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The goal of this dissertation was two fold: 1) To relate dopamine 

responses in the ventral striatum to ethanol preference and consumption, and 2) 

to investigate the role of the mu opioid receptors in this ethanol induced 

dopamine release in the ventral striatum.  

First a two bottle choice experiment established that a substrain of 

C57BL/6 mice (C57BL/6NCrl) had significantly less preference for and 

consumption of ethanol than a second substrain of mouse based on the same 

background (C57BL6/J). The C57BL/6 strain has been extensively used in 

alcohol drinking studies and is well known for it’s propensity to consume alcohol 

over water. To determine if differences in ventral striatal dopamine response 
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could contribute to this variability in drinking behavior, we characterized the 

dopamine response in both substrains of mice after intraperitoneal injections of 

1.0, 2.0 or 3.0 g/kg ethanol or saline. We found that the acute intraperitoneal 

ethanol injections in naïve mice caused a significant elevation in dopamine in 

both substrains at all three doses with a significant difference between substrains 

at the two highest alcohol doses. Therefore, ethanol induced dopamine release 

in the ventral striatum may contribute to ethanol preference and consumption. 

Next, we investigated the effect of acute intraperitoneal ethanol injections 

on naïve mu opioid receptor knockout mice and in mice pretreated with a mu 

opioid receptor antagonist. The mice used were all established on the C57BL/6J 

background. We found that ventral striatal dopamine response was similar in 

these mice after 1.0, 2.0 and 3.0 g/kg intraperitoneal ethanol injections compared 

to appropriate controls. As both gene deletion and pharmacological blockade of 

the mu opioid receptor did not affect ethanol stimulated dopamine release, it 

points to the conclusion that this receptor may not play a significant role in 

ethanol induced ventral striatal dopamine release.  
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Chapter 1. General Introduction 

 

Ethanol is one of the most widely used and popular legal drugs available today. 

The United States population alone consumes upwards of 500 million gallons of 

alcoholic beverages each year and over 70% of Americans consider themselves 

social drinkers (NIAAA, www.niaaa.nih.gov). Its anxiolytic, uninhibiting, and 

somewhat euphoric effects are also responsible for ethanol being one of the 

most widely abused drugs in the world as well. While many neurotransmitters 

play a part in ethanol’s central effects on the body, one of the main 

neurotransmitters thought to be important in the escalation of alcohol 

consumption is dopamine (Weiss and Porrino, 2002; Gonzales et al., 2004; 

Söderpalm et al., 2009). The dopaminergic pathway from the ventral tegmental 

area to the nucleus accumbens in the ventral striatum is hypothesized to play a 

critical role in the rewarding and reinforcing effects of ethanol (Beninger and 

Banasikowski, 2008; Heinz et al, 2009). Elevation in ventral striatal dopamine 

concentrations have been observed after oral ethanol self-administration (Doyon 

et al., 2005; Howard et al., 2009), and this increase is thought to promote 

increased ethanol seeking and consumption.  

 

Many receptor systems are thought to be involved in the regulation of mesolimbic 

dopamine efflux. One such system that has emerged as being potentially 

important in mediating both basal dopaminergic tone and ethanol induced 
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dopamine release is the opioid receptor family (Spanagel et al., 1992; Devine et 

al., 1993; Chefer et al., 2003; Oswald and Wand, 2004). Of the three main types 

of opioid receptors – mu, delta and kappa (Satoh and Minami, 1995) – the mu 

opioid receptor (MOR) is thought to predominantly influence dopamine neuron 

activity in the ventral tegmental area (VTA). However, the manner in which the 

MOR mediates ethanol-induced dopamine release is still unclear.  

 

My dissertation therefore focuses on two main questions: First, does the 

dopamine response in the ventral striatum during ethanol exposure relate to 

ethanol preference and consumption, and second, is the MOR involved in 

ethanol-stimulated dopamine release?  

 

All studies were conducted on mice based on the C57BL/6 background, a strain 

which shows both a high preference for and a high voluntary consumption of 

alcohol (McClearn and Rodgers, 1959; Belknap et al., 1993). However, a 

previous pilot study found that C57BL/6 mice obtained from Charles River 

vendors (C57BL/6NCrl) drank significantly less ethanol in a two-bottle choice 

experiment than C57BL/6 mice obtained from Jackson vendors (C57BL/6J). To 

investigate whether variations in ventral striatal dopamine release mirrored this 

difference in preference and consumption, we subjected separate cohorts of 

mice from each substrain to an acute intraperitoneal (i.p.) ethanol challenge and 

monitored their dopamine response via microdialysis. 
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To investigate the involvement of the MOR in ethanol-stimulated dopamine 

release, we used MOR knockout (-/-) mice on the congenic C57BL/6J 

background. Job et al. (2007) reported that both male and female -/- mice on the 

C57BL/6 background and the mixed C57BL/6 x 129SvEv background showed a 

severely blunted dopamine response compared to wildtype (+/+) mice when 

injected intraperitoneally with 2 g/kg ethanol. Female mixed background mice 

showed a greater effect of the gene knockout than male mice on the mixed 

background. The same paper also reported a study conducted on C57BL/6 x 

129SvEv male and female wild type mice pretreated with the mu-1 opioid 

receptor antagonist naloxonazine, and then subjected to an acute ethanol 

challenge. The results showed that only female mice pretreated with 

naloxonazine had a blunted dopamine response when injected intraperitoneally 

with 2 g/kg ethanol, compared to saline pretreated controls.  

 

To replicate and extend these findings, and provide a better understanding of  

the role of the MOR in ethanol-stimulated dopamine release, we examined the 

effect of two additional doses of ethanol (1.0 and 3.0 g/kg) on ventral striatal 

dopamine release in male and female C57BL/6J -/- mice with appropriate genetic 

controls. We also investigated the effect of a MOR antagonist, beta- 

funaltrexamine (BFNA), on ethanol-induced dopamine release in C57BL/6J male 

mice injected with 2 g/kg ethanol. 
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Anatomy of the Mesolimbic Dopamine System 

The mesolimbic dopamine system is comprised of midbrain dopaminergic 

neurons originating from the VTA (A10 group) and terminating in several 

structures, including the nucleus accumbens in the ventral striatum, prefrontal 

cortex, olfactory tubercle, amygdala and hippocampus (Oades and Halliday, 

1987; Bentivoglio and Morelli, 2005; Van den Heuvela and Pasterkamp, 2008). 

The dopamine circuit from the VTA to the nucleus accumbens, and 

corresponding dopamine concentrations in this ventral striatal region, are 

especially well studied for their role in drug reward and reinforcement (Wise and 

Bozarth, 1985; Di Chiara, 1995; Weiss and Porrino, 2002; Gonzales et al., 2004). 

The nucleus accumbens is primarily made up of GABAergic medium spiny 

neurons (O’Donnell and Grace, 1993; Meredith, 1999) and dopaminergic inputs 

from the VTA ensure that these neurons are constantly bathed in dopamine. 

Additionally, the accumbens receives glutamatergic inputs from the cortex and 

hippocampus (Totterdell and Smith, 1989; Sesack and Pickel, 1992). Thus, 

medium spiny neurons in the ventral striatum are thought to integrate these 

excitatory inputs while being modulated by dopamine concentrations, and they 

form the main inhibitory connection back to the VTA (Chang and Kitai, 1985; 

Kalivas et al., 1993). Principle dopamine neurons in the VTA are also modulated 

by inhibitory GABAergic interneurons within the VTA (Kalivas, 1993; Steffensen 

et al., 1998) as well as other neurotransmitters from projection neurons, such as 
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glutamatergic neurons from the prefrontal cortex (Kalivas, 1993; White, 1996; 

Sesack and Pickel, 1992; Yamaguchi et al., 2007).  

 

Neither the VTA nor the nucleus accumbens are homogenous in their 

populations of neurons. Dopamine neurons in the lateral part of the VTA project 

to the core and the lateral shell of the nucleus accumbens and the basolateral 

amygdala, while medial VTA dopamine neurons project to the prefrontal cortex, 

and exhibit different firing patterns than lateral VTA dopamine neurons (Ford et 

al., 2006, Ikemoto et al., 2007, Lammel et al., 2008). The nucleus accumbens 

may be divided into the core and shell, and most recently, into the core-shell 

border. The core is found more dorsal and lateral to the shell, stains more darkly 

for calbindin (Meredith et al., 1996) and projects reciprocally to areas that control 

motor function, such as the dorsal striatum (Usuda et al., 1998). The shell 

extends reciprocally to areas more involved in emotional response such as the 

amygdala (Zahm and Brog, 1992). Cell morphology and receptor type and 

distribution also differ in the subregions of the nucleus accumbens. Medium spiny 

neurons in the shell are smaller and have fewer dendrites and dendritic spines 

than those in the core (Meredith et al., 1992, 1995). D2 and GABA-A receptor 

densities are greater in the core (Churchill et al., 1992; Lu et al., 1998) while the 

shell of the accumbens is found to contain greater densities of D1 and mu opioid 

receptors (Heimer et al., 1997; Jones et al., 1996). Moreover, dopamine 
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responses to drugs of abuse, such as ethanol, differ between the core, shell and 

core-shell border subregions (Howard et al., 2008, 2009).  

 

Dopamine acts on dopamine receptors, which are part of the G protein coupled 

receptor super-family.  D1-like receptors (D1 and D5 dopamine receptors) 

stimulate adenylyl cyclase activity while D2-like receptors (D2, D3 and D4 

dopamine receptors) inhibit its function (Kebabian and Calne, 1979). Both types 

of receptors are found within the mesolimbic pathway (Sesack et al., 1994; 

Larson and Ariano, 1995; Ariano et al., 1997 a, b; Delle Donne et al., 1997). D1-

like receptors are mostly located post-synaptically and activation of these 

receptors by dopamine leads to downstream phosphorylation of target proteins 

and genes (Niznik et al., 2002). D2-like receptors are located both pre and post-

synaptically, and activation of these receptors leads to a decrease in dopamine 

neuron firing (Tan et al., 2002). 

 

In vivo, dopamine neurons have been shown to mostly fire in single spikes, at a 

slow rate (tonic firing), or less commonly, in transient bursts (phasic firing) 

(Hyland et al., 2002). The firing rates of VTA dopamine neurons are thought to 

regulate extracellular dopamine concentrations in terminal regions of the 

mesolimbic dopamine pathway (Gonon, 1988; Floresco et al., 2003). Drugs of 

abuse, such as ethanol, cocaine, morphine and methamphetamine all cause a 

rise in dopamine concentrations in terminal regions such as the nucleus 
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accumbens (Di Chiara and Imperato, 1988; Bassareo et al., 1996; Zocchi et al., 

2003). In the case of ethanol, this increase is primarily thought to be due to an 

escalation in firing rates of VTA dopamine neurons (Gessa et al., 1985).   

 

Mesolimbic Dopamine and Reward and Reinforcement 

The primary focus of this dissertation is dopaminergic activity in the ventral 

striatum, specifically in the nucleus accumbens, and how this may tie into drug 

reward and reinforcement. Exposure to drugs of abuse, such as cocaine, leads to 

persistent synaptic changes in midbrain dopamine neurons (Ungless et al., 2001; 

Thomas and Malenka, 2003), and evidence shows that permanent synaptic 

changes in the mesolimbic system may lead to drug addiction and abuse (Koob, 

1992; Pulvirenti and Diana, 2001; Spanagel and Heilig, 2005). Robinson and 

Kolb (2004) reported that long-term exposure to drugs such as cocaine, 

amphetamines and morphine leads to persistent changes in dendritic structure 

and synaptic plasticity in areas such as the nucleus accumbens and prefrontal 

cortex. Maldve et al. (2002) proposed that ethanol-induced dopamine release in 

the nucleus accumbens leads to downstream changes in synaptic plasticity, 

through changes in NMDA receptor function and sensitivity. This alteration in 

structural plasticity in key areas involved in motivation and reward may lead to 

the progression of behaviors that eventually culminate in continued drug use and 

abuse. A single exposure to ethanol leads to the potentiation of GABAergic 

transmission in the VTA (Melis et al., 2002; Wanat et al., 2009) and this may lead 
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to downstream changes in dopaminergic transmission and release in the nucleus 

accumbens. Thus, synaptic changes induced by increased GABA release may 

be one reason that mice pretreated with i.p. ethanol in this manner consume 

more ethanol orally than saline pretreated controls (Camarini and Hodge, 2004; 

Melis et al., 2002).  

 

Reinforcement can be defined as either the presentation of a beneficial stimulus 

(as in positive reinforcement) or the removal of a deleterious stimulus (as in 

negative reinforcement) that consequently increases the frequency of 

subsequent responses (Skinner, 1938). Currently, there are three main theories 

on how mesolimbic dopamine activity may mediate the rewarding and reinforcing 

effects of drugs of abuse – 1) Associative learning, 2) Incentive salience theory 

and 3) Reward prediction theory. The overarching hypothesis behind all three 

models is that drug induced changes in ventral striatal dopamine levels lead to 

increased drug seeking and consumption. 

 

With respect to the first theory, associative learning, Di Chiara et al. (1999) 

postulated that the individual learns to associate positive emotions (hedonia, 

euphoria, anxiolysis) with the act of consuming the drug. This correlates with an 

increase in dopamine concentrations in the nucleus accumbens shell. Unlike 

natural rewards, the increase in dopamine levels does not habituate to continued 

drug use. Eventually, the reward associated with drug taking is transferred to 
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environmental stimuli present during drug consumption. In other words, 

dopamine levels increase when the subject is present in, or transferred to the 

environment in which the drug was consumed, rather than during consumption of 

the drug itself. These reinforcing stimuli induce hedonic feelings which in turn 

lead to motivated behavior to obtain more of the drug (Wheeler and Carelli, 

2009). 

 

The incentive salience theory, first postulated by Robinson and Berridge in 1993, 

views drug addiction as a result of permanent alterations in neuron structure and 

connectivity in regions of the brain particularly important for motivation and goal 

directed behavior, such as the ventral striatum. These synaptic changes then 

render the subject highly sensitized to drugs and associated stimuli. Thus, the 

individual consumes the drug, not for pleasure (liking) but through a compulsive 

pattern of drug seeking termed “incentive salience” (Robinson and Berridge, 

2001). 

 

The reward prediction theory, first postulated by Schultz, assumes that predictive 

learning occurs when a stimulus (such as a tone, or flash of light) is paired with a 

reward or punishment. VTA dopamine neurons show a spike in activity during the 

presentation of the unexpected reward, when the reward is paired with a 

conditioning stimulus. In later trials, however, the spike in dopamine neuron 

activity occurs during presentation of the cue, not during presentation of the 
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reward. In instances where the reward is not presented, dopamine neuron 

activity shows a decrease. In this way, dopamine is thought to provide 

information about cues and the environment in which the reward is obtained 

(Schultz et al., 1997; Hollerman and Schultz, 1998; Schultz, 1998; Waelti et al., 

2001). 

 

To emphasize further, dopamine is not related to the feeling of reward per se. 

Instead, dopamine should be viewed as a “teaching signal.” It directs attention to 

environmental cues and the actions performed to attain the rewarding substance, 

such as alcohol. In the case of drug dependence, dopamine enhances the 

likelihood of an individual seeking out and working to obtain the drug upon which 

he or she is dependent, whether it is sought for positive or negative 

reinforcement (i.e. for the sensation/experience of pleasure or the avoidance of 

withdrawal symptoms). 

 

Ethanol and Ventral Striatal Dopamine 

Acute ethanol administration, both through local application or through systemic 

administration, has been shown to increase dopamine concentrations in the 

ventral striatum. Ethanol perfused into the nucleus accumbens through reverse 

microdialysis caused a 30 – 60% increase above basal dopamine levels in 

ethanol-naïve rats (Wozniak et al., 1991; Ericson et al, 2003; Molander and 

Söderpalm, 2005; Löf et al., 2007).  However, caution should be used in 
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interpreting these results due to the extremely high concentrations of alcohol 

present in the tissue surrounding the probe. The lowest ethanol concentration 

used in these studies, that yielded positive results, was 100 mM. On average, 

300 mM ethanol was the experimental dose used, which is 17 times greater than 

the legal limit of intoxication. Consequently, the doses of ethanol used in these 

studies may not be behaviorally relevant.  

 

Systemic injections of ethanol into the intraperitoneal cavity cause an increase in 

accumbal dopamine levels as measured using microdialysis, in rats and mice 

(Campbell and McBride, 1995;Yim et al., 2000; Yim and Gonzales, 2000; Katner 

and Weiss, 2001; Tang et al., 2003, Ramachandra et al., 2007). At ethanol doses 

of 1 - 2 g/kg, dopamine increases of 20 – 60% above basal were seen. Ethanol 

doses of 1 – 2 g/kg are considered moderately activating and are concentrations 

that rodents will typically self administer. The variations in ethanol-induced 

dopamine concentrations seen in the previous studies may be due to species 

differences (rat vs. mouse) and strain differences in rats. It should be kept in 

mind that a component of stress is present in the injection procedure and an 

interaction of stress and ethanol may be a factor in dopamine concentration 

increase.  

 

Intravenous (i.v.) ethanol administration may lessen the aversive nature of 

systemic alcohol infusion. Howard et al. (2008) showed that both 1.0 and 1.5 
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g/kg ethanol infused intravenously in rats significantly increase dopamine levels 

in the nucleus accumbens shell, while volume equivalent saline infusions did not 

affect basal dopamine concentrations. A similar result was obtained with 

dopamine levels in the medial pre-frontal cortex (Schier and Gonzales, 

unpublished data). 

