symposium	  Asilomar	  Sept	  9-‐13,	  2012:	  A	  New	  Era	  of	  Catecholamines	  
in	  the	  Laboratory	  and	  the	  Clinic	  (In	  Press).	  	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2010).	  Demon	  Voltammetry	  and	  Analysis	  
Software:	  Analysis	  of	  Cocaine-‐Dopamine	  Transporter	  Interactions	  Using	  Several	  
Kinetic	  Measurements.	  Monitoring	  Molecules	  in	  Neuroscience:	  Proceedings	  of	  the	  
13th	  international	  Conference	  on	  In	  Vivo	  Methods,	  325-‐327.	  
	  
España,	  RA,	  Yorgason,	  JT,	  Jones,	  SR	  (2010).	  Single	  and	  Repeated	  Intravenous	  
Cocaine	  Injections	  Produce	  Only	  Modest	  Dopamine	  Uptake	  Inhibition	  When	  
Measured	  in	  Real	  Time.	  Monitoring	  Molecules	  in	  Neuroscience:	  Proceedings	  of	  the	  
13th	  international	  Conference	  on	  In	  Vivo	  Methods,	  424-‐426.	  
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Abstracts/Poster	  Presentations	  (from	  24	  published	  abstracts)	  
	  
Yorgason,	  JT,	  Steffensen,	  SC,	  Jones,	  SR	  (2013).	  Moderate	  ethanol	  concentrations	  
attenuate	  phasic,	  but	  not	  tonic,	  dopamine	  release	  in	  nucleus	  accumbens	  of	  C57BL/6J	  
mice.	  Research	  Society	  on	  Alcoholism,	  Orlando,	  FL.	  	  
	  
Yorgason,	  JT,	  Schilaty,	  N,	  Hansen,	  DM,	  Jones,	  SR,	  Steffensen,	  SC	  (2013).	  Ethanol	  
inhibits	  dopamine	  release	  at	  terminals	  in	  the	  nucleus	  accumbens	  via	  GABA(B)	  
receptors.	  Research	  Society	  on	  Alcoholism,	  Orlando,	  FL.	  	  
	  
Calipari,	  EC,	  Yorgason,	  JT,	  McCool,	  BA,	  Weiner,	  JL,	  Jones,	  SR	  (2013).	  Increases	  in	  
rapid	  nucleus	  accumbens	  dopamine	  signaling	  and	  methylphenidate,	  but	  not	  cocaine,	  
potency	  in	  socially	  isolated	  rats.	  Kappa	  Therapeutics,	  Boston,	  MA.	  
	  
Yorgason,	  JT,	  McCool,	  BA,	  Weiner,	  JL,	  Jones,	  SR	  (2012).	  Early	  life	  stress	  increases	  
nucleus	  accumbens	  dopamine	  signaling.	  Tenth	  International	  Catecholamine	  
Symposium,	  Pacific	  Grove,	  CA.	  
	  
Schilaty,	  ND,	  Hansen,	  DM,	  Yorgason,	  JT,	  Hedges,	  DM,	  Wallner,	  M,	  Jones,	  SR,	  
Steffensen,	  SC	  (2012).	  Pharmacology	  of	  ethanol-‐induced	  inhibition	  of	  dopamine	  
release	  in	  the	  nucleus	  accumbens.	  Tenth	  International	  Catecholamine	  Symposium,	  
Pacific	  Grove,	  CA.	  
	  
Chappell,	  AM,	  Carter,	  E,	  Yorgason,	  JT,	  Jones,	  SR,	  McCool,	  BA,	  Weiner,	  JL	  (2012).	  
Juvenile	  social	  isolation	  in	  rats	  increases	  behavioral	  and	  neurobiological	  risk	  factors	  
of	  alcoholism.	  International	  Society	  for	  Biomedical	  Research	  on	  Alcoholism,	  
Soppora,	  Japan.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2011).	  Effects	  of	  social	  isolation	  rearing	  on	  
nucleus	  accumbens	  dopamine	  dynamics	  and	  ethanol	  interactions.	  Society	  for	  
Neuroscience,	  Washington,	  DC.	  
	  