 

The methods of experimenter-administered ethanol have some clear 

advantages, despite the confounding effects of a stress interaction. With 

experimenter administration, an exact dose of alcohol can be given to the animal, 

the method is reproducible and, perhaps most importantly, the direct 

pharmacological effect of ethanol on dopamine can be monitored. Furthermore, 

environmental confounds, such as the smell and taste of ethanol, can be 

avoided. Moreover, ethanol-naïve animals typically exhibit a taste-aversion to 

alcohol and do not consume pharmacologically relevant doses of ethanol (Doyon 

et al., 2004).  However, voluntary oral ethanol consumption, in particular operant 

self-administration, most closely models human alcohol use. 

 

Operant self-administration paradigms can be used to separate the appetitive 

(lever pressing) and consummatory (drinking) phases of ethanol consumption. 

Microdialysis studies (Doyon et al., 2003, 2004, 2005; Howard et al., 2008) have 

shown an increase in accumbal dopamine levels during the transfer into the 

operant chamber and the initial drink period of the experiment. In ethanol-
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consuming animals, these dopamine levels then steadily decrease as the ethanol 

consummatory phase continues, while brain ethanol levels steadily rise. This 

implies that properties other than the pharmacological effects of ethanol are 

responsible for the increase in dopamine concentrations. Ethanol-predictive 

environmental cues, such as transfer into the ethanol self-administration 

environment, the smell of the alcohol and the initial taste of ethanol could trigger 

dopamine release in ethanol-experienced, self-administering animals.  

 

Moreover, pharmacological and genetic manipulation of the mesolimbic 

dopamine system influences ethanol seeking and consumption. Selective 

administration of dopamine receptor agonists, such as amphetamine, into the 

nucleus accumbens increased responding for oral ethanol in a self-administration 

paradigm (Samson et al., 1992, 1993, 1999). Microinjection of the D2/D3 agonist 

quinpirole (which attenuates firing of dopamine neurons and the release of 

dopamine into synapses) into the VTA decreased operant responding for both 

ethanol and sucrose (Hodge et al., 1993). Blockade of accumbal D1 dopamine 

receptors prevented ethanol seeking and reinstatement of responding for ethanol 

in an operant paradigm after extinction (Samson and Chappell, 2004; Chaudhri 

et al., 2009), while blockade of D1 and/or D2 receptors in the accumbens 

decreased total responding for ethanol (Rassnick et al., 1992; Samson et al., 

1992, 1993; Hodge et al., 1997). D1 and D2 receptor knockout mice exhibited 

low voluntary ethanol consumption (El-Ghundi et al., 1998; Risinger et al., 2000), 
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however D3 knockout mice showed no difference in ethanol consumption 

compared to controls (Boyce-Rustay et al., 2003). 

 

As has been discussed earlier, dopamine concentrations in terminal regions of 

the mesolimbic pathway are mediated by the firing rates of principal dopamine 

neurons originating in the VTA. Therefore, the rise in ventral striatal dopamine 

concentration during ethanol consumption or administration is thought to occur 

due to an increase in the firing rate of VTA dopamine neurons. In vitro recordings 

from brain slices show that physiologically relevant concentrations of ethanol 

cause a dose-dependent increase in VTA dopamine neuron firing rates (Brodie et 

al., 1990; Brodie and Appel, 1998; McDaid et al., 2008). Similar results were 

obtained in vivo, when rats were intravenously infused with 0.25 – 1 g/kg ethanol 

(Foddai et al., 2004).  

 

While ethanol may directly excite dopamine neurons, particularly in vitro, it is 

more probable that several receptor systems influence this excitation. 

Glutamatergic projections from the prefrontal cortex have been shown to 

influence VTA dopamine neuron burst firing activity (Tong et al., 1996 a, b) and 

studies show that ethanol directly modulates glutamatergic activity in several 

brain regions, including the VTA (Siggins et al., 2005; Xiao et al., 2009). Ethanol 

has also been revealed to increase somatodendritic dopamine release in the 

VTA. Dopamine then acts on D1 receptors found on glutamate-releasing axons 
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within the VTA. This in turn enhances glutamate release onto dopaminergic 

neurons, increasing dopamine neuron firing rates in a positive feedback manner 

(Deng et al., 2009). 

 

Studies evaluating ethanol-induced GABA release onto VTA dopamine neurons 

and its influence on dopamine neuron firing rates are more complicated. Several 

studies show an inhibitory effect of ethanol on VTA GABA neuron activity in vivo 

(Gallegos et al., 1999; Steffensen et al. 2000; Stobbs et al., 2004) and in vitro 

(Xiao et al., 2007, Xiao and Ye, 2008), leading to a disinhibition of dopamine 

neuron firing rate. However, Steffensen et al. (2009) reported that low doses of 

i.v. administered ethanol (0.01 – 0.1g/kg) increased VTA GABA neuron firing 

rates in rats; also in vitro studies in slice recordings show an increase in 

GABAergic synaptic transmission onto dopaminergic neurons upon ethanol 

application (Theile et al., 2008, 2009). Ultimately however, in vivo GABA 

modulation of accumbal dopamine release would depend on GABA inhibition of 

GABAergic interneurons and accumbal inputs (leading to a disinhibition of 

dopamine neuronal firing), and GABA inhibition of post synaptic dopamine 

neurons within the VTA (reducing dopamine neuron firing rates). 

 

Selectively bred ethanol-preferring and non-preferring rodent lines 

An important tool used in the study of ethanol effects is the development of 

selectively bred lines of rats and mice that differ in the preference for ethanol. 
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These include, but are not limited to, the (Alko Alcohol) AA vs. (Alko Non-

Alcohol) ANA, high-alcohol drinking (HAD) vs. low-alcohol drinking (LAD), and 

alcohol-preferring (P) vs. alcohol non-preferring (NP) rat lines (Eriksson, 1971; Li 

et al., 1987, 1993; Sinclair et al., 1989; Murphy et al., 2002) and the ethanol-

preferring C57BL/6 vs. ethanol-avoiding DBA mouse lines (Rodgers, 1972; 

Belknap et al., 1993; Meliska et al., 1995; Yoneyama et al., 2008). Differences in 

behavior, neurotransmitter levels, and receptor structure and number, are all 

criteria that can be evaluated and examined for differences in alcohol-preferring 

and non-preferring animals. This may promote a better understanding as to what 

systems are important for ethanol preference and ethanol consumption. 

 

No differences in basal dopamine levels, as assessed via microdialysis, were 

observed between AA/ANA, HAD/LAD and P/NP rats (Kiianmaa et al., 1994, 

1995; Nurmi et al., 1996; Smith and Weiss, 1999) or between C57BL/6 and 

DBA/2 mice (Zocchi et al., 1998; Zapata et al., 2006); however, Bustamante et al. 

(2008) observed lower basal dopamine levels in the ethanol-preferring University 

of Chile Bibulous (UChB) rat, compared to the ethanol-avoiding University of 

Chile Abstainer (UChA) rat. In ethanol naïve rats, posterior VTA dopamine 

neuron activity was similar between HAD and LAD rats, however, P rats showed 

greater burst activity compared to NP rats (Morzorati and Marunde, 2006). 

Dopamine receptor densities were also similar between P/NP rats and HAD/ LAD 

rats (McBride et al., 1997 a, b). Therefore, for the most part, basal dopamine 
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activity appears similar in alcohol naïve ethanol-preferring and non-preferring 

rodents. 

 

A 5-day, 1 g/kg (i.p.) daily ethanol treatment caused a significant increase in 

basal dopamine concentrations compared to saline controls in P rats, but not in 

NP rats (Smith and Weiss, 1999). Ethanol-induced dopamine release was similar 

in AA/ANA and HAD/LAD rats (Yoshimoto et al., 1992; Kiianmaa et al., 1995; 

Piepponen et al., 2002), however, UChB rats showed a greater dopamine 

increase after 1 g/kg i.p. ethanol administration than UChA rats (Bustamante et 

al., 2008). Boone et al. (1997) showed greater tissue concentrations of dopamine 

in DBA/2J mice compared to C57BL/6 mice 10 minutes after 1 g/kg ethanol 

administration (i.p.). However, Zapata et al. (2006), reported no difference in 

dopamine release after 2 g/kg ethanol (i.p.) between C57BL/6J and DBA/2J mice 

as assessed via microdialysis. Therefore, it is difficult to conclude how ethanol 

may affect mesolimbic dopamine activity in preferring and non-preferring 

animals.  

 

Ethanol exposure leads to disparate responses in mesolimbic GABA and 

glutamate function between ethanol-preferring and non-preferring lines. 

Intraperitoneal ethanol tended to reduce accumbal GABA and glutamate in 

alcohol tolerant rats over alcohol non-tolerant rats (Piepponen et al., 2002). 

However, no differences were observed in VTA GABA and glutamate levels after 
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i.p. ethanol administration, (Kemppainen et al., 2010). Twenty four hours after a 

single ethanol administration (2 g/kg i.p.), DBA mice, but not C57BL/6 mice, were 

found to have reduced glutamate receptor function in VTA dopamine neurons. 

However, both strains of mice were found to have enhanced GABA release onto 

these neurons (Wanat et al., 2009). Again, it is difficult to conclude exactly how 

ethanol-stimulated GABA and glutamate activity may be different in ethanol-

preferring and non-preferring animals. The results seem to depend on the 

species, strain, and the brain region of the subjects studied. 

 

High and low ethanol drinkers show differences in their mesolimbic opioid 

systems. P and AA rats show greater densities of MORs in limbic regions such 

as the nucleus accumbens, compared to NP and ANA rats (De Waele et al., 

1995; McBride et al., 1998; Marinelli et al., 2000). However, HAD and LAD rats 

exhibit similar levels of MOR mRNA and receptor densities (Gong et al., 1997; 

Learn et al., 2001). C57BL/6 and DBA/2 mice exhibit similar levels of MORs in 

the accumbens and VTA, however, C57BL/6 mice show significantly greater 

levels of delta opioid receptors in these same brain regions (De Waele and 

Gianoulakis, 1997). Basal levels of beta-endorphin (an endogenous MOR ligand) 

were similar in the hypothalamus of both strains of mice, although ethanol 

evoked beta endorphin levels in vitro were higher in C57BL/6 mice (De Waele 

and Gianoulakis, 1992). Taking all these studies into account, it appears that the 

opioid system is more enhanced in ethanol-preferring lines of rats and mice. 
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The opioid receptor system  

As alluded to in the previous section, an important receptor system that is 

thought to interact with ethanol effects and mediate its consumption is the opioid 

receptor family. These receptors belong to the large family of G protein coupled 

receptors, namely the Gi/o sub-family. Activation of opioid receptors primarily 

results in neuronal inhibition (Sharma et al., 1977; North et al., 1987; Gross et al., 

1990; Childers, 1991). In addition to mediating the rewarding properties of drugs 

of abuse (Gerrits et al., 2003; Contet et al., 2004; Wee and Koob, 2010), the 

opioid system is centrally involved in analgesia and nociception (Dickenson and 

Kieffer, 2005; Kato et al., 2008; Wang et al, 2008). Among other uses, these 

receptors also regulate feeding and stress responses (Furudono et al., 2006; 

Wilson and Junor, 2008), cardio-protective (Patellya et al., 2008) and immune 

functions (Bonnet et al., 2008). Three main subtypes of receptors exist within this 

system – the morphine sensitive mu opioid receptor (MOR), the ketocyclazocine 

sensitive kappa opioid receptor (KOR) and the delta opioid receptor (DOR) 

(Martin et al., 1976; Zaki et al., 1996; Lord et al., 1997). A fourth opioid receptor-

like orphaninFQ/nociceptin receptor is also considered part of the opioid receptor 

family (Meunier et al., 1995; Reinscheid et al., 1995; Foord et al., 2005).  

 

Endogenous ligands that interact with opioid receptors were first discovered in 

the early 1970s - Beta-endorphin, dynorphin and enkephalin for the mu, kappa 
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and delta opioid receptors, respectively (Hughes et al., 1975; Goldstein et al., 

1979).  All three opioid peptides are formed through the cleavage of larger 

precursor molecules: beta-endorphin through the cleavage of 

proopiomelanocortin, enkephalin through preproenkephalin cleavage and 

dynorphin via preprodynorphin cleavage (Nakanishi et al., 1979; Kakidani et al., 

1982; Noda et al., 1982; Janecka et al., 2004). Other opioid peptides have also 

been discovered such as the MOR selective endomorphins (endomorphin-1 and 

endomorphin-2) (Zadina et al., 1997, 1999) and the DOR selective ligand, 

deltorphin (Kreil et al., 1989). Endomorphin-1 in particular is thought to be 

important in mediating reward, and is found in regions with high MOR density 

(Zadina, 2002). All endogenous opioid peptides have a signature Tyr-Gly-Gly-

Phe sequence at the N terminus, which enables them to interact with receptors 

and leads to biological responses. The C terminus confers receptor specificity to 

the peptide (Erspamer et al., 1989; Sagan et al., 1989; Yamakazi et al., 1993).   

 

Opioid receptors are widely expressed and distributed throughout the brain and 

CNS. Autoradiograph studies in rodents point to high concentrations of mu opioid 

receptors in the olfactory tissues, amygdaloid complex, nucleus accumbens and 

thalamic regions. DORs appear clustered in forebrain regions such as the 

olfactory bulb, striatum, nucleus accumbens and cerebral cortex. KORs appear in 

the amygdala, striatum, globus pallidus, and supraoptic nucleus of the 
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hypothalamus (Mansour et al., 1987; Sharif and Hughes, 1989; Kitchen et al., 

1997; Clarke et al., 2001; Homberg et al., 2009). 

 

 Opioid peptide precursor and opioid peptide containing neuronal fibers and cell 

bodies have been assessed using immunohistochemistry and in situ 

hybridization techniques. Preproenkephalin is the most widely distributed and 

most concentrated in the thalamus, preprodynoprhin is most concentrated in the 

nucleus accumbens and cell bodies can be found in the hypothalamus, and 

proopiomelanocortin is found in the amygdala, with cell bodies restricted to the 

arcuate nucleus of the hypothalamus, nucleus tractus solitarius and the pituitary 

(Khachaturian et al., 1982; Fallon and Leslie, 1986; Harlan et al., 1987; Lantos et 

al., 1995). Beta-endorphin containing neurons originate from the arcuate nucleus 

of the hypothalamus and project to structures in the mesolimbic dopamine 

pathway, such as the nucleus accumbens (Khachaturian et al., 1984). 

Endomorphin-containing neurons also originate from the hypothalamus and 

extend to the nucleus accumbens and VTA (Pierce and Wessendorf, 2000; 

Greenwell et al., 2002; Martin-Schild et al., 1999). Moderate enkephalinergic 

innervation is found in the VTA, while significant levels of dynorphin and 

enkephalin immunoreactivity are found in the nucleus accumbens, hippocampus 

and central nucleus of the amygdala (Khachaturian et al., 1982; Khachaturian et 

al., 1983; Fallon et al., 1985)  
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As stated earlier, the primary focus of this dissertation is the MOR; therefore it is 

important to consider some of the agonists and antagonists used to study its 

function and the different subtypes of this particular receptor. In general, 

morphine and its metabolites, such as morphine 6 beta glucuronide (M6G), exert 

their rewarding and reinforcing effects primarily through activation of MORs, 

therefore morphine is considered a potent mu receptor agonist (Pasternak et al., 

1987; Paul et al., 1989). DAMGO ([D-Ala2,NMe-Phe4,Gly5-ol]-enkephalin) is a 

synthetic MOR agonist (Hayes et al., 1985). Antagonists include the global opioid 

receptor antagonist, naltrexone, which has a 4 – 150 fold higher affinity for 

MORs, compared to kappa and delta receptors (Goldstein and Nadu, 1989; 

Emmerson et al., 1994; Raynor et al., 1994) and the irreversible mu selective 

antagonist, beta funaltrexamine (Portoghese et al., 1980; Ward et al., 1982, 

1985; Rothman et al., 1988). A mu-1 irreversible selective antagonist is 

naloxonazine (Hahn et al., 1982; Ling et al., 1986). 

 

Currently, two main subtypes of the MOR have been identified in the brain and 

central nervous system – mu-1 and mu-2 (Pasternak and Wood, 1986; Elliott et 

al., 1994) with other variants possible through alternative splicing of the mu gene 

exon (Pan et al., 2001, 2003; Pasternak, 2010). These splice variants of the 

MOR show differences in their responses to morphine and morphine metabolite 

analgesia. For example, blocking exon 1 of the MOR gene with antisense 

oligodeoxynuleotide probes blocked morphine analgesia but not M6G analgesia. 
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In contrast, probes against exons 2 and 3 decreased M6G analgesia, but not 

morphine’s effects (Rossi et al., 1995 a, b, 1997). This pattern of results was 

replicated in mutant MOR knockout mice lacking exons 1 and 2, respectively 

(Schuller et al., 1999). Splice variants at the carboxy terminal of the mu opioid 

receptor show differences in their maximal stimulation by agonists such as beta- 

endorphin and DAMGO (Bolan et al., 2004; Pan et al., 2005) and in their 

responses to morphine (Koch et al., 2001).   

 

The MOR has also been shown to form heterodimers with the DOR (George et 

al., 2000; Law et al., 2005) and the KOR (Wang et al., 2005). Mu-delta 

heterodimers in particular show altered pharmacology and receptor function 

compared to individual receptors. For example, co-expression of mu and delta 

receptors resulted in enhanced affinity for endomorphin-1 and leu-enkephalin, 

compared to expression of single receptors only, suggesting the formation of a 

unique binding pocket (George et al., 2000). Also, in live cells expressing mu-

delta heterodimers, delta receptor antagonists enhance the binding of MOR 

agonists (Gomes et al., 2000; 2004) and can enhance morphine analgesia in vivo 

(Gomes et al., 2004). Finally, using specific DOR antagonists, Van Rijn and 

Whistler (2009) showed that the ethanol consumption effects mediated by DOP-

R1 (delta opioid receptor sub-type 1), require the presence of MORs, suggesting 

that DOP-R1 may be a mu-delta heterodimer.  
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Ethanol and the opioid receptor system  

The opioid receptor system is thought to mediate ethanol consumption. Under 

specific conditions, such as food deprivation or under limited-access paradigms, 

the general opioid receptor antagonist, naltrexone, reduced alcohol intake in 

mice selectively bred for high ethanol intake (Le et al., 1993; Phillips et al., 1997; 

Middaugh et al., 1999; Kamdar et al., 2007, van Rijn and Whistler, 2009). 

Naloxone, another global opioid receptor antagonist, reduced ethanol 

consumption in rats, in both self-administration paradigms and two-bottle choice 

experiments (Marfang-Jallat et al., 1983; Samson and Doyle, 1985; Froehlich et 

al., 1990). In human alcoholics, naltrexone has been shown to prevent relapse in 

some, but not all cases by reducing the craving for alcohol (O’Malley et al., 1992; 

Volpicelli et al., 1992; Bouza et al., 2004; Roozen et al., 2006).  

 

Studies examining the effect of selective blockade of only the MOR have found 

that this also causes an attenuation of ethanol consumption. Pretreatment with 

MOR antagonists such as CTOP, or the mu-1 selective antagonist, naloxonazine, 

reduced ethanol consumption in Alko alcohol (AA) rats (Hyytia, 1993; Honkanen 

et al., 1996). Systemic beta-funaltrexamine administration also decreased 

voluntary ethanol consumption in non-deprived rats (Krishnan-Sarin et al., 1998; 

Stromberg et al., 1998). Knockdown of MORs in the nucleus accumbens using 

antisense oligonucleotides reduced ethanol intake in high-ethanol preferring 

(HEP) rats (Myers and Robinson, 1999).  
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Genetic deletion of the MOR also affects ethanol consumption behavior. 

Voluntary ethanol consumption and self-administration were reduced in MOR -/- 

mice compared to their +/+ counterparts (Roberts et al., 2000; Hall et al., 2001; 

Becker et al., 2002). Some behavioral effects of ethanol were also lacking in 

MOR -/- mice. Acute intraperitoneal ethanol administration revealed a lack of 

stimulant and anxiolytic effects in these mice (Ghozland et al., 2005). 

 

Data regarding MOR activation on ethanol consummatory behavior have been 

mixed. Systemic morphine injection has a bimodal effect on ethanol 

consumption, with low doses increasing intake and high doses decreasing 

ethanol drinking behavior (Sinclair et al., 1973; Hubbell et al., 1986, 1987, 1993; 

Volpicelli et al., 1991). Microinjection of morphine into discrete brain regions such 

as the paraventricular nucleus and nucleus accumbens of rats resulted in an 

increase in ethanol consumption, but microinjection of DAMGO had no effect 

(Barson et al., 2009, 2010). However, Zhang and Kelley (2002) showed that 

when DAMGO was microinjected into the nucleus accumbens, non-deprived rats 

increased their voluntary ethanol consumption in a two-bottle choice paradigm.  

 

Acute ethanol administration increases the synthesis and release of endogenous 

MOR ligands which may contribute to the development of alcohol dependence. In 

vitro experiments showed a release of beta-endorphin from rat hypothalamic 
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neurons after a one time exposure to ethanol (Gianoulakis, 1990; Sarkar and 

Minami, 1990; Reddy et al., 1995). In vivo microdialysis experiments showed that 

systemic ethanol administration increased beta-endorphin levels in the nucleus 

accumbens of rats (Olive et al., 2001; Marinelli et al., 2003, 2004). Rat and 

mouse lines selectively bred for high alcohol consumption show increased levels 

of POMC mRNA in their hypothalamus compared to non preferring lines (De 

Waele et al., 1992; Jamensky and Gianoulakis, 1999; Gianoulakis et al., 2000; 

Marinelli et al., 2000). This correlates with an increase in hypothalamic beta- 

endorphin release in C57BL/6 mice (ethanol-preferring) compared to DBA/2 mice 

(ethanol non-preferring) after both acute and chronic ethanol administration (De 

Waele and Gianoulakis, 1993; 1994). 

   

Results obtained from ethanol reinforcement studies on beta-endorphin -/- mice 

are harder to interpret. Wildtype mice showed a higher preference for ethanol 

than their -/- counterparts (Racz et al., 2008). However, studies also indicated 

that beta-endorphin -/- mice consumed higher concentrations of alcohol 

compared to their +/+ littermates (Grisel et al., 1999; Hayward et al., 2004).  

 

Altogether, it appears that the opioid receptor system, in particular the MOR, 

regulates ethanol-consumption behavior. Ethanol’s ability to directly cause the 

release of endogenous opioid peptides may lead to feelings of reward and 

reinforcement. Another possibility is the indirect effect of opioid receptors on 
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dopaminergic neurons. Activation of these receptors causes an increase in 

mesolimbic dopamine concentrations and this may promote further ethanol 

seeking and consumption. 

 

Dopamine and the opioid receptor system 

Before exploring the link between opioid receptor activation and dopamine 

release, it is important to note that endogenous opioid peptides are rewarding. 

Beta-endorphin, endomorphin and enkephalin are directly self-administered into 

brain regions, such as the lateral ventricles and VTA, by rats (Belluzi et al., 1977; 

Van Ree et al., 1979; Zangen et al., 2002). Intracerebroventricular administration 

of beta-endorphin also caused conditioned place preference in rats (Amalric et 

al., 1987; Bals-Kubik et al., 1990). Endormorphin microinjected into the ventral 

VTA and the posterior shell of the nucleus accumbens produced conditioned 

place preference in rats (Terashvili et al., 2004). Moreover, the self-

administration and conditioned place-preference behaviors in many of the above-

listed studies were abolished after pretreatment with opioid antagonists like 

naloxone.  

 

Opioid-reinforced behavior may be mediated by the mesolimbic dopamine 

system. Chemical lesioning of VTA DA neurons or their terminals in the nucleus 

accumbens inhibited both the acquisition and maintenance of heroin or morphine 

self-administration (Spyraki et al., 1983; Smith et al., 1985) as well as morphine 
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induced conditioned place-preference (Shippenberg et al., 1993). Blockade of 

dopamine D1 receptors also attenuated the acquisition of morphine conditioned 

place-preference (Leone and Di Chiara, 1987; Shippenberg et al., 1993; Acquas 

and Di Chiara, 1994). 

 

Administration of MOR ligands has been shown to increase ventral striatal 

dopamine concentrations. Acute systemic administration of morphine (0.5 – 20 

mg/kg) stimulates dopamine release in the ventral striatum of mice (Murphy et 

al., 2001; Chefer et al., 2003; Zocchi et al., 2003; Fadda et al., 2005) and rats (Di 

Chiara and Imperato, 1988; Hamilton et al., 2000; Rada et al., 2001; Bland et al., 

2004; Cadoni and Di Chiara, 2007). Microinjection of morphine and other mu 

opioid receptor agonists such as DAMGO into the paraventricular nucleus, also 

lead to an increase in dopamine release in the nucleus accumbens (Rada et al., 

2010). Application of morphine and DAMGO into the VTA produced an increase 

in somatodendritic dopamine release in rats and mice (Klitenick et al., 1992; 

Chefer et al., 2009) and in the ventral striatum of rats (Leone et al., 1991; Devine 

et al., 1993). Intracerebroventricular administration of DAMGO also produced an 

increase in accumbal dopamine levels in rats (Spanagel et al., 1990). 

 

Local application of MOR agonists into the ventral striatum has also been shown 

to cause an increase in accumbal dopamine levels. Administration of fentanyl 

into the nucleus accumbens dose dependently increased dopamine levels 
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therein, as measured by microdialysis in rats (Yoshida et al., 1999). Reverse 

microdialysis of DAMGO into the nucleus accumbens elicited an increase in local 

dopamine levels (Hirose et al., 2005; Hipolito et al. 2008). However, Hipolito et al. 

(2008) showed that this dopamine increase was specific to the core of the 

nucleus accumbens and was not replicated in the shell or border region.  

 

Endogenous MOR ligands have also been shown to increase brain dopamine 

levels. Reverse microdialysis of endomorphin-1 and 2 into the nucleus 

accumbens of rats caused an increase in accumbal dopamine levels, in vivo. 

(Okutsu et al., 2006; Aono et al., 2008; Saigusa et al., 2008;). In vitro, both 

endomorphin-1 and 2 elicited the release of striatal dopamine in rat brain slices 

(Bagosi et al., 2006). Intracerebroventricular administration of beta-endorphin 

produced an increase in accumbal dopamine levels in rats (Spanagel et al.,1990; 

1991).  

 

The MOR is thought to affect dopamine release through its actions on inhibitory 

GABA neurons. Studies show that the increase in dopamine concentrations and 

dopamine neuron firing rates caused by MOR activation correspond to a 

concurrent decrease in GABA neuron firing rates and concentrations (Johnson 

and North, 1992a; Klitenick et al., 1992; Chefer et al., 2009). As discussed 

earlier, inhibitory GABA neurons modulate mesolimbic dopaminergic activity 

(Bayer and Pickel, 1991; Johnson and North, 1992b; Kalivas et al., 1993; Xi and 
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Stein, 1998; Theile et al., 2008; Xiao and Ye, 2008). MORs are localized mainly 

on dendrites and axon terminals of GABAergic neurons, both within the VTA 

(Dilts and Kalivas, 1989; Garzon and Pickel, 2001; Steffenson et al., 2006) and 

extrasynaptically in the nucleus accumbens (Svingos et al., 1996, 1997). 

Activation of these receptors leads to a decrease in GABA neuron firing rates 

(Schoffelmeer et al., 2001; Steffenson et al., 2006) and consequently, a decrease 

in GABA levels (Chefer et al., 2009). Therefore, one of the leading hypotheses 

regarding opioid-mediated dopamine release is that their inhibition of GABA 

interneurons leads to a disinhibition of dopamine neurons and an increase in 

dopamine concentrations. A schematic representing this proposed circuitry is 

shown below. 
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Figure 1.1 Author’s interpretation of cited literature, representing the proposed circuitry 
of opioid mediated dopamine release to justify experiments performed in Chapter 3 of 
this dissertation.  
Beta-endorphin and endomorphin stimulate mu opioid receptors (MOR) on GABAergic 
neurons, leading to a decrease in GABA release and an increase in dopamine neuron 
firing. Medium spiny projection neurons to the VTA are D1 R expressing neurons. 
 

 

Mu opioid receptor mediated ethanol stimulated dopamine release 

In the earlier sections of this introduction, we have stated that ethanol stimulates 

mesolimbic dopamine release. We have also reported that ethanol stimulates 

endogenous opioid release and that opioids in turn indirectly stimulate dopamine 

release. We have provided studies that reveal the medium to high densities of 
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opioid receptors in areas of the mesolimbic pathway, including the ventral 

tegmental area and the nucleus accumbens. We now attempt to provide 

evidence that opioid receptors, particularly the MOR, mediate ethanol-stimulated 

dopamine release and that removal of receptor function attenuates this dopamine 

increase. 

 

In vitro recordings from rat midbrain slices show that physiologically relevant 

concentrations of alcohol (20 – 80 mM) increased the firing rates of dopamine 

neurons, while depressing GABA neuron firing rates in the VTA. This ethanol 

induced increase in dopamine neuron firing rate was significantly attenuated by 

application of DAMGO and naloxone (Xiao et al., 2007). However, Xiao and Ye 

(2008) also showed that application of DAMGO potentiated ethanol induced 

GABA-mediated inhibitory post synaptic currents of VTA dopamine neurons in 

midbrain slices, which seems to contradict our initial impression of MOR action.   

   

In vivo studies also provide some evidence that MORs mediate ethanol- 

stimulated mesolimbic dopamine release. Systemic pretreatment with the mu-1 

antagonist, naloxonazine, at a dose of 15 mg/kg, attenuated the dopamine 

increase induced by 0.25 and 0.5 g/kg i.p. ethanol (Tanda and Di Chiara, 1998). 

Naltrexone at a dose of 30 mg/kg, significantly attenuated the increase in A10 

dopamine neuron firing rates induced by 1 – 2 g/kg i.p. ethanol in anesthetized 

ethanol-naïve rats (Inoue, 2000). However, at the physiologically relevant dose of 
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3 mg/kg, naltrexone had no effect on ethanol-induced increase in dopamine 

neuron firing rates. Therefore, at the 30 mg/kg dose, it is likely that naltrexone is 

blocking non-opioid receptors as well as opioid receptors.  

 

Benjamin et al. 1993, reported that cumulative doses of naltrexone (0, 0.25, 0.5 

and 1 mg/kg i.p.), reversed ethanol-induced dopamine release in awake, freely 

moving rats. However, ethanol (5% v/v) was continuously perfused into the 

nucleus accumbens (reverse microdialysis) throughout the experiment, so that 

local brain concentrations of ethanol reached over 800 mM which is well over 

physiologically relevant concentrations. Also, no saline controls (for the 

cumulative administration of naltrexone) were used, so it is difficult to infer if the 

decrease in dopamine concentrations observed was due to naltrexone 

administration, or to the extremely high concentrations of ethanol continuously 

perfused into the nucleus accumbens. 

 

Naltrexone effects on chronic ethanol consumption and dopamine increase 

appear more consistent. In C57BL/6J mice who reliably consumed 12% ethanol 

solution during a 3 week, limited access procedure, 6 mg/kg naltrexone 

prevented the dopamine increase that was seen in control mice during ethanol 

consumption (Middaugh et al., 2003). A dose of 0.25 mg/kg naltrexone also 

prevented a corresponding dopamine increase in rats self-administering a 

solution of 10-15% ethanol in saccharin (Gonzales and Weiss, 1998).   
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By far, the most compelling evidence for the involvement of opioid receptors in 

ethanol stimulated dopamine release comes from studies performed on opioid 

receptor knockout mice. Sora et al. 1997, generated MOR knockout mice by 

homologous recombination that targeted the first exon of the MOR gene. 

Microdialysis studies on MOR homozygous knockout (-/-) mice maintained on 

both a mixed C57BL/6-129SvEv background and a congenic C57BL/6 

background showed blunted dopamine responses to a 2 g/kg i.p. ethanol 

challenge (Job et al., 2007). However, it should be noted that differences in 

ethanol-stimulated dopamine release between male and female mixed 

background MOR -/- mice were observed. Ethanol-induced dopamine increase 

was completely abolished in C57BL/6-129SvEv female MOR -/-, while in male 

MOR -/- mice, an initial increase comparable to MOR +/+ male mice was 

observed. Experiments with naloxonazine on MOR +/+ C57BL/6-129SvEv mice 

provided similar results, with female mice showing no dopamine response after 2 

g/kg i.p. ethanol, and male mice showing a similar dopamine response to saline 

pretreated mice. Therefore, while the MOR appears to mediate ethanol-

stimulated dopamine release, particularly in congenic C57BL/6 mice, this is not 

always the case in different strains of mice. 

 

To summarize this chapter: 

1) The mesolimbic dopamine system is involved in ethanol reinforcement.  
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2) The opioid receptor system, in particular the mu opioid receptor (MOR), is 

involved in both ethanol-seeking and consumption, and dopamine release. 

3) The MOR mediates some aspects of ethanol-stimulated dopamine 

release. 
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Chapter 2. Ethanol Preference is Inversely Correlated 

with Ethanol-Induced Dopamine Release in 2 Substrains 

of C57BL/6 Mice 

(This work was published in Alcoholism: Clinical and Experimental Research 

October 2007 Vol. 31, Issue 10, 1669-1676, under the same title, by 

Ramachandra V, Phuc S, Franco AC, Gonzales RA.)  

 

Abstract 

 

Background: The C57BL/6 mouse model has been used extensively in alcohol 

drinking studies, yet significant differences in ethanol preference between 

substrains exist. Differences in ethanol-induced dopamine release in the ventral 

striatum could contribute to this variability in drinking behavior since dopamine 

has been implicated in the reinforcing properties of ethanol. 

Methods: A two-bottle choice experiment investigated the difference in ethanol 

preference between C57BL/6J and C57BL/6NCrl animals. Microdialysis was 

used to determine dopamine release and ethanol clearance in these two 

substrains after intraperitoneal (i.p.) injections of 1.0, 2.0 and 3.0 g/kg ethanol or 

saline. 

Results: C57BL/6J mice exhibited significantly greater ethanol preference and 

less ethanol-stimulated dopamine release compared with C57BL/6NCrl mice.  

The i.p. injections of ethanol caused a significant increase in dopamine in both 

substrains at all three doses with significant differences between substrains at 
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the two highest alcohol doses. Saline injections had a significant effect on 

dopamine release when given in a volume equivalent to 3 g/kg ethanol dose. 

Ethanol pharmacokinetics were similar in the two substrains at all three doses. 

Conclusions: Ethanol induced dopamine release in the ventral striatum may 

contribute to the differences in alcohol preference between C57BL/6J and 

C57BL/6NCrl mice.  

Key words: Ventral striatum, Preference, Microdialysis, Dopamine, C57BL/6 

mice, Substrains. 