Hansen,	  DM,	  Yorgason,	  JT,	  Wilcox,	  JD,	  Konstantopoulos,	  JK,	  Jones,	  SR,	  Steffensen,	  SC	  
(2011).	  Effects	  of	  d2	  type	  autoreceptor	  antagonists	  on	  ethanol-‐induced	  inhibition	  of	  
dopamine	  release	  in	  the	  nucleus	  accumbens.	  Society	  for	  Neuroscience,	  Washington,	  
DC.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2011).	  Social	  isolation	  rearing	  changes	  
dopamine	  kinetics.	  Research	  Society	  on	  Alcoholism,	  Atlanta,	  GA.	  ACER	  35.s1.220.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2010).	  Demon	  Voltammetry	  and	  Analysis	  
Software:	  Analysis	  of	  Cocaine-‐Dopamine	  Transporter	  Interactions	  Using	  Several	  
Kinetic	  Measurements.	  Monitoring	  Molecules	  in	  Neuroscience:	  Proceedings	  of	  the	  
13th	  international	  Conference	  on	  In	  Vivo	  Methods,	  Brussels,	  Belgium.	  
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España,	  RA,	  Yorgason,	  JT,	  Jones,	  SR	  (2010).	  Single	  and	  Repeated	  Intravenous	  
Cocaine	  Injections	  Produce	  Only	  Modest	  Dopamine	  Uptake	  Inhibition	  When	  
Measured	  in	  Real	  Time.	  Monitoring	  Molecules	  in	  Neuroscience:	  Proceedings	  of	  the	  
13th	  international	  Conference	  on	  In	  Vivo	  Methods,	  Brussels,	  Belgium.	  
	  
Steffensen,	  SC,	  Bradley,	  KD,	  Hansen,	  DM,	  Wilcox,	  JD,	  Yorgason,	  JT,	  Merrill,	  CB,	  
Edwards,	  JG	  (2010).	  Role	  of	  connexin-‐36	  gap	  junctions	  in	  alcohol	  intoxication	  and	  
reward.	  Research	  Society	  on	  Alcoholism,	  San	  Antonio,	  TX.	  ACER,	  34.s2.117.	  
	  
Hansen,	  DM,	  Wilcox,	  JD,	  Yorgason,	  JT,	  Steffensen,	  SC	  (2010).	  Ethanol-‐induced	  
modulation	  of	  dopamine	  release	  in	  the	  mesolimbic	  dopamine	  system	  is	  blocked	  by	  
d2	  receptor	  antagonists.	  Research	  Society	  on	  Alcoholism,	  San	  Antonio,	  TX.	  ACER,	  
34.s2.722.	  
	  
Yorgason,	  JT,	  España,	  RA,	  Jones,	  SR	  (2009).	  Speed	  of	  dopamine	  uptake	  inhibition	  of	  
cocaine,	  methylphenidate	  and	  high-‐affinity	  WF-‐23.	  	  Society	  for	  Neuroscience,	  
Chicago,	  IL.	  
	  
Steffensen,	  SC,	  Bradley,	  KD,	  Allison,	  DW,	  Hansen,	  DM,	  Wilcox,	  JD,	  Foote,	  M,	  Hoyt,	  B,	  
Yorgason,	  JT	  (2009).	  The	  role	  of	  connexin-‐36	  gap	  junctions	  in	  alcohol	  intoxication	  
and	  reward.	  	  Society	  for	  Neuroscience,	  Chicago,	  IL.	  
	  
Allison,	  DW,	  Hansen,	  DM,	  Wilcox,	  JD,	  Yorgason,	  JT,	  Steffensen,	  SC	  (2009).	  Effects	  of	  
dopamine	  receptor	  antagonists	  on	  ethanol-‐induced	  modulation	  of	  dopamine	  release	  
in	  the	  nucleus	  accumbens.	  Research	  Society	  on	  Alcoholism,	  San	  Diego,	  CA.	  ACER	  
33.s1.037.	  	  
	  