 

Introduction 

 

The C57BL/6 mouse model is popular for use in alcohol consumption studies 

since this strain shows both a high preference for and a high voluntary 

consumption of alcohol (McClearn and Rodgers, 1959; Belknap et al., 1993).  

Being an inbred strain, we expect little or no behavioral differences among 

individual animals.  However, it has previously been reported that specific 

substrains of the C57BL/6 strain differ in drinking behavior (Blum et al., 1982; 

Poley 1972).  Other related mouse strains such as C57BL/10 have been reported 

to exhibit high voluntary consumption of ethanol, but individual variations have 

been observed (Little et al., 1999; O’Callaghan et al., 2002).  Recently, similar 

individual variation in ethanol preference was found in the C57BL/6 strain (Little 

et al., 1999).   
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There are many possible mechanisms for these differences in ethanol 

preference, however, in this study we focused on the neurotransmitter dopamine. 

The dopaminergic pathway from the ventral tegmental area (VTA) to the nucleus 

accumbens has been implicated in the reinforcing effects of ethanol (Noble, 

1996; Pierce and Kumaresan, 2006; Rodd et al., 2004). Although it is not a direct 

measure of reward or reinforcement, dopamine is thought to promote goal-

directed drug seeking behavior by helping to form associations between a 

reinforcer and sensory cues (Horvitz, 2000). Dopamine may also help alter 

neural circuits, leading to enhanced synaptic plasticity, which eventually 

culminates in more drug seeking and consuming behavior (Maldve et al., 2002).  

Many studies show that both systemic injections of alcohol (Di Chiara and 

Imperato, 1986; Tang et al., 2003; Yim et al., 2000; Yoshimoto et al., 1992) as 

well as its voluntary consumption (Doyon et al., 2003, 2005; Weiss et al., 1993) 

cause an increase in dopamine activity in the mesolimbic areas of the brain. 

Additionally, manipulating dopamine receptors changes voluntary ethanol 

consumption (El Ghundi et al., 1998; Risinger et al., 2000). This supports the 

hypothesis that dopamine plays an important role in the development of ethanol 

drinking behavior and ethanol preference. 

 

In this study, we hypothesized that the differences in ethanol-induced dopamine 

responses in the ventral striatum could, in part, contribute to the difference in 

ethanol preference between two substrains of C57BL/6 mice:  C57BL/6NCrl and 
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C57BL/6J. We initially carried out a two-bottle choice study to examine ethanol 

preference in these two substrains. In a separate experiment we determined 

ethanol-induced dopamine release in the ventral striatum in C57BL/6J and 

C57BL/6NCrl mice using microdialysis. In addition, brain ethanol levels were also 

examined in those mice that received an injection of ethanol.  

 

Materials and Methods 

 

Subjects 

The two-bottle choice study used a total of 10 male mice, 4 C57BL/6J mice 

derived from the colony maintained at Jackson Laboratories (Bar Harbor, ME) 

and 6 C57BL/6NCrl mice from Charles River Laboratories (Raleigh, NC). 

Breeding pairs obtained from Jackson were maintained at the Animal Resource 

Center at the University of Texas, and male mice within 3 generations were used. 

The mice from Charles River were shipped from the company, and the mice were 

allowed to recover for a week before the experiment. All animals were group 

housed before the drinking study. Mice weighed between 29 and 36 g during the 

experiment.  

 

The microdialysis study used a total of 55 male mice, 29 mice from Jackson and 

26 mice from Charles River. These animals weighed between 20 and 29 g during 

the days of their experiment and were housed in groups of 5 to 6 per cage for at 

least 7 days prior to surgery. Animals were singly housed after surgery.  All 
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animals were housed in a temperature (23 °C) and light (12 h light/dark cycle, 

lights on 7:00 AM) controlled environment with food and water available ad 

libitum. All procedures used were carried out according to the guidelines stated in 

the Institutional Animal Care and Use Committee of the University of Texas at 

Austin and the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 

 

Two-bottle choice procedure 

Prior to ethanol exposure, mice were habituated for two days to drinking from 

metal spouts attached to two 50 ml plastic bottles that were suspended from the 

top of their home cage. For the first five days of the experiment, mice had access 

to either 5% (v/v) ethanol solution or tap water. The last four days of the 

experiment, mice had access to either 10% (v/v) ethanol solution or water.  Mice 

had continuous access to all solutions except during measurement of fluid 

volume and replenishment of the solutions every 2-3 days. Bottles were weighed, 

refilled with their respective solutions and their positions randomized every 2-3 

days. Care was taken to account for spillage during the measurements.  We 

recorded the fluid intake, and calculated ethanol preference from the ratio of 

ethanol containing solution consumed to the total fluid consumed. Animals were 

singly housed for the duration of the experiment.  

 

Microdialysis 

Microdialysis procedures were previously described in Tang et al. (2003). Briefly, 

we implanted each mouse while under surgical anesthesia with a 10 mm long, 

stainless steel guide cannula (21 gauge) over the left ventral striatum with the 
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following coordinates (mm relative to bregma): +1.7 antero-posterior, -0.8 lateral, 

and -2.0 ventral to the skull, using a Cartesian Research Inc. stereotaxic 

apparatus by David Kopf Instruments (Tujunga, CA). After surgery, animals were 

singly housed and allowed at least five days for recovery. During this time, they 

received once daily habituation injections of 0.1 ml saline for a total of three to 

four days. We constructed the microdialysis probes using two lengths of fused 

silica tubing (ID 40 micron) over which we placed a length of cellulose dialysis 

membrane (ID 200 micron, 13,000 MW cutoff) that was pre-sealed at the tip with 

epoxy. Within the membrane, the inlet silica extended 1 mm past the end of the 

outlet silica and this uncovered portion of membrane constituted the active 

dialysis area (1 mm). The day before each experiment, we anesthetized the 

animals with isoflurane (1.5%, flow rate 2.0 l/min) before placing the microdialysis 

probes at least 15 hours prior to sample collection. We then put them into 

individual dialysis chambers, and perfused the probes with artificial cerebrospinal 

fluid (ACSF; composition previously described in Tang et al., 2003) at an 

overnight flow rate of 0.2 µl/min. The following morning, the flow rate was 

increased to 1.0 µl/min and at least two hours later, sample collection began. 

Samples were collected every 15 minutes and then stored exactly as described 

in Tang et al. (2003). After each experiment, mice were overdosed with sodium 

pentobarbital (0.15 g/kg) and then perfused with saline and 10% (v/v) formalin. 

The brains were extracted and stored in 10% formalin for at least one day before 

being sliced into 100 micron thick coronal sections using a vibratome (Leica 
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VT1000S, Bannockburn, IL), stained with cresyl violet and examined for probe 

placement.  

 

Experimental Design 

2 g/kg ethanol 

We collected four basal samples after which each animal received an 

intraperitoneal injection of either 15% (w/v) ethanol at a dose of 2 g/kg or 0.1 ml 

saline. A further eight samples were collected following the injection. To ensure 

that the dopamine sampled was due to vesicular release we employed one of 

two verification techniques. Animals were either perfused with calcium free ACSF 

for an hour or injected with 3 mg/kg of the D2/D3 receptor agonist quinpirole, 

after which two more samples were collected. Quinpirole inhibits dopamine 

release by activating D2 autoreceptors, which are located on dopamine nerve 

terminals and cell bodies (Starke et al., 1989).  

 

1 and 3 g/kg ethanol 

After collecting four basal samples, each animal received an intraperitoneal 

injection of saline, the volume of which was equal to that administered during the 

ethanol injection (0.007 ml/kg for 1 g/kg animals and 0.02 ml/kg for 3 g/kg 

animals). We then took four more samples after which all animals received an 

injection of 15% (w/v) ethanol to provide a dose of 1 or 3 g/kg. Four additional 

samples were then taken after the injection of 1 g/kg, and eight samples were 
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taken after the 3 g/kg dose of ethanol. Finally, we perfused all animals’ probes 

with calcium free ACSF for at least an hour after which two more samples were 

collected.  

 

Dopamine and Ethanol Analysis 

Dopamine in dialysate samples was analyzed using two reverse phase HPLC 

systems with electrochemical detection as previously described in Doyon et al. 

(2003).  Briefly, we injected 12 µL of sample onto a 2 x 50 mm reverse phase 

column and dopamine was detected with an electrochemical flow cell (VT03, 2 

mm working electrode, potential: 450 mV against a Ag/AgCl reference).  Ethanol 

concentrations in dialysates were determined via gas chromatography exactly as 

described in Tang et al. (2003). 

 

Statistical Analysis 

Two-bottle choice procedure. Three way ANOVA was used to test the interaction 

between strain, dose and intake/preference. Strain (C57BL/6NCrl or C57BL/6J) 

and solution concentration (5% ethanol or 10% ethanol) were the between 

subject variables, while intake and preference were the within subject variables. 

We calculated intake and preference as an average of all the days at that 

concentration. 
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Dialysate dopamine and ethanol. Repeated measures ANOVA was used to test 

the interaction between strain, drug and dopamine response. For analysis of the 

effect of 2 g/kg ethanol, strain (C57BL/6NCrl or C57BL/6J) and drug treatment 

(saline or ethanol) were the between-subject variables, while the dialysate 

dopamine concentration before and after the injection was the within-subject 

variable.  The mean of the four preinjection samples defined the basal dopamine 

values. For analysis of the 1 g/kg ethanol dose, we used two repeated measures 

variables:  dose and time in which time was nested within dose.  Strain was a 

between subject variable.  For analysis of the 3 g/kg dose, the effect of saline 

was analyzed separately from ethanol.  Two preinjection samples were used for 

basal dopamine for this analysis.  Additionally, for all animals that received an 

ethanol injection, we calculated the area under the dopamine concentration curve 

(AUC) after the injection. Here, strain and ethanol dose were between subject 

variables.  

 

For analysis of ethanol concentrations in dialysates, time was a repeated 

measure, and strain was a between subject factor.  For all analyses the criterion 

for statistical significance was p < 0.05.  Bonferroni corrections were used for 

post hoc tests, and values are reported as mean ± S.E.M. The reported 

dopamine and ethanol values were not corrected for probe recovery.  In cases 

where heterogeneity of variance existed, data were log transformed.  
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Results 

 

Two-bottle choice drinking experiment 

Ethanol intake and preference for both 5% and 10% ethanol solutions were 

significantly higher in C57BL/6J mice when compared to their C57BL/6NCrl 

counterparts (Figure 2.1 A, B). ANOVA indicated a significant effect of strain for 

both intake [F(1,8) = 23.9, p < 0.05] and preference [F(1,8) = 32.3, p < 0.05], but 

there was no interaction between strain and concentration [F(1,8) = 1.99, p > 

0.05] and [F(1,8) = 2.27, p > 0.05]. C57BL/6J mice consumed 2.1 ± 0.2 g/kg/day 

of the 5% ethanol solution and 4.6 ± 0.4 g/kg/day of the 10% ethanol solution. 

C57BL/6NCrl mice consumed 0.9 ± 0.4 g/kg/day of the 5% and 10% ethanol 

solutions. C57BL/6NCrl mice consumed significantly higher quantities of water 

per day when compared to C57BL/6J mice [F(1,8) = 31.42,  p < 0.05] (Figure 2.1 

C). There were no temporal differences in the acquisition of ethanol intake with 

either the 5% [F(1,8) = 0.04, p > 0.05] or 10% [F(1,8) = 0.03, p > 0.05] ethanol 

solutions. 
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Figure 2.1. C57BL/6J and C57BL/6NCrl fluid intake. Mean (± standard error of the 

mean) ethanol intake (A), ethanol preference (B) and water intake (C) for 5% and 10% 

alcohol during a two-bottle choice experiment; C57BL/6J mice n = 4, C57BL/6NCrl mice 

n = 6. * denotes a significant difference between the two groups (p < 0.05 by post hoc 

contrasts)  
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Figure 2.2.  Histological analysis of probe placements in the ventral striatum. Numbers 

beside each slice represent the AP position relative to bregma (mm). The heavy dashed 

line indicates the border of the ventral striatum. Probe length is 1 mm. A. C57BL/6NCrl 

mice, n = 26. B. C57BL/6J mice, n = 29. 
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Ethanol-stimulated dopamine release in C57BL/6J versus C57BL/6NCrl mice 

Microdialysis probe placements for C57BL/6NCrl and C57BL/6J mice are shown 

in Figures 2.2 A and B, respectively. Only those animals that had at least 50% of 

the active dialysis membrane (1.0 mm) in the ventral striatum were included in 

the study. Also, all animals used in the study exhibited at least a 40% decrease 

from baseline dopamine levels when either perfused with calcium-free ACSF or 

injected with 3 mg/kg quinpirole.  

 

At the 1 g/kg dose, ethanol injection significantly increased dialysate dopamine 

concentrations above saline controls [F(1,23) = 14.3, p < 0.05] (Figure 2.3). 

Although approaching significance, ANOVA showed there was no difference in 

the ethanol-stimulated dopamine response between C57BL/6NCrl and C57BL/6J 

mice [F(2,23) = 2.6, p = 0.092].  Saline injections did not significantly affect 

dopamine release compared with the baseline [F(1,23) = 2.3, p > 0.05] (Figure 

2.3).  Basal values did not differ between the two substrains (Table 2.1). 

 

The 2 g/kg ethanol dose significantly increased dialysate dopamine 

concentrations by 40-42% above basal values [F(8,157) = 18.3, p < 0.05].  

(Figures 2.4 A and B), and the response was significantly greater in the 

C57BL/6NCrl mice compared with the C57BL/6J mice [F(8,157) = 2.4, p < 0.05 

for the strain x time interaction].  No effect of the 0.1 ml saline injection was 

observed [F(1,157) < 6.1, p > 0.05 for comparisons between each post-injection 
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point to the pre-injection basal].  In the mice from Charles River, the effect of 

ethanol was significantly above the pre-injection baseline for 1 hour [F(1,157) > 

14.6, p < 0.05), but in the Jackson mice, the effect was observed only in the first 

sample taken after the injection [F(1,157) = 24.3, p < 0.05).  Basal values did not 

differ between the two substrains (Table 2.1). 

 

At the highest ethanol dose, 3 g/kg, the injection produced a significant 37-58% 

increase in dopamine concentration above basal values [F(8,118) = 19.8, p < 

0.05]. ANOVA revealed a significant strain by time effect [F(8,118) = 2.76, p < 

0.05], and post hoc contrasts showed that  dopamine levels in C57BL/6NCrl mice 

remained elevated for the full 2 hours after the injection, while levels remained 

elevated for only 1 hour in C57BL/6J mice (Figure 2.5). There was a significant 

effect of saline in the mice injected with a volume equivalent to that received by 

the 3 g/kg dose of ethanol [F(1,60) = 12.9, p < 0.05] (Figure 2.5). However, the 

stimulation of dopamine release was transient and only seen in the first post 

saline injection sample. Basal dopamine concentrations were not significantly 

different between the substrains [F(1,15) = 1.28, p > 0.05] (Table 2.1).  
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Figure 2.3. Effect of 1 g/kg ethanol and saline intraperitoneal injections on dialysate 

dopamine concentrations from the ventral striatum in C57BL/6 mice. Each point 

represents the mean ± SEM (n = 7 for both substrains).  Times of saline and ethanol 

injections are indicated by the arrowhead and arrow, respectively. 
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Figure 2.4 Effect of 2 g/kg ethanol and 0.1 ml saline intraperitoneal injections on 

dialysate dopamine concentrations from the ventral striatum in C57BL/6 mice. Each 

point represents the mean ± SEM.  Time of injection is indicated by the arrow.  A. 

C57BL/6NCrl. Ethanol n = 6, saline n = 5.  B. C57BL/6J. Ethanol n = 5, saline n = 8.  
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Figure 2.5 Effects of 3 g/kg ethanol and saline intraperitoneal injections on dialysate 

dopamine concentrations from the ventral striatum in C57BL/6 mice. Each point 

represents the mean ± SEM (C57BL/6NCrl, n = 8. C57BL/6J, n = 9).  Times of saline 

and ethanol injections are indicated by the arrowhead and arrow, respectively. 
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Figure 2 6 represents the area under the dialysate dopamine concentration curve 

at each alcohol dose for the two substrains.  The C57BL/6NCrl mice had a 

significantly higher response to ethanol over all doses compared with the 

C57BL/6J mice [F(1,32)=14.2, p < 0.05 for the main effect of strain].  In addition,  

there was a dose dependent effect of ethanol on dopamine release in the two 

substrains [F(2,32)=10.1, p < 0.05 for the main effect of dose].  However, there 

was no strain x dose interaction [F(2,32)=1.56, p > 0.05].  Interestingly, there was 

no difference in the ethanol stimulated dopamine response between the 1 and 2 

g/kg doses [F(1,32) = 1.85, p > 0.05], but the 3 g/kg dose was significantly 

greater than the lower doses [F(1,32) > 7.56, p < 0.05). 
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The time course of ethanol concentration in dialysates taken from those mice that 

received an ethanol injection is shown in Figures 2.7-2.9. ANOVA showed no 

interaction between strain and time at any dose [1 g/kg: F(3,36) = 2.25, Figure 

2.7; 2 g/kg: F(7,62) = 2.10, Figure 2.8; 3 g/kg: F(7,103) = 0.67, Figure 2.9, p > 

0.05 in all cases]. The peak ethanol concentrations at each dose were also 

similar in both substrains of mice (Table 2.1). 

 

 

Figure 2.6 Area under the dopamine curve after 1, 2 and 3 g/kg i.p ethanol injection in 

C57BL/6 mice. Each bar represents the mean area under the curve ± SEM. * indicates 

statistical significance between substrains (p < 0.05).  
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Figure 2.7 Dialysate ethanol time course in C57BL/6 mice after 1 g/kg ethanol. Dialysis 

samples from the experiments shown in figure 5 were also analyzed for ethanol using 

gas chromatography.  
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Figure 2.8. Dialysate ethanol time course in C57BL/6 mice after 2 g/kg ethanol. Dialysis 

samples from the experiments shown in figures 4A and B were also analyzed for ethanol 

using gas chromatography 
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Figure 2.9. Dialysate ethanol time course in C57BL/6 mice after 3 g/kg ethanol. Dialysis 
samples from the experiments shown in figure 7 were also analyzed for ethanol using 
gas chromatography 
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Table 2.1. Basal and peak ethanol-evoked dialysate dopamine concentrations 
and peak dialysate ethanol concentrations in two substrains of C57BL/6 mice. 
 

Ethanol 
dose (g/kg) 

Substrain n Basal 
Dopamine 

(nM) 

Peak 
Ethanol 

(mM) 

 
Saline  

 
C57BL/6NCrl 

 
C57BL/6J 

 

 
5 
 

8 

 
1.2 ± 0.2 

 
1.4 ± 0.2 

 
 

N/A 

 
1 

 
C57BL/6NCrl 

 
C57BL/6J 

 

 
7 
 

7 

 
2.4 ± 0.5 

 
1.3 ± 0.3 

 
4.6 ± 0.4 

 
4.0 ± 0.3 

 
2 

 
C57BL/6NCrl 

 
C57BL/6J 

 

 
6 
 

5 

 
1.2 ± 0.2 

 
1.1 ± 0.1 

 
8.7 ± 1.2 

 
8.1 ± 0.8 

 
3 

 
C57BL/6NCrl 

 
C57BL/6J 

 

 
8 
 

9 

 
2.1 ± 0.2 

 
1.7 ± 0.3 

 
15.1 ± 0.8 

 
13.2 ± 0.8 

Values represent mean concentrations ± SEM.   

 

Discussion 

 

The major finding of the present study is the negative relation between alcohol 

preference and ethanol-induced dopamine release in the ventral striatum in two 

closely related substrains of mice – C57BL/6J and C57BL/6NCrl.  A novel 

contribution of our study is that we have also now reported, for the first time, the 

dose-response curve of ethanol-stimulated dopamine release in any mouse 

strain.  Although the alcohol preference study reported here used a relatively 
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small number of animals, our findings agree with those of two other labs 

(Mulligan et al., 2005, Khisti et al., 2006). The strain difference with respect to 

ethanol preference was found in both male and female C57BL/6J and 

C57BL/6NCrl mice (Mulligan et al., personal communication).  Our ethanol 

preference results are also similar to that reported by Blum et al. (1982), who 

also documented a difference in between C57BL/6 mice purchased from 

Simonsen Laboratories (Gilroy, CA.) versus those that were purchased from 

Jackson Laboratories.  

 

The Jackson mice in our drinking study were born and reared at the Animal 

Resource Center at the University of Texas, while Charles River mice were 

obtained directly from the company and shipped to us as adults. Therefore, in 

addition to any genetic differences, environmental factors, including differences 

in animal rearing and housing, may have played a role in our findings of a 

difference in ethanol preference between the two substrains. Differences in 

weaning time resulting, perhaps, in early maternal separation, may have 

contributed to the differences in voluntary ethanol consumption between the two 

substrains (Fahlke et al., 1997; Rockman et al., 1987). Adams et al. (2000) 

showed that differences in food presentation (hopper vs. loose distribution) affect 

drinking in the alcohol preferring MR/Har rat strain. Another environmental factor 

that may have contributed to this difference is group housing vs. individual 

housing (Parker and Radow, 1974). With respect to the dopaminergic system, 
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maternal deprivation, isolation rearing and handling differences can lead to 

changes in accumbal dopaminergic systems as seen with dopamine responses 

to amphetamine and K+ infusions (Hall et al., 1998; Hall et al., 1999). More 

recently Engleman et al. (2004) reported that housing conditions affect D2 

receptor regulation of accumbal dopamine release.  These considerations 

suggest that the behavioral and neurochemical differences we report may be 

due, at least in part, to these environmental factors, rather than the genetic 

backgrounds of the two substrains of C57BL/6 mice.  However, the replication of 

our results by Mulligan et al. (2008) argues that the background does contribute 

to the behavioral difference.  In this study the mice were obtained from the 

different vendors, and housing was similar after arriving at the lab.  Furthermore, 

Mulligan et al. recently replicated the finding that the C57BL/6J mice have a 

higher preference than the C57BL/6NCrl mice even when the mice were bred 

and reared under similar conditions at the same facility (personal 

communication). Nevertheless, we cannot exclude the possibility that some of 

the behavioral difference reported in the present study could be due to 

differences in environmental factors at breeding facilities. 

 

In this study, we chose to focus on the neurotransmitter dopamine as a possible 

contributor to this difference in ethanol preference in C57BL/6J and C57BL/6NCrl 

mice. Mesolimbic dopamine has been suggested to play an important role in 

ethanol consumption and reinforcement (for review, see Gonzales et al., 2004), 
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although the precise mechanisms by which dopamine acts to modulate these 

complex effects of ethanol remain poorly understood. Our study showed that, at 

moderate to highly intoxicating doses of alcohol (2 and 3 g/kg, i.p.), the 

C57BL/6NCrl substrain exhibits a stronger dopamine response in the ventral 

striatal region compared with the C57BL/6J substrain. This difference is due to a 

longer duration of the ethanol-stimulated response in C57BL/6NCrl mice rather 

than an increase in the peak concentration of dopamine reached after the 

ethanol injection. The greater effect of ethanol in the C57BL/6NCrl mice is due to 

a greater sensitivity to ethanol in the central nervous system rather than a 

difference in pharmacokinetics of ethanol between the two substrains. 

 

Although this is the first study to compare the dose-dependent stimulation of 

dopamine release by ethanol in substrains of C57BL/6 mice, work has been done 

on other inbred strains which differ in ethanol consumption and preference such 

as the DBA/2J and C57BL/6J mice (Belknap et al., 1993; McClearn and Rodgers, 

1959; Meliska et al., 1995; Phillips et al., 1994). Brodie and Appel (2000) 

reported that ethanol produced a larger potentiation of dopamine neuron firing in 

VTA slices from the relatively low ethanol-consuming DBA/2J mice compared 

with C57BL/6J mice.  Brodie and Appel (2000) speculated that C57BL/6J may 

consume higher levels of alcohol due to a relative insensitivity of their VTA 

dopamine neurons; i.e., they require higher ethanol concentrations to produce an 

increase in VTA dopamine neuron firing. In contrast, C57BL/6NCrl mice may 
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achieve an elevated dopamine neuron firing rate with less ethanol in their 

systems, hence they would need to consume less quantities of alcohol.  The 

present data, which shows a larger dopamine release in the ventral striatal 

terminal area after ethanol injection in vivo in a substrain of mice that drink less 

than the C57BL/6J substrain, are in accord with this hypothesis.  It should be 

noted, however, that Zapata et al. (2006) found that C57BL/6J and DBA/2J mice 

do not differ in ethanol-stimulated dopamine release from the nucleus 

accumbens when given a 2 g/kg dose (i.p.).  Therefore, it appears that the 

relationship between ethanol preference and consumption and mesolimbic 

dopamine response to ethanol is not a general finding, and that the specific 

mouse strains being examined are important. 

 

Previous studies comparing genetically related strains of rats have also led to 

mixed results with regard to a relationship between ethanol preference and 

ethanol-induced dopamine response. Yoshimoto et al. (1992) observed no 

significant difference in ethanol-induced dopamine response in the nucleus 

accumbens of naïve high alcohol drinking (HAD) and low alcohol drinking (LAD) 

rats at alcohol doses of 0.5 to 2 g/kg (i.p.).  A similar finding was reported by 

Kiianmaa et al. (1995) with naïve alcohol-preferring (AA) and alcohol-avoiding 

(ANA) rats.  In contrast, Katner and Weiss (2001) reported a significant positive 

correlation between ethanol-stimulated (1.5 g/kg, i.p.) dopamine release and 

ethanol preference across all of these strains when analyzed together.  It is 
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interesting to note that Katner and Weiss (2001) did not use analysis of variance 

to determine whether ethanol-stimulated dopamine release was significantly 

different between the rat strains.  The apparent difference in conclusion between 

these studies in rats may be due to the greater statistical power inherent with 

correlation analysis along with a larger n in the latter study.  In view of the 

previously cited findings with mice, this raises the possibility that additional 

strains of mice may need to be studied to more completely define the relationship 

between ethanol-induced mesolimbic dopamine activity and ethanol preference 

and consumption.  

 

In conclusion, the present study suggests that ethanol-induced dopamine levels 

in the ventral striatum in C57BL/6J and C57BL/NCrl mice are negatively related 

to the difference in ethanol preference between these two substrains. Variations 

in ethanol-evoked dopamine response in the ventral striatum may be one 

possible contributor to this difference in ethanol preference in these two 

substrains.  Additional studies are necessary to confirm the involvement of 

ethanol-stimulated dopamine release in these and other mouse strains, as well 

as to determine the mechanism by which these effects may be produced.  
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Chapter 3. The Mu Opioid Receptor is Not Involved in 

Ethanol-Stimulated Dopamine Release in the Ventral 

Striatum of C57BL/6J Mice 

(This work has been submitted for publication to Alcoholism: Clinical and 

Experimental Research under the same title, by Ramachandra V, Kang F, Kim 

C, Nova AS, Bajaj A, Hall FS, Uhl GR, Gonzales RA.) 

 

Abstract 

 

Background: The mu opioid receptor (MOR) has previously been found to 

regulate ethanol-stimulated dopamine release under some, but not all, 

conditions. A difference in ethanol-evoked dopamine release between male and 

female mixed background C57BL/6J-129SvEv mice led to questions about its 

ubiquitous role in these effects of ethanol. Using congenic C57BL/6J MOR 

knockout (KO) mice and C57BL/6J mice pretreated with an irreversible MOR 

antagonist, we investigated the function of this receptor in ethanol-stimulated 

dopamine release  

Methods: Microdialysis was used to monitor dopamine release and ethanol 

clearance in MOR -/-, +/+ and +/- male and female mice after intraperitoneal (i.p.) 

injections of 1.0, 2.0 and 3.0 g/kg ethanol (or saline). We also recorded the 

increase in dopamine release after 5 mg/kg morphine (i.p.) in male and female 
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MOR +/+ and -/- mice.  In a separate experiment, male C57BL/6J mice were 

pretreated with either the irreversible MOR antagonist beta-funaltrexamine 

(BFNA) or vehicle, and dopamine levels were monitored after administration of 2 

g/kg ethanol or 5 mg/kg morphine.  

Results: - Although ethanol-stimulated dopamine release at all the three doses 

of alcohol tested, there were no differences between MOR +/+, -/- and +/- mice in 

these effects. Female mice did have a more prolonged effect compared to males 

at the 1 g/kg dose. Administration of 2 g/kg ethanol also caused a similar 

increase in dopamine levels in both saline pretreated and BFNA pretreated mice. 

Five mg/kg morphine caused a significant increase in dopamine levels in +/+ 

mice but not in MOR -/- mice, and in saline pretreated mice but not in BFNA 

pretreated mice. Intraperitoneal saline injections had a significant, albeit small 

and transient, effect on dopamine release when given in a volume equivalent to 

the ethanol doses, but not in a volume equivalent to the 5 mg/kg morphine dose. 

Ethanol pharmacokinetics were similar in all genotypes and both sexes at each 

dose and in both pretreatment groups. 

Conclusions: The MOR is not involved in ethanol-stimulated dopamine release 

in the ventral striatum of C57BL/6J mice. 

Key words: MOR, Beta funaltrexamine, Microdialysis, Dopamine, C57BL/6J 

mice. 
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Introduction 

 

The mesolimbic dopamine pathway, from the ventral tegmental area (VTA) to the 

nucleus accumbens (Weiss and Porrino, 2002), has been hypothesized to play 

an important role in the reinforcing and rewarding effects of ethanol (Gonzales et 

al., 2004; Pierce and Kumaresan, 2006). Systemic ethanol administration 

(Ramachandra et al., 2007; Tang et al., 2003; Yim et al., 2000) and voluntary 

consumption (Howard et al., 2009; Weiss et al., 1993) caused an increase in 

dopamine release in mesolimbic regions of the brain. In addition, altering 

dopamine receptor function either genetically (Risinger et al., 2000) or 

pharmacologically (Hodge et al., 1992; Samson et al., 1992) causes changes in 

ethanol consumption.  

 

While the exact mechanisms underlying ethanol-induced dopamine release are 

unclear, one potential mediator is the opioid system. Rats and mice pretreated 

with the nonselective opioid receptor antagonist, naltrexone, did not show 

elevated dopamine levels during ethanol self-administration and consumption 

compared to saline pretreated controls (Gonzales and Weiss, 1998; Middaugh et 

al., 2003). Under specific conditions, mice pretreated with naltrexone also 

showed reduced ethanol intake (Kamdar et al., 2007; Middaugh et al., 1999; 

Phillips et al., 1997) compared to controls. 
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Of the three main opioid receptor subtypes, there is the greatest evidence 

implicating the mu opioid receptor (MOR) as a mediator of ethanol intake and 

mesolimbic dopamine release induced by ethanol. Voluntary ethanol 

consumption and self-administration were reduced in MOR -/- mice when 

compared to MOR +/+ controls (Hall et al., 2001; Roberts et al., 2000), and also 

in HAD (High-Alcohol-Drinking) rats pretreated with the irreversible MOR 

antagonist, beta-funaltrexamine (BFNA) (Krishnan-Sarin et al., 1998). MOR 

agonists microinjected into the paraventricular nucleus of the hypothalamus 

increased dopamine concentrations in the nucleus accumbens, while an 

antagonist decreased accumbal dopamine levels (Rada et al., 2010). Also, MOR 

activation in the VTA led to an increase in somatodendritic dopamine levels 

(Chefer et al., 2009).  

 

With respect to ethanol-induced dopamine release, systemic administration of 

the mu-1 receptor antagonist, naloxonazine, prevented increases in extracellular 

dopamine in rats that were injected with ethanol (Tanda and Di Chiara, 1998). In 

a previous study we also demonstrated that congenic C57BL/6J and mixed 

background C57BL/6J-129SvEv MOR -/- mice had a blunted dopamine response 

compared to MOR +/+ controls when injected intraperitoneally (i.p.) with a 2 g/kg 

dose of ethanol, with female mice showing a greater effect in animals on the 

mixed background (Job et al., 2007). Additionally, in the same study a 

pharmacological experiment using C57BL/6J-129SvEv MOR +/+ male and 
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female mice pretreated with the mu-1 receptor antagonist naloxonazine showed 

a blunted dopamine response to ethanol only in female mice. These initial 

studies were limited in several respects, including the dose range examined; 

nonetheless, from these observations it would appear that although MORs 

regulate ethanol-induced dopamine release under some conditions, this is not 

the sole mechanism by which ethanol acts to elevate dopamine levels. Mu opioid 

receptor mediation of ethanol-induced dopamine release may be dependent on 

both sex and strain (e.g. genetic background). 

 

Therefore, to further explore and extend these findings, we examined the effects 

of sex and two additional ethanol doses (1 and 3 g/kg i.p.) on ventral striatal 

dopamine release in MOR +/+, +/- and -/- mice from the congenic C57BL/6J 

knockout (KO) line. To complement this genetic study, we examined the effect of 

2 g/kg i.p. ethanol injection on mesolimbic dopamine release in C57BL/6J mice 

after pharmacological blockade of mu receptors with the non-competitive mu 

receptor antagonist beta-funaltrexamine (BFNA) (Portoghese et al., 1980; Ward 

et al., 1985). 

 

Materials and Methods 

 

Subjects 
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Congenic C57BL/6J +/+, +/- and -/- MOR KO mice (male and female, 8 – 24 

months old, 19-39 g) were bred at the University of Texas at Austin, while mice 

used in the pharmacological experiments (male only, 2-3 months old, 20-26 g) 

were obtained from Jackson Laboratories (Bar Harbor, ME). The congenic line 

consisted of mice that were created by backcrossing the C57BL/6J strain onto 

the mixed background C57BL/6J-129SvEv MOR KO strain for 10-12 generations 

as previously described (Job et al., 2007). All mice were housed in groups of 3 - 

5 per cage prior to surgery and singly housed after surgery. The vivarium was 

maintained at a constant temperature (23 °C), on a 12 h light/dark cycle (lights on 

7:00 AM), with food and water available ad libitum. All procedures used were 

conducted under protocols approved by the Institutional Animal Care and Use 

Committee of the University of Texas at Austin and in accordance with guidelines 

described in the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 

 

Genotyping 

Genotyping was performed using Polymerase chain reaction with 2 mm ear 

tissue digests exactly as described in Job et al. (2007). Ear punch tissue was 

incubated at 55o C overnight with a mixture of Proteinase K and Direct PCR Lysis 

Reagent (Ear) (Viagen Biotech, Inc). The digests were then placed in an 85o C 

heat block for 45 min and the supernatant was analyzed using PCR. The primers 

used were as follows: mu-1 (5’CTGGATGAGCTGTAAGAATAGG3’), mu-2 
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(5’CAGCCAACACAATATCACATTC3’) and mu-neo 

(5’CGGACAGGTCGGTCTTGAC3’). This produced 550 and 800 bp PCR 

products for the wildtype and knockout genotypes, respectively. Tfl polymerase 

(Epicentre, Madison, WI) was used under the following conditions: 2 minutes at 

94 oC, 40 cycles of (a) 94 oC for 30 seconds, (b) 55 oC for 1 minute, (c) 72 oC for 

2 minutes; followed by an extension at 72 oC for 7 minutes and 4 oC hold. 