Silberman,	  Y,	  Ariwodola,	  OJ,	  Yorgason,	  JT,	  Chappell,	  AM,	  Weiner,	  JL	  (2009).	  
Basolateral	  amygdala	  paracapsular	  cells	  may	  contribute	  to	  the	  anti-‐anxiety	  effects	  of	  
β3-‐adrenoceptor	  agonists:	  implications	  for	  ethanol	  actions.	  Research	  Society	  on	  
Alcoholism,	  San	  Diego,	  CA.	  ACER	  33.s1.291.	  	  
	  
Silberman,	  Y,	  Ariwodola,	  OJ,	  Yorgason,	  JT,	  Weiner,	  JL	  (2009).	  β1-‐adrenoceptors	  are	  
required	  for	  ethanol	  potentiation	  of	  lateral	  paracapsular	  gabaergic	  synapses	  in	  the	  
rat	  basolateral	  amygdala:	  implications	  for	  ethanol	  actions.	  Research	  Society	  on	  
Alcoholism,	  San	  Diego,	  CA.	  ACER,	  33.s1.558.	  	  
	  
Park,	  JJ,	  Yorgason,	  JT,	  Hansen,	  DM,	  Wilcox,	  JD,	  Walton,	  CH,	  Steffensen,	  SC	  (2009).	  
Electroacupuncture	  blocks	  ethanol	  inhibition	  of	  VTA	  GABA	  neuron	  firing	  rate:	  role	  
of	  endogenous	  opioids.	  Research	  Society	  on	  Alcoholism,	  San	  Diego,	  CA.	  ACER,	  
33.s1.793.	  	  
	  
Steffensen,	  SC,	  Allison,	  DW,	  Yorgason,	  JT,	  Hansen,	  DM	  (2008).	  The	  retina	  as	  a	  
window	  on	  alcohol	  effects	  on	  mesolimbic	  dopamine	  neurotransmission.	  Research	  
Society	  on	  Alcoholism,	  Washington,	  DC.	  ACER,	  32.s1.076.	  	  
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CH,	  Thomas,	  SJ,	  Taylor,	  SR,	  Askew,	  CE,	  Allison,	  DW	  (2008).	  Physiological	  and	  
molecular	  adaptation	  of	  ventral	  tegmental	  area	  GABA	  neurons	  to	  chronic	  alcohol.	  
Research	  Society	  on	  Alcoholism,	  Washington,	  DC.	  ACER,	  32.s1.064.	  	  
	  
Yorgason,	  JT,	  Walton,	  CH,	  Hansen,	  DM,	  Gallegos,	  RA,	  Criado,	  JR,	  Steffensen,	  SC	  
(2008).	  Contingent	  and	  non-‐contingent	  effects	  of	  low-‐dose	  ethanol	  on	  GABA	  neuron	  
activity	  in	  the	  ventral	  tegmental	  area.	  Western	  North	  Carolina	  Society	  for	  
Neuroscience,	  Winston	  Salem,	  NC.	  
	  
Yorgason,	  JT,	  Walton,	  CH,	  Hansen,	  DM,	  Gallegos,	  RA,	  Criado,	  JR,	  Steffensen,	  SC	  
(2008).	  Contingent	  and	  non-‐contingent	  effects	  of	  low-‐dose	  ethanol	  on	  GABA	  neuron	  
activity	  in	  the	  ventral	  tegmental	  area.	  Society	  for	  Neuroscience,	  Washington,	  DC.	  
	  
Burnett,	  J,	  Yorgason,	  J,	  Layton,	  S,	  Evans,	  J,	  Hedges,	  D,	  Franz,	  K,	  Steffensen,	  SC,	  
Fleming,	  DE	  (2006).	  Effects	  of	  exposure	  to	  perinatal	  ultrasound	  radiation	  on	  
information	  processing	  in	  the	  auditory	  system.	  	  Society	  for	  Neuroscience,	  Atlanta,	  
GA.	  
	  