Amplicons were separated by gel electrophoresis on 2% MetaPhor agarose gels 

and bands were visualized under UV illumination. 

 

Microdialysis 

Surgery and microdialysis procedures were performed as previously described in 

Tang et al. (2003) and Ramachandra et al. (2007). Briefly, the animals were 

anesthetized with 2.5% isoflurane gas and then implanted with a 10 mm long, 

stainless steel guide cannula (21 gauge) over the left ventral striatum using the 

following coordinates: +1.7 mm anterior to bregma, -0.8 mm lateral of the midline, 

and -2.0 mm ventral to the surface of the brain. Animals were allowed at least 3 

days for recovery after surgery and received once daily injections of 0.1 ml saline 

during this time to habituate them to the injection procedure. Between 14 - 18 

hours prior to sample collection, microdialysis probes (active area 1 mm, 

constructed as described in Ramachandra et al. 2007) were inserted into the 

guide cannulae while mice were under isoflurane sedation. The overnight flow 

rate was set to 0.2 µl/min; at least two hours prior to sample collection, the flow 



 71 

rate was increased to 1 µl/min. Microdialysis experiments, brain extraction and 

histological analysis were then performed exactly as described in Ramachandra 

et al. (2007). 

 

Experimental Design 

The effects of 1, 2 and 3 g/kg ethanol on dopamine release in congenic 

C57BL/6J MOR KO mice 

The number, sex and genotype of mice used at each dose are listed in Table 3.1. 

Mice were injected i.p. with a dose of 1, 2 or 3 g/kg ethanol (15% v/v in normal 

saline) in addition to volume equivalent saline injections at each ethanol dose, in 

a within subject control design, as described previously in Ramachandra et al. 

(2007). Briefly, 4 basal samples were collected at 15-minute intervals after which 

all animals received volume equivalent saline injections (i.p.). Six more samples 

were then collected, after which all subjects received an injection of ethanol (1, 2 

or 3 g/kg i.p., 15% ethanol/saline w/v). Four more samples were then collected 

after the injection of 1 g/kg, or eight samples after the 2 and 3 g/kg doses of 

ethanol. Finally, to ensure dopamine concentrations were due to exocytotic 

release, the perfusate was switched to calcium free ACSF for at least one hour, 

after which time two more samples were collected to determine the calcium 

dependency of the dopamine measured in dialysates.  

 

The effects of 5 mg/kg morphine in congenic C57BL/6J MOR KO mice 
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The number and sex of the mice in each genotype is listed in Table 1. Similar to 

the previous experiment, a within subject saline control design was used to 

examine congenic C57BL/6J MOR +/+ and -/- mice. After four basal samples 

were collected at 15-minute intervals, animals were injected with a volume 

equivalent bolus of saline (i.p.). Four more 15 minute samples were collected 

after which animals received a dose of 5 mg/kg morphine (1 mg/mL solution in 

normal saline, i.p.). We then collected three 30 minute samples. After a 1.5 hour 

interval two additional 15 minute samples were collected to establish a new 

baseline for assessment of calcium dependency as described above. 

 

A small portion of the mice used in this group (5 out of the 21 animals) had a 

combined 1 g/kg ethanol and 5 mg/kg morphine experiment. With these animals, 

we first conducted the 1 g/kg ethanol experiment and then waited an hour to 

ensure complete clearance of ethanol from the animals. We then continued with 

the morphine portion of the experiment, including calcium dependency analysis. 

 

The effects of BFNA pretreatment on ethanol and morphine induced 

dopamine release in C57BL/6J mice 

Mice were pretreated with either 40 mg/kg BFNA (2 mg/mL solution in normal 

saline) or volume equivalent saline 20 – 22 hours prior to the start of sample 

collection. This dose of BFNA was chosen based on studies of BFNA 

antagonism of morphine antinociception (Narita et al., 2002, Pick et al., 1991). 
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On the day of microdialysis testing, mice received either 5 mg/kg morphine or 2 

g/kg ethanol. Experiments were conducted with a within subject saline control 

condition in a time-line similar to that described above.  

 

Dopamine and Ethanol Analysis 

Dopamine in dialysate samples was analyzed using reverse phase HPLC. For 

approximately half the experimental sample sets, an autosampler system was 

used as described in Howard et al. (2008). The rest of the sample sets were 

analyzed using a manual injector. Here, 1.5 – 2 µL ascorbate oxidase was added 

to 7 – 10 µL of each dialysate sample. 5 – 6 µL of this mixture was then injected 

using an 8125 manual injector onto a 50x1, C18 column (Phenomenex). 

Dopamine was detected using a 2 mm glassy carbon working electrode with 

either a salt-bridge Ag/AgCl reference set at a potential of 450 mV, or an in situ 

Ag/AgCl (ISAAC) reference electrode set at a potential of 345 mV . The signal to 

noise ratio (S/N) for our lowest basal dialysate sample was no less than 7, while 

the S/N for our lowest dopamine standard was no less than 10.  

 

Dialysate ethanol concentrations were investigated exactly as described in 

Doyon et al. (2003) and Tang et al. (2003). Briefly, 2 µL of each sample taken 

after ethanol administration was immediately analyzed using gas 

chromatography with flame ionization detection. External dopamine and ethanol 

standards were used for quantification. 
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Statistical  Analysis 

Repeated measures analysis of variance (ANOVA) was used on percent basal 

dopamine values to test for significance of main effects as well as interactions. 

We defined the basal dopamine concentration as the last two pre-injection 

samples. The effect of saline injection was analyzed separately from the effects 

of ethanol and morphine. Genotype and sex, or pretreatment, were the between 

subject variables while time after injection was the within subject variable. If 

significant interactions involving the time factor were found, post hoc tests 

compared the last two pre-injection time points to each subsequent post-injection 

time point. One subject was excluded as a statistical outlier for an abnormal 

dopamine response to saline injection.  

 

Univariate ANOVA was used to analyze basal dopamine concentrations 

separately (average of the last two basal samples), to ensure no differences 

existed between congenic MOR +/+, -/- and +/- mice, and vendor obtained 

C57BL/6J mice respectively. Here, dopamine concentration was the dependent 

variable and the between subject variables were genotype, sex and dose (1, 2, 3 

g/kg ethanol or 5 mg/kg morphine), or pretreatment (BFNA or saline) and dose (2 

g/kg ethanol or 5 mg/kg morphine).  

 

For the analysis of ethanol levels in dialysates, time was the repeated measure, 

while either pretreatment, or genotype and sex as the between subject variables. 
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We also analyzed a measure of the ethanol clearance rates by calculating the 

slope of the linear portion of the dialysate ethanol time-course in individual 

animals. Univariate ANOVA was then used to determine statistical differences, 

with this measure of clearance as the dependent variable, and genotype, sex and 

dose, or pretreatment as the between subject measures  

 

We defined the criterion for statistical significance as p < 0.05 for all analyses. 

Bonferroni corrections were used for post hoc tests, and values are reported as 

mean ± S.E.M.  Missing points were accounted for by averaging the values of the 

two adjacent points, and adjusting the degrees of freedom for the within subjects 

error term accordingly. 

 

Results 

 

The basal dialysate dopamine concentration, peak ethanol concentration and 

number of animals used in each experimental design are listed in Table 3.1. 

Basal dopamine concentrations in congenic C57BL/6J mice did not differ 

between genotypes [F(2,105) = 0.56, p > 0.05] or sexes  [F(1,105) = 0.003, p > 

0.05]. 
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Table 3.1. Basal dialysate dopamine concentrations and peak dialysate ethanol 
concentrations in MOR +/+, -/- and +/- male and female C57BL/6J mice. 
 Values represent mean concentrations ± SEM. 

 

 

 

 

 

 

Experiment Sex Genotype 
Basal DA 

(nM) 
Peak EtOH 

(mM) n 

1g/kg 

M 

WT 1.2 ± 0.1 4.1 ± 0.8 5 

KO 1.1 ± 0.3 4.9 ± 0.6 3 

HET 1.4 ± 0.2 4.7 ± 0.6 6 

F 

WT 1.4 ± 0.1 5.4 ± 0.4 5 

KO 1.6 ± 0.4 5.0 ± 0.6 6 

HET 1.5 ± 0.2 4.5 ± 0.4 6 

2g/kg 

M 

WT 1.2 ± 0.4 11.1 ± 1.1 6 

KO 1.6 ± 0.5 10.5 ± 1.5 5 

HET 1.3 ± 0.2 10.4 ± 0.8 7 

F 

WT 1.2 ± 0.4 10.5 ± 0.3 5 

KO 1.2 ± 0.3 10.9 ± 1.1 6 

HET 1.3 ± 0.2 9.5 ± 0.8 6 

3g/kg 

M 

WT 1.1 ± 0.3 14.6 ± 1.0 5 

KO 1.4 ± 0.5 14.7 ± 1.3 4 

HET 1.5 ± 0.3 14.6 ± 0.5 8 

F 

WT 1.1 ± 0.3 14.9 ± 0.8 6 

KO 1.3 ± 0.3 13.7 ± 1.4 8 

HET 1.2 ± 0.3 16.7 ± 1.9 7 

Morphine 

M 
WT 1.3 ± 0.2 ― 6 

KO 0.9 ± 0.3 ― 5 

F 
WT 1.2 ± 0.4 ― 5 

KO 0.9 ± 0.2 ― 5 
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The effects of 1, 2 and 3 g/kg ethanol on dopamine release in congenic 

C57BL/6J MOR KO mice 

Microdialysis probe placements for male and female congenic C57BL/6J MOR 

KO mice (+/+, +/- and -/-) are shown in Figures 3.1 A thru D, respectively. Only 

those subjects that had at least 50% of the active dialysis membrane (1.0 mm) in 

the ventral striatum and at least a 40% decrease from baseline dopamine levels 

when perfused with calcium-free ACSF were included in the study.  
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Figure 3.1. Histological analysis of probe placements in the ventral striatum of MOR +/+, 

-/- and +/- male and female mice. Numbers beside each slice represent the AP position 

relative to bregma (mm). The heavy dashed line indicates the border of the ventral 

striatum. Probe length is 1 mm. A. 1 g/kg ethanol, n = 31. B. 2 g/kg ethanol, n = 35. C. 3 

g/kg ethanol, n = 38. D. 5 mg/kg morphine, n = 16. 
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At the 1 g/kg dose, ethanol injection significantly increased dopamine levels by 

10 – 28% above basal concentrations (Figure 3.2 A, B). There was no genotype 

x time interaction; however, a significant sex x time interaction at this dose was 

observed (Table 3.2). Post hoc tests revealed that female mice had a 

significantly elevated dopamine response for the entire hour after the ethanol 

injection [F(2,125) ≥ 9.1, p < 0.05], while in male mice only the first 15 minute 

time point after the injection was significantly elevated above baseline [F(2,125) = 

27.1, p < 0.05]. Although there were differences in the time course of dopamine 

release, the ethanol time-course at this dose was similar across genotypes and 

sexes (Figure 3.2 C, D) (Table 3.3). 

 
Table 3.2. Results from repeated measures ANOVA for dopamine response after 
1, 2 and 3 g/kg ethanol and 5 mg/kg morphine. * p < 0.05. 

 

Type of 
factor 

Source of variation 
1 g/kg 2 g/kg 3 g/kg Morphine 

df F df F df F df F 

Between 

Error 25  29  32  17  

Sex 1 1.5 1 1.0 1 1.9 1 0.3 

Genotype 2 1.2 2 0.4 2 0.0 1 6.7* 

Sex by genotype  2 0.7 2 0.0 2 3.5* 1 0.0 

Within 

Error 125  257  287  67  

Time 5 17.5* 9 35.4* 9 39.0* 4 14.5* 

Time by sex 5 4.0* 9 0.5 9 1.1 4 0.3 

Time by genotype 10 1.7 18 0.8 18 1.1 4 6.4* 

Time by sex by 
genotype 10 1.2 18 1.0 18 1.5 4 0.2 
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The 2 g/kg ethanol dose caused a significant 36 – 58% increase in dopamine 

levels above basal values with no significant genotype or sex x time interactions 

(Figure 3.3 A, B and Table 3.2). The ethanol time course at this dose was similar 

across genotypes but a sex difference was observed (Figure 3.3 C, D and Table 

 

Figure 3.2.  Effect of 1 g/kg ethanol intraperitoneal injection on dialysate dopamine and 

ethanol concentrations from the ventral striatum in MOR +/+, -/- and +/- mice. Each point 

represents the mean ± representative SEM. In the interests of clarity, only error bars 

portraying the greatest amount of variation are included. A. Dopamine levels in male mice. B. 

Dopamine levels in female mice. Time of ethanol injection is indicated by the arrow. The 

ethanol content from the above dialysate samples are shown in C. Male mice and D. Female 

mice. 
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3.3). Although the effect of sex was significant overall, post hoc tests revealed 

that there was no significant difference between ethanol concentrations at any 

individual time-point between male and female subjects [F(1,230) ≤ 3.7, p > 0.05]  

. 

At the highest ethanol dose, 3 g/kg, dopamine levels increased by 37 – 61% 

above basal values (Figure 3.4 A, B). There were no significant genotype or sex 

by time interactions; however, a significant effect of sex x genotype was 

observed (Table 3.3). Post hoc tests revealed a sex difference in heterozygous 

mice only [F(1,32) = 10.1, p < 0.05]; male MOR +/- mice had less of a dopamine 

response to 3 g/kg ethanol than female MOR +/- mice. However, when the data 

were analyzed using raw dopamine concentrations as opposed to percent basal 

values, no significant main or interaction effects were observed. The ethanol 

time-course at this dose was also similar across genotypes and sex (Figure 3.4 

C, D and Table 3.3). 

 

 



 82 

 

 

 

 

Figure 3.3. Effect of 2 g/kg ethanol intraperitoneal injection on dialysate dopamine and 

ethanol concentrations from the ventral striatum in MOR +/+, -/- and +/- mice. Each point 

represents the mean ± representative SEM. In the interests of clarity, only error bars 

portraying the greatest amount of variation are included. A. Dopamine levels in male 

mice. B. Dopamine levels in female mice. Time of ethanol injection is indicated by the 

arrow. The ethanol content from the above dialysate samples are shown in C. Male mice 

and D. Female mice. 
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Figure 3.4. Effect of 3 g/kg ethanol intraperitoneal injection on dialysate dopamine and 

ethanol concentrations from the ventral striatum in MOR +/+, -/- and +/- mice. Each point 

represents the mean ± representative SEM. In the interests of clarity, only error bars 

portraying the greatest amount of variation are included. A. Dopamine levels in male mice. 

B. Dopamine levels in female mice. Time of ethanol injection is indicated by the arrow. The 

ethanol content from the above dialysate samples are shown in C. Male mice and D. 

Female mice. 

. 
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Table 3.3. Results from repeated measures ANOVA for ethanol time course after 
1, 2 and 3 g/kg ethanol. * p < 0.05. 

 

 

Saline injections caused a slight, and short-lasting dopamine increase (5 – 20%) 

in all groups of mice, observed only at the first 15 minute time point [F(2,122) = 

5.3, p < 0.05 for the 1 g/kg dose; F(2,142) = 13.0, p < 0.05 for the 2 g/kg dose; 

F(2,157) = 17.1, p < 0.05 for the 3 g/kg dose]. No genotype or sex differences 

were observed after saline injection (data not shown). Dialysate ethanol 

clearance also did not differ between genotypes [F(2,86) = 0.40, p > 0.05] or sex  

[F(1,86) = 0.03, p > 0.05]. 

 

The effects of 5 mg/kg morphine on dopamine release in congenic C57BL/6J 

MOR KO mice 

To ensure that our MOR -/- mice had a functional gene deletion, we conducted 

positive control experiments using i.p. morphine injections. The 5 mg/kg 

Type of 
factor 

Source of variation 
1 g/kg 2 g/kg 3 g/kg 

df F df F df F 

Between 

Error 25  29  32  

Sex 1 1.6 1 0.8 1 1.9 

Genotype 2 0.5 2 0.6 2 0.0 

Sex by genotype  2 1.4 2 0.3 2 3.5 

Within 

Error 74  201  223  

Time 3 100* 7 153* 7 130* 

Time by sex 3 0.6 7 2.4* 7 0.5 

Time by genotype 6 1.4 14 0.4 14 0.7 

Time by sex by 
genotype 6 0.1 14 0.6 14 0.4 
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morphine injection caused a 64 – 74% increase in dopamine concentrations in 

MOR +/+ mice and a non-significant 7 -9% increase above basal dopamine 

concentrations in MOR -/- mice (approximately equivalent to that observed after 

saline injection). This was confirmed by a significant genotype x time interaction 

and a significant main effect of genotype. No sex differences were observed 

(Figure 3.5 A, B and Table 3.2). Post hoc tests revealed that all three post-

morphine time points were significantly higher than basal concentrations in MOR 

+/+ mice [F(2,67) ≥ 6.3, p < 0.05] , while MOR -/- mice did not show a significant 

elevation in dopamine levels compared to baseline values [F(4,67) = 0.83, p > 

0.05]. Saline did not significantly affect dopamine concentrations compared with 

basal levels [F(2,82) ≤ 3.8, p > 0.05] (data not shown).  

 

 

Figure 3.5. Effect of 5 mg/kg morphine intraperitoneal injection on dialysate dopamine 

concentrations from the ventral striatum in MOR +/+ and -/- mice. Each point represents 

the mean ± SEM. A. Male mice. B. Female mice. Time of morphine injection is indicated by 

the arrow.. 
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The effects of BFNA on ethanol and morphine induced dopamine release in 

C57BL/6J mice 

Microdialysis probe placements for BFNA pretreated male C57BL/6J mice are 

shown in Figures 3.6 A and B. The criteria for inclusion were the same as those 

stated previously. 

 

 

 

Figure 3.6. Histological analysis of probe placements in the ventral striatum of male mice 

pretreated with BFNA. Numbers beside each slice represent the AP position relative to 

bregma (mm). The heavy dashed line indicates the border of the ventral striatum. Probe 

length is 1 mm. A. 5 mg/kg morphine, n = 14. B. 2 g/kg ethanol, n = 11. 
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BFNA did not affect basal dopamine concentrations [F(1,21) = 0.70, p > 0.05]. 

Morphine injection (i.p.) caused a 54 ± 20% increase in dopamine levels in saline 

pretreated animals while only a small and non-significant increase was observed 

in BFNA pretreated animals, resulting in a significant pretreatment x time 

interaction [F(4,47) = 3.3, p < 0.05] (Figure 3.7 A). Post hoc tests showed that 

saline pretreated mice had elevated extracellular dopamine levels at the 60 and 

90 minute time points after the morphine injection [F(2,47) ≥ 14.7, p < 0.05], while 

BFNA pretreated mice did not show a significant increase in extracellular 

dopamine levels at any time-point [F(4,47) = 0.44, p > 0.05]. Saline injection did 

not cause an increase in extracellular dopamine levels in either group [F(5,59) = 

0.9, p > 0.05] (data not shown).  

 

The 2 g/kg ethanol injection (i.p.) caused a significant increase in dopamine 

levels in both saline and BFNA pretreated mice [F(5,45) = 12.7, p < 0.05]: a 22 ± 

5% increase in saline animals and a 20 ± 3% increase in BFNA animals (Figure 

3.7B). No significant pretreatment by time effect was observed [F(5,45) = 0.8, p > 

0.05]. Saline did not significantly affect dopamine concentrations compared to 

basal levels [F(2,62) ≤ 4.2, p > 0.05] (data not shown). With respect to the 

dialysate ethanol time course (Figure 3.7C), although an overall effect of 

pretreatment x time was observed [F(7,63) = 5.52, p < 0.05],  post hoc analysis 

revealed that there was no difference in ethanol concentrations at each individual 
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time point between the two pretreatment groups. Dialysate ethanol clearance 

rate also did not differ between the two groups [F(1,9) = 3.51, p > 0.05]. 
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Figure 3.7 A Effect of 5 mg/kg morphine intraperitoneal injection on dialysate dopamine 

concentrations from the ventral striatum in BFNA pretreated (n = 6; average basal = 1.2 ± 

0.2 nM) and saline pretreated mice (n = 8; average basal = 0.9 ± 0.2 nM). Time of 

morphine injection is indicated by the arrow.  

B – C. Effect of 2 g/kg ethanol intraperitoneal injection on dialysate dopamine and dialysate 

ethanol concentrations from the ventral striatum in BFNA pretreated (n = 5; average basal 

= 0.9 ± 0.2 nM) and saline pretreated mice (n = 6; average basal = 0.9 ± 0.1 nM). Each 

point represents the mean ± SEM. Time of ethanol injection is indicated by the arrow. 
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Discussion 

 

Our results indicate that MOR is not involved in ethanol-stimulated dopamine 

release in C57BL/6J mice. Similar increases in extracellular dopamine 

concentrations were observed between congenic C57BL/6J MOR +/+, +/- and -/- 

mice at all three doses of alcohol tested. Furthermore, in C57BL/6J mice, 

pretreatment with the irreversible MOR antagonist BFNA did not affect dopamine 

release after the administration of 2 g/kg ethanol. Basal dopamine levels in our 

congenic mice and in mice pretreated with BFNA were comparable and ethanol 

pharmacokinetics was also similar between genotypes.  

 

These findings are surprising considering the results of the previous study of 

ethanol-stimulated dopamine release in MOR KO mice (Job et al., 2007). In that 

study, a blunted dopamine response to ethanol was observed in both male and 

female C57BL/6J MOR -/- mice and in female mixed background C57BL/6J-

129SvEv MOR -/- mice compared to their MOR +/+ littermates. Pretreatment with 

the mu1 receptor antagonist, naloxonazine, abolished ethanol-stimulated 

dopamine release in female C57BL/6J-129SvEv MOR +/+ mice, but not in males, 

consistent with the sex-dependent effects of the knockout in that strain. 

Therefore, to ensure the functional deficiency of the congenic C57BL/6J MOR -/- 

mice in the present experiments and to verify that the dose of BFNA used 

antagonized the MORs in C57 BL/6J mice, positive control experiments were 

conducted using 5 mg/kg (i.p.) morphine. This dose of morphine was unable to 

evoke an increase in dopamine release in MOR -/- mice or in C57BL/6J mice 

pretreated with 40 mg/kg BFNA (s.c.).  
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There are several potential explanations for the differences between the present 

results and these earlier observations. Firstly, differences in experimental design 

could have contributed to these divergent results. Job et al. (2007) used between 

subject saline controls, where mice received either 2 g/kg ethanol or saline, while 

the current study used a within subject saline control design. To test this 

hypothesis, we conducted an additional experiment (n = 4-5) comparing MOR 

+/+ and MOR -/- mice after injection with only 2 g/kg ethanol (data not shown). 

No differences in ethanol-induced dopamine release were observed. It must be 

noted that this is the same strain as the congenic strain reported in the Job et al. 

(2007) study. 

 

Although this is the same congenic strain that was used in the Job et al. (2007) 

study, there might have been some alteration in the characteristics of the strain in 

the intervening time. Most of the experiments conducted in the Job et al. (2007) 

study were performed 4 - 5 years before the current studies. Initial subjects in the 

current study were from congenic C57BL/6J MOR KO mice that had been 

backcrossed for 10 generations onto the C57BL/6 strain (originally described in 

Hall et al., 2003), identical to those in Job et al. (2007). The initial subjects for the 

current experiments were not backcrossed further, but were 3 generations 

removed from the original experiments. To avoid effects of drift or selection two 

additional backcrosses were performed to ensure the consistency of the genetic 

background, and then subsequent mice were bred from heterozygous crosses of 

the offspring of those crosses. This backcrossing was done by breeding MOR +/- 

males to C57BL/6J females. It is unlikely that drift over just 2 or 3 generations 
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would account for this change in phenotype. Another possibility is more likely. 

The original congenic C57BL/6J knockout mice were generated by backcrossing 

C57BL/6J mice onto the original mixed C57BL/6J-129SvEV MOR KO strain to 

make congenic mice. Although these mice were technically “congenic”, in all 

likelihood they still retained a certain amount of “flanking” genetic material from 

the original 129 ES cells around the site of the transgene. In order for the 

phenotype to have altered between the 10th and 12th backcrosses there must 

have been a recombination event near the site of the transgene. The 

consequence of this would have been to alter the phenotype from a 129- like 

phenotype to a C57-like phenotype. This implies that the mechanism controlling 

ethanol-induced dopamine release is different in the two strains (opioid 

dependent and independent respectively) and that in the original study (Job et 

al., 2007) the effects of the knockout and these flanking genes were confounded. 

Although this issue has not been explored in C57 and 129 mice, it is interesting 

to note that in both the current study and the Job et al. (2007) study, the 

effectiveness, or non-effectiveness, of pharmacological blockade in each strain 

paralleled the effects of the MOR gene KO. In addition, there has been at least 

one other case in the literature where a particular ethanol-related phenotype in 

knockout animals cannot be replicated (i.e., increased ethanol consumption in 5-

HT1B  -/- mice on the mixed 129 substrain background, for review, see Crabbe et 

al., 2006).   

 

Although the specter of flanking gene effects have always been a major possible 

confound in transgenic studies, there has been surprisingly little experimental 

work on this problem. Perhaps this is in part because the probability of such a 
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confounding effect is low given that genes which are prone to interact with each 

other are likely to be distributed across the genome rather than next to each 

other. However, recently an example of this phenomenon was characterized 

precisely because the gene of interest was being examined for a phenotype that 

was known to be substantially determined by a neighboring gene; the gene of 

interest was KEPI (Ppp1r14c), which was located near MOR, and the phenotype 

of interest was morphine-induced analgesia (Drgonova et al., 2010). In the initial 

analysis of the original KEPI -/- mice in which the transgene was expressed on a 

mixed 129S6-C57BL/6J genetic background, substantial phenotypic differences 

were observed. Because of the specific potential for flanking gene effects in this 

circumstance, recombinant KEPI -/- mice were generated which had minimal 

amounts of 129S6 DNA surrounding the transgene by selecting for C57 genetic 

markers near the transgene. Thus the recombinant line was not congenic overall, 

but was selected in such a way to eliminate the 129 alleles in the genes flanking 

the transgene and to replace them with C57 alleles. Using this technique, some 

of the effects observed in the original strain were shown to have resulted from 

these flanking genes, while others remained, and were likely to have indeed 

been the result of the transgene.   

 

Although there were a number of differences, both the current study and the Job 

et al. (2007) study identified particular responses that differed between male and 

female subjects. When collapsed across genotype, female mice had a prolonged 

elevation in dopamine levels, while male mice only had a brief increase in 

dopamine release after 1 g/kg ethanol injection. This significant difference in 

dopamine response between sexes was confirmed when statistics were 
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performed on raw dopamine concentrations. We also report a sex x genotype 

interaction effect at the 3 g/kg ethanol dose. The sex difference at this dose was 

only seen in heterozygous animals and only when the analysis was performed on 

the percent basal dopamine data. No difference in dopamine response between 

male and female mice at the 3 g/kg dose was observed when statistics were 

performed on the raw dopamine concentrations. Therefore, caution must be used 

when interpreting this particular finding.  

 

Differences in ethanol-induced dopamine release between males and females at 

low doses of alcohol have been seen previously in rats (Blanchard et al., 1993). 

However, the significant decrease in dopamine levels at the 2 g/kg ethanol dose 

found in this study has yet to be replicated. Also, Yim et al. (2000) found no sex 

difference between male and female rats after 1 g/kg ethanol administration (i.p.); 

however, a larger sampling size may have revealed an effect, albeit in the 

opposite direction to the present study (males showing a greater response than 

females). To the best of our knowledge, our study is the first showing a difference 

in ethanol-evoked dopamine release at the 1 g/kg dose between male and 

female C57BL/6J mice.  

 

Thus, when this pattern of results across the current and previous studies is 

considered together, we conclude that MOR is not exclusively involved in 

mediating ethanol-stimulated dopamine release under all conditions. Other 

genetic factors, including some related to the sex of the subject, may contribute 

to determining whether ethanol-stimulated dopamine release is MOR-dependent 

or independent.  This suggestion may have important considerations for the 



 95 

treatment of alcoholism.  Currently a number of pharmacological treatments are 

being used in the treatment of alcoholism; this includes drugs from a variety of 

classes, including opiate antagonists.  Given the present results, it would appear 

that the effectiveness of these treatments might differ with the opioid-

dependence of the effects of ethanol in individuals. Variants in MOR have been 

associated with alcoholism (Deb et al., 2010), but more importantly, other 

variants are predictive of the therapeutic response to opiate antagonists in 

alcoholics (Oroszi et al., 2009). Recently, evidence has emerged that a single 

point mutation on the MOR 118 allele (OPRM1 A118G polymorphism) results in 

a much greater ventral striatal dopamine response to ethanol challenge than 

homozygous 118A allele carriers (Ramchandani et al., 2010). Consideration of 

this and the present results suggests that there is a genetic basis for MOR-

dependent, and MOR-independent, mechanisms of ethanol-induced dopamine 

release that are each likely to be relevant to the rewarding effects of ethanol. For 

any particular individual, however, it may be that the effects of ethanol are 

primarily mediated by one or the other mechanism. These differences in the 

underlying mechanisms of ethanol's effects would consequently impact on the 

utility of opiate antagonists as treatments in individual alcoholics. The ability to 

model this human variation in transgenic mice may aid the development of ways 

to predict which alcoholic individuals will be effectively treated by opiate 

antagonists, or by other medications. 
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Chapter 4. The Role of Estrus Cycle in Ethanol- 

Stimulated Dopamine Release in the Ventral Striatum of 

Female Mu Opioid Receptor Wildtype, Heterozygous and 

Knockout C57BL/6J Mice – A Pilot Study. 

 

 

Introduction 

 

The rodent estrous cycle is divided into four phases, each phase lasting 

approximately 24 hours, and is associated with varying levels of the gonadal 

hormones, estrogen and progesterone. These hormone levels are highest during 

proestrus and decline rapidly during estrus. During diestrus 1, progesterone 

levels start to rise while estrogen levels remain low, and finally, during diestrus 2, 

estrogen levels begin to rise while progesterone levels start to fall (Freeman, 

1994). 

 

Hormone fluctuations during the estrous cycle have been shown to modulate 

mesolimbic dopamine activity (for review, see Becker et al., 1999). Basal 

dopamine levels in both the striatum and prefrontal cortex were significantly 

higher in estrus than in diestrus (Xiao and Becker, 1994; Dazzi et al., 2007), 

while both ethanol and amphetamine induced dopamine release was greater 

during estrus than diestrus and proestrus (Becker and Cha, 1989, Dazzi et al., 

2007) as measured by microdialysis in female rats.  
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The estrous cycle did not appear to influence ethanol pharmacokinetics, as 

measured by brain ethanol levels after experimenter-administered ethanol at 

different stages of the estrous cycle in female rats (Crippens et al., 1999; 

Robinson et al., 2002). However, these experiments were conducted using only a 

single dose of ethanol, in the mid-low range (0.8 – 1 g/kg i.p., i.v. or i.g.). Also, 

ethanol pharmacokinetic parameters in female C57BL/6J mice have yet to be 

determined and estrus may influence ethanol metabolism and time course. 

 

Therefore, we conducted a pilot study using female MOR +/+, +/- and -/- mice 

described in the previous chapter, and examined the effect of estrus on ethanol- 

stimulated dopamine release, and brain ethanol time course using microdialysis. 

Female mice were vaginally lavaged daily, for at least three days, and were 

classified as either in estrus, or not in estrus depending on cervical cell 

morphology at the end of their dialysis experiment. Only cycling females, as 

determined by cell morphology, were used in the present study. 

 

Materials and Methods 

 

Animals 

Female congenic C57BL/6J +/+, +/- and -/- MOR KO mice (n = 33; 16 classified 

in estrus, 17 classified as non-estrus) described in Chapter 3, were used for 

these experiments. Mice were collapsed across genotype, were 8 – 18 months of 

age, and weighed 19 – 38 g. Mice received daily habituation injections of 0.1 mL 

saline (i.p.) and were also lavaged in the late morning or early afternoon (11 am 

– 1 pm) to determine cervical cell morphology for at least 3 days prior to dialysis. 
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All procedures were carried out in compliance with the guidelines set forth by the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals 

and the Institutional Animal Care and Use Committee of the University of Texas 

at Austin. 

 

Surgery, Microdialysis and Histology 

Procedures took place exactly as described in Chapter 3. Cervical cell 

morphology at the end of the dialysis experiment (4 – 5 pm) determined if the 

mice were classified as either estrus or non-estrus.  

 

High Pressure Liquid Chromatography (HPLC), Gas Chromatography (GC) and 

Statistical Analysis 

Analytical techniques took place exactly as described in Chapter 3. Statistical 

analysis was similar to that described in the previous chapter except estrus was 

the only between subject variable. Basal dopamine values were considered to be 

the two points immediately prior to ethanol injection. Mice were collapsed across 

genotype to look at the effect of estrus on both dopamine and brain ethanol 

concentrations, which were the within subject variables. Dopamine analysis was 

conducted using both the actual concentration of dopamine as recovered by the 

probe, and the percent basal increase in dopamine concentration. Univariate 

ANOVA was used to determine the effect of estrus on basal dopamine 

concentrations and dialysate ethanol clearance levels. 
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Results 

 

The effects of estrus on ethanol- induced dopamine release and ethanol time 

course in female congenic C57BL/6J MOR KO (+/+, +/-, -/-) mice. 

Criteria for inclusion in this study were identical to that listed in Chapter 3. As 

seen in figure 3.1, probe placement was in the ventral striatal region of the brain, 

and dopamine levels decreased by at least 40% after perfusion with calcium-free 

ACSF.  