	  
EDUCATIONAL	  ACTIVITIES	  
	  
Teaching	  Experience	  
	  
2005-‐2007	   	   Teaching	  Assistant	  for	  Advanced	  Neuroscience,	  NEUR	  480	  
	   	   	   Department	  of	  Physiology	  &	  Developmental	  Biology	  

Brigham	  Young	  University	  
Instructor:	  Michael	  D.	  Brown,	  Ph.D.	  
Responsibilities	  included	  giving	  weekly	  presentations	  on	  
recent	  neuroscience	  publications	  and	  exam	  reviews,	  and	  
grading	  daily	  quizzes.	  

	  
TALKS	  
	  
Invited	  
	  
Yorgason,	  JT,	  Ferris,	  MJ,	  Steffensen,	  SC,	  Jones,	  SR	  (2013,	  Jun).	  Moderate	  ethanol	  
concentrations	  attenuate	  phasic,	  but	  not	  tonic,	  dopamine	  release	  in	  the	  nucleus	  
accumbens	  of	  C57	  but	  not	  DBA	  mice.	  Research	  Society	  on	  Alcoholism,	  Orlando,	  FL.	  
	  
Yorgason,	  JT,	  McCool,	  BA,	  Weiner,	  JL,	  Jones,	  SR	  (2012,	  Sept).	  Early	  life	  stress	  
increases	  nucleus	  accumbens	  dopamine	  signaling.	  Tenth	  International	  
Catecholamine	  Symposium,	  Pacific	  Grove,	  CA.	  
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Institutional	  /	  Departmental	  
	  
Yorgason	  JT	  (2012,	  Nov).	  Acute	  Effects	  of	  Ethanol	  on	  Rapid	  Dopamine	  Signaling	  
within	  the	  Nucleus	  Accumbens.	  Neuroscience	  Seminar	  Series,	  Wake	  Forest	  School	  of	  
Medicine,	  Winston-‐Salem,	  NC.	  	  
	  
Yorgason	  JT	  (2011,	  Aug).	  Effects	  of	  Isolation	  Rearing	  on	  Dopamine	  and	  Ethanol.	  
Neuroscience	  Seminar	  Series,	  Wake	  Forest	  School	  of	  Medicine,	  Winston-‐Salem,	  NC.	  	  
	  
Yorgason	  JT	  (2010,	  Oct).	  Effects	  of	  Isolation	  Rearing	  on	  Dopamine	  and	  Ethanol	  
Interactions.	  Physiology	  and	  Pharmacology	  Seminar	  Series,	  Wake	  Forest	  School	  of	  
Medicine,	  Winston-‐Salem,	  NC.	  	  
	  
Yorgason	  JT	  (2010,	  Oct).	  Effects	  of	  Isolation	  Rearing	  on	  Dopamine	  Release	  and	  
Ethanol	  Responses.	  Neuroscience	  Tutorial	  Series,	  Wake	  Forest	  School	  of	  Medicine,	  
Winston-‐Salem,	  NC.	  	  
	  
Yorgason	  JT	  (2010,	  May).	  Speed	  of	  onset	  for	  dopamine	  transporter	  inhibitors.	  
Physiology	  and	  Pharmacology	  Seminar	  Series,	  Wake	  Forest	  School	  of	  Medicine,	  
Winston-‐Salem,	  NC.	  	  
	  
Yorgason	  JT	  (2009,	  Aug).	  Speed	  of	  onset	  for	  dopamine	  transporter	  inhibitors.	  
Neuroscience	  Tutorial	  Seminar	  Series,	  Wake	  Forest	  School	  of	  Medicine,	  Winston-‐
Salem,	  NC.	  	  
	  
	  
SERVICE	  
	  
Institutional	  
2010-‐2011	   Brain	  Awareness	  Outreach	  and	  Kernersville	  Cares	  for	  Kids	  

Events,	  Wake	  Forest	  School	  of	  Medicine	  
2005-‐2008	   	   Brain	  Awareness	  Outreach,	  Brigham	  Young	  University	  
	  
Other	  
2009-‐Present	   Ad	  Hoc	  Peer	  Review	  for	  Addiction	  Biology,	  Alcohol,	  Analyst,	  

Journal	  of	  Neurophysiology,	  Neuropharmacology	  
	  
	  
RESEARCH	  SUPPORT	  

Current	  
F31	  AA020439	  Yorgason	  	  	  	  	  	  Mentor:	  Sara	  R.	  Jones,	  Ph.D.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8/2011	  –	  8/2014	  
NIAAA	  
Effects	  of	  isolation	  rearing	  on	  dopamine	  release	  and	  reuptake	  	  

The	  goal	  of	  this	  award	  is	  to	  receive	  graduate	  training	  in	  in	  vitro	  and	  in	  vivo	  
fast	  scan	  cyclic	  voltammetry.	  This	  project	  is	  aimed	  at	  describing	  changes	  in	  rapid	  
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dopamine	  signaling	  in	  a	  model	  of	  early	  life	  stress,	  social	  isolation	  rearing	  in	  rats,	  
including	  dopamine	  autoreceptor	  activity,	  and	  ethanol	  effects	  on	  dopamine	  release.	  
Role:	  Fellow	  
	  
Completed	  
T32	  AA007565	  McCool,PI	  	  	  	  	  	  Mentor:	  Sara	  R.	  Jones,	  Ph.D.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8/2009	  –	  8/2011	  
NIAAA	  
Multidisciplinary	  training	  in	  the	  biology	  of	  addiction	  	  

The	  goal	  of	  this	  award	  is	  to	  provide	  support	  for	  pre	  and	  postdoctoral	  trainees	  
in	  alcohol	  research,	  as	  well	  as	  opportunities	  for	  training,	  including	  alcohol	  centric	  
journal	  clubs	  and	  seminars.	  	  
	  
	  
SOFTWARE/HARDWARE	  DEVELOPMENT	  

	  
2009-‐Present	  	   Demon	  Voltammetry	  and	  Analysis	  Software	  ©	  

http://www.wakehealth.edu/OTAM/Technologies/Computer-‐
Software-‐and-‐Copyright.htm#Demon.	  Designed	  and	  developed	  
software	  suite	  used	  for	  acquiring	  and	  analyzing	  voltammetric	  
data	  from	  freely	  moving,	  anesthetized	  and	  ex	  vivo	  voltammetric	  
experiments.	  Developed	  using	  National	  Instruments	  LabView	  
programming	  language.	  Also	  designed	  hardware	  for	  
interfacing	  software	  with	  potentiostat.	  Developed	  for	  Dr.	  Sara	  
R.	  Jones	  alongside	  Dr.	  Rodrigo	  A.	  España.	  

	  
2009-‐Present	   Drug	  Self-Administration	  and	  Intracranial	  Self-stimulation	  

Behavioral	  Software	  	  
Developed	  software	  suite	  for	  interfacing	  with	  self-‐
administration	  and	  self-‐stimulation	  hardware,	  for	  recording	  
and	  analyzing	  reinforcement	  related	  behavior	  under	  guidance	  
from	  Drs.	  Rodrigo	  A.	  España	  and	  Dave	  C.	  S.	  Roberts.	  Also	  
designed	  hardware	  for	  interfacing	  computer	  components	  with	  
Med-‐Associates	  levers,	  pumps,	  and	  internally	  developed	  
voltammetry	  equipment.	  Developed	  for	  Drs.	  Rodrigo	  A.	  España,	  
Sara	  R.	  Jones	  and	  Dave	  C.	  S.	  Roberts	  

	  
2006-‐2008	   	   Electrophysiology	  Software	  

Developed	  software	  for	  performing	  single	  unit	  and	  evoked	  
field	  recordings	  in	  anesthetized	  preparations.	  Included	  
paradigms	  for	  examining	  baseline	  firing	  rates,	  peri-‐event	  burst	  
firing,	  and	  population	  spike	  ratios	  with	  field	  recordings.	  
Developed	  for	  Dr.	  Scott	  C.	  Steffensen.	  

	   	   	   	  
 