 

Dopamine data are represented as the last two pre-injection samples followed by 

all time points after ethanol injection. No significant difference in basal dopamine 

levels were observed between estrus and non-estrus mice [F(1,31) = 2.3, p > 

0.05], average basal for mice in estrus = 1.6 nM, average basal for non-estrus 

mice = 1.2 nM. No effect of estrus was found at any ethanol dose, when data 

were analyzed using raw dopamine concentrations (Table 4.1, Figure 4.1) 

 
 
 
Table 4.1. Results from repeated measures ANOVA for dopamine response after 
1, 2 and 3 g/kg ethanol using raw dopamine concentrations (nM). * p < 0.05 

 

 

 

Type of 
factor 

Source of variation 
1 g/kg 2 g/kg 3 g/kg 

df F df F df F 

Between 
Error 10  7  11  

Estrous 1 0.2 1 0.3 1 1.5 

Within 

Error 36  56  88  

Time 4 6.6* 8 6.7* 8 9.5* 

Time by Estrous 4 0.2 8 1.4 8 1.0 
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Table 4.2. Results from repeated measures ANOVA for dopamine response after 
1, 2 and 3 g/kg ethanol using percent basal dopamine values. * p < 0.05 

 

When dopamine data were analyzed as percent basal dopamine concentrations, 

no effect of estrus was observed at the 1 and 2 g/kg doses (Table 4.2, Figure 

4.2). However, at the 3 g/kg dose, a main effect of estrus was found (Table 4.2, 

Figure 4.2)  

 

 

 
 
 
 

Type of 
factor 

Source of variation 
1 g/kg 2 g/kg 3 g/kg 

df F df F df F 

Between 
Error 9  7  11  

Estrous 1 1.2 1 3.1 1 6.6* 

Within 

Error 45  63  99  

Time 5 9.9* 9 7.5* 9 17.8* 

Time by Estrous 5 0.5 9 1.3 9 1.9 
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Figure 4.1. Effect of 1, 2 and 3 g/kg ethanol on dialysate dopamine concentrations in 
estrus and non estrus MOR C57BL/6J +/+, +/- and -/- mice, collapsed across genotype. 

Each point represents mean ± SEM. Time of ethanol injection is indicated by the 
arrow 
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Figure 4.2. Effect of 1, 2 and 3 g/kg ethanol on percent basal dialysate dopamine 
concentrations in estrus and non estrus MOR C57BL/6J +/+, +/- and -/- mice, collapsed 

across genotype. Each point represents mean ± SEM. Time of ethanol injection is 
indicated by the arrow 

 

 

No effect of estrous cycle was found on ethanol time course at any of the three 

doses of alcohol tested (Table 4.3, Figure 4.3). Microdialysate ethanol clearance 

was not significantly different between estrus and non-estrus female mice F(1,31) 

= 3.4, p > 0.05]  
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Table 4.3. Results from repeated measures ANOVA for ethanol time course after 
1, 2 and 3 g/kg ethanol. * p < 0.05. 
 
 

 
Figure 4.3. Dialysate ethanol time course after 1, 2 and 3 g/kg ethanol in estrus and non 
estrus MOR C57BL/6J +/+, +/- and -/- mice, collapsed across genotype. Each point 

represents mean ± SEM.  

Type of 
factor 

Source of variation 
1 g/kg 2 g/kg 3 g/kg 

df F df F df F 

Between 
Error 9  7  11  

Estrous 1 0.8 1 5.7 1 0.0 

Within 

Error 27  49  84  

Time 3 37* 7 50* 7 38* 

Time by estrous 3 1.6 7 0.6 7 1.1 
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Discussion 

 

This is the first study examining the effect of estrous cycle on ethanol-stimulated 

dopamine release and brain ethanol time course in the ventral striatum of female 

congenic C57BL/6J MOR KO mice (+/+, +/- and -/-).  Female mice were 

classified as either being in the estrus phase of their ovarian cycle, or not (i.e. 

they were in proestrus, diestrus 1 or diestrus 2). Our preliminary results show 

that, at a high dose of ethanol, estrus had a significant effect on ethanol 

stimulated dopamine release. There were also trends that ethanol 

pharmacokinetics were different between mice in estrus and those not in estrus. 

 

An interesting finding in our data analysis regarding estrus influence on 

dopamine efflux is that mice in estrus showed consistently higher extracellular 

concentrations of dopamine compared to their non-estrus counterparts. This was 

true at all does of ethanol tested, and is in agreement with studies conducted on 

female rats which show that the highest levels of brain dopamine concentrations 

occur during the estrus phase of the hormone cycle (Xiao and Becker, 1994; 

Dazzi et al., 2007). However, we were unable to find a statistical difference in 

basal dopamine concentrations between estrus and non-estrus females (p = 0.1).  

 

Dopamine data plotted as percent basal dopamine increases showed that non- 

estrus female mice had consistently higher dopamine responses at the two 

highest doses of ethanol tested compared to female mice in the estrus phase of 

their hormone cycle. Indeed, at the 3 g/kg ethanol dose, a significant main effect 

of estrus was determined, with non-estrus females showing a greater percent 
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increase than female mice in estrus. This is surprising considering that in cycling 

female rats, a greater percent increase in dopamine levels was found during the 

estrus phase of the cycle, after both ethanol or amphetamine administration 

(Becker and Cha, 1989; Dazzi et al., 2007). A possible explanation is species 

difference between rats and mice, with female mice showing less sensitivity to 

ethanol effects on dopamine release during the estrus phase of their cycle, 

compared to female rats. 

 

Hormone fluctuations during the estrous cycle are thought to affect brain 

dopamine concentrations in a number of possible ways. Estrogen is thought to 

act on GABAergic neurons to decrease the firing rate of interneurons and 

afferents, ultimately leading to a disinhibition of principle dopamine neurons 

(Mermelstein et al., 1996; Becker, 1999). Estrogen has also been reported to 

downregulate the expression of dopamine D2 autoreceptors, thus enhancing 

dopamine release in terminal regions (Di Paolo et al., 1988; Mermelstein et al., 

1996; Becker, 1999). The activity of the dopamine transporter and peak density 

of dopamine uptake sites in the striatum has been shown to be significantly 

elevated during proestrus (Morissette and Di Paolo, 1993; Thompson and Moss, 

1997). Also, progesterone metabolites have been reported to affect GABA 

subunit expression and may thus affect GABA neuron effects on dopamine 

neurons, and the function of intrinsic GABA neurons itself (Smith et al., 2007). At 

least one study has shown that pretreatment with progesterone in male rats 

resulted in a significant potentiation of the effect of experimenter-administered 

ethanol on cortical dopamine concentrations, as compared to controls (Dazzi et 

al., 2002).  
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While the estrous cycle effects on dopamine concentrations in rodents has been 

relatively well examined, at least in rats, not much study has been performed on 

estrous cycle influence on brain ethanol time course after alcohol administration. 

Two microdialysis studies report no differences in ethanol pharmacokinetics after 

ethanol administration (0.8 g/kg i.p., and 1 g/kg i.g. and i.v.) when brain ethanol 

concentrations were analyzed in cycling rats at different stages of the estrus 

cycle (Crippens et al., 1999; Robinson et al., 2002). Our preliminary results agree 

with these previous studies, with no differences in ethanol pharmacokinetics 

found in estrus and non-estrus mice, at any of the 3 doses of ethanol tested. At 

the two lower doses, mice in estrus seemed to have lower brain ethanol 

concentrations across time than non-estrus mice. Therefore, we also analyzed a 

measure of brain ethanol clearance, to determine if ethanol metabolism was 

significantly affected by estrus cycle. Again, no significant differences were found 

between estrus and non estrus mice, although mice in estrus appeared to have 

faster clearance than non-estrus females (p = 0.07).  

 

In conclusion, we report that compelling evidence exists for the influence of 

estrous cycle on ethanol stimulated dopamine release, and brain ethanol levels 

in cycling female C57BL/6J MOR +/+, +/- and -/- mice. When collapsed across 

genotype, female mice in estrus showed a significant difference in their 

dopamine response to a 3 g/kg dose of ethanol (i.p.). There were also a number 

of interesting trends observed, such as mice in estrus having consistently higher 

basal dopamine levels, a lower dopamine response to ethanol, and faster ethanol 

metabolism (as measured by ethanol time course, and microdialysate ethanol 
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clearance). We propose that had more subjects been used and classification 

included all four stages of the estrous cycle, significant differences may have 

emerged between female mice in estrus and another non-estrus state.  

 

Therefore, a number of improvements should be made in subsequent 

experiments examining the effect of estrous cycle on ethanol-stimulated 

dopamine release and ethanol time course in C57BL/6J mice. Future studies 

should use vendor obtained female C57BL/6J mice in the 2 - 6 month age range, 

to avoid the confounds of both age and genotype. The average age of the mice 

used in our experiments was 14 months and estrus effects in aging mice may 

have different consequences than those in younger animals. To ensure regular 

hormonal cycling in our subjects, mice should be lavaged for at least 10 days 

prior to microdialysis. Although we observed changes in cervical cell morphology 

during the 3 day time period before microdialysis, we are not able to confirm the 

regularity of our cycling animals. Finally, and perhaps most importantly, 

classification of our mice should include all 4 stages of the estrus cycle. 

Collapsing our non-estrus mice together may have hidden a difference in 

dopamine release and/or ethanol pharmacokinetics between estrus and one 

other single non-estrus state. We propose that the use of these additional 

measures will help us better elucidate the influence of the murine estrous cycle 

on ethanol and dopamine effects in female C57BL/6J mice.  
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Chapter 5. Summary and Conclusions 

 

The overall hypotheses for this dissertation were as follows: that mesolimbic 

dopamine release in the ventral striatum was related to ethanol preference and 

consumption, and that the mu opioid receptor mediated this ethanol stimulated 

dopamine release. Microdialysis was used to monitor extracellular dopamine 

concentrations in C57BL/6 mice before and after i.p. ethanol administration, and 

brain ethanol levels were also evaluated after ethanol injection.  

 

In our first aim, microdialysis was used to demonstrate that C57BL/6J mice 

showed a significantly lower dopamine response after 2 and 3 g/kg i.p. ethanol 

injection compared to C57BL/6NCrl mice. At the 1 g/kg dose, the difference in 

ethanol stimulated dopamine release between the two substrains approached 

significance (p=0.09). A subsequent power analysis using G*power software 

(Franz and Erdfelder, 1992) showed that at this dose, the power was 0.2 with a 

critical F value of 3.42. We therefore propose that with additional animals, a 

significant difference in ethanol-stimulated dopamine release at this dose may 

also have been detected. Previous two-bottle choice experiments had 

determined that C57BL/6J mice consumed significantly greater amounts of 5 % 

and 10 % ethanol solutions than the C57BL/6NCrl substrain. Therefore, in these 

particular substrains of mice, ethanol-induced dopamine release in the ventral 

striatum was negatively related to ethanol preference and consumption. 

 

We were able to rule out differences in ethanol pharmacokinetics being an 

influence in the difference seen in ethanol-stimulated dopamine release. 



 109 

However, particularly at the 3 g/kg ethanol dose (where the largest differences 

between the two substrains was seen), C57BL/6NCrl had consistently higher 

brain ethanol levels than C57BL/6J mice at all time points. A correlational 

analysis between mice at this dose of ethanol, using concurrent ethanol and 

dopamine levels at the second time point after ethanol injection returned a value 

of R = 0.2, showing a positive relationship between the two values, but a weak 

relationship.  

 

The C57BL/6J and C57BL/6NCrl substrains have been maintained and bred at 

separate facilities for over 50 years and 200 generations. Despite their 

differences in ethanol preference and ethanol consumption, the genomes of 

these two substrains are thought to vary by only 1-2% at all gene loci. Mulligan et 

al. (2008) conducted an in depth study using transcriptome analysis of several 

brain regions, including the ventral brain region, of alcohol-naïve C57BL/6J and 

C57BL/6NCrl mice to attempt to relate these behavioral differences to differences 

in gene expression. Significant differences in gene expression on chromosomes 

14 and 4 were discovered, where C57BL/6NCrl mice lacked genes that were 

present on the C57BL/6J  genome. Therefore it appears, that differences in gene 

expression may be a basis for the differences in ethanol preference found 

between these two substrains of C57BL/6 mice. 

 

We hypothesize that the differences in ventral striatal dopamine release between 

C57BL/6J and C57BL/6NCrl mice seen during i.p. ethanol administration also 

occurs during oral ethanol consumption. Therefore, during the initial stages of 

ethanol consumption in the two-bottle choice study, the lower ethanol-induced 
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dopamine levels seen in C57BL/6J mice may have prompted this substrain to 

consume greater amounts of, and have a greater preference for ethanol than 

their C57BL/6NCrl counterparts. However, as discussed earlier in Chapter 2, 

depending on the animal model studied, dopamine release has also been shown 

to have a positive relation to (Katner and Weiss, 2001), or no influence on 

ethanol preference (Yoshimoto et al., 1992; Kiianmaa et al., 1995). Therefore our 

findings may be pertinent to only certain species and substrains.  

 

Differences in other neurotransmitter systems aside from mesolimbic dopamine 

activity may also account for the disparities in ethanol consumption and 

preference seen in the C57BL/6J and C57BL/6NCrl mouse models. While 

studies have not been performed on these two specific substrains, data has been 

published on differences seen in C57BL/6 mice and the ethanol non-preferring 

DBA/2 mouse strain. C57BL/6J mice tend to have higher levels of delta opioid 

receptors and greater levels of ethanol-induced hypothalamic beta-endorphin 

than DBA/2 mice (De Waele and Gianoulakis, 1992; 1997). An in vitro study 

measuring evoked and spontaneous GABA currents in the amygdale found 

GABAergic activity was more robust in the DBA 2J mouse strain compared to the 

C57BL/6 strain. Assuming these differences extend to the substrains examined 

in Chapter 2, this may also account for the lower ethanol consumption and 

preference seen in C57BL/6NCrl mice, compared to the C57BL/6J substrain. 

 

Various changes in neurotransmitter release and basal levels occur in the 

development of chronic ethanol use. Our studies mainly focused on acute 

ethanol administration, however it is important to provide at least a brief 
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description on the changes that take place as this administration escalates to a 

chronic application. Acute ethanol increases dopamine release in the ventral 

striatum. Chronic ethanol administration has been shown to increase the basal 

activity of dopaminergic neurons, with no effect of tolerance (Diana et al., 1992). 

Moreover, withdrawal from this chronic ethanol exposure results in a significant 

decrease in accumbal tonic dopamine levels (Diana et al., 1993; Weiss et al., 

1996) which may provide the drive to seek and consume more ethanol (Melis et 

al., 2005). Additionally, some studies have shown that long-term, voluntary 

consumption of ethanol leads to enhanced glutamate system activity in the VTA 

(Hopf et al., 2007; Stuber et al., 2008) while GABA system activity appears to be 

decreased (Brodie, 2002; Charleton et al., 1997). 

 

 We conclude the first aim of this dissertation by stating that our findings support 

a negative association between ventral striatum dopamine release and ethanol 

preference and consumption in C57BL/6 mice. However, this relationship is 

dependent on both the strain and species of animal examined. We also cannot 

rule out the possibility that differences in other receptor and neurotransmitter 

systems may also account for differences observed in ethanol-consumption 

behavior between these two substrains. 

 

Our second aim examined the involvement of the mu opioid receptor in ethanol 

stimulated dopamine release in the ventral striatum of C57BL/6J mice. This was 

accomplished in two ways. First, we used genetic engineered MOR KO mice on 

the C57BL/6J strain bred at the University of Texas at Austin, and compared 

dopamine release after i.p. ethanol injection in male and female MOR +/+, +/- 
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and -/- animals. To complement our genetic study, we studied the effect of 

pharmacological blockade of the mu receptor on ethanol stimulated dopamine 

release in vendor obtained C57BL/6J male mice. The results of these 

experiments described in Chapter 3, convincingly show that lack of the mu opioid 

receptor, either genetically, or through pharmacological blockade, does not 

impact ethanol induced dopamine efflux in the ventral striatum of C57BL/6J mice. 

 

Our findings are in stark contrast to those observed in a previous study 

performed in our lab, described in Job et al. (2007). There, a 2 g/kg i.p. ethanol 

injection stimulated ventral striatal dopamine release in male and female 

C57BL/6J MOR +/+ mice, but had no effect on -/- mice. We can only speculate 

as to the source of this variation, but it is likely that changes in gene composition 

occurred in the intervening time between the Job et al. (2007) study and the 

experiments described in Chapter 3 of this dissertation. The congenic C57BL/6 

line of mice was originally derived by backcrossing mixed background C57BL/6J-

129SvEV MOR KO mice onto C57BL/6J mice. After 10 generations of 

backcrossing, congenic C57BL/6J MOR +/+, +/- and -/- mice were bred and 

maintained at the University of Texas at Austin though +/- +/- mating. The initial 

group of animals used in the present study came from the original line of animals 

used in the Job et al. (2007) study, although subjects were at least 3 generations 

removed from the mice used in the previous experiments. Also, in the course of 

the current experiments, two additional backcrosses were performed by 

backcrossing male MOR +/- mice onto female C57BL/6J mice. The gap of 

several years and the two additional backcrosses between our study and the 

mice described in Job et al. (2007) may have caused an alteration in the flanking 
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genetic material around the mu receptor gene, or even gene composition at other 

regions. The knockout effect seen in Job et al. (2007) may therefore have been 

not due to the deletion of the mu gene itself, but instead due to gene-gene 

interactions between the MOR gene and other flanking genes. This flanking 

genetic material would have been eliminated by the time the mice in the current 

study were used. It should also be mentioned that the MOR KO mice that we 

used in our studies targeted exon 1 of the MOR gene. Our PCR analysis targeted 

only this particular exon to determine if mice were -/- or +/+ for the MOR gene. 

This does not preclude the possibility that an additional promoter region may 

have extended past exon 1, and rogue MOR protein may have been present in 

our “MOR -/-“ mice, since splice variants of this receptor are commonly found. 

 

Job et al. (2007) also reported that pretreatment with the mu-1 opioid receptor 

antagonist, naloxonazine, abolished ethanol induced dopamine release in female 

C57BL/6J-129SvEv MOR +/+ mice but had no effect of in male C57BL/6J-

129SvEv MOR +/+ mice.  This sex difference was also seen in genetic knockout 

mice on this mixed background strain, with female C57BL/6J-129SvEv MOR -/-

mice showing no dopamine response to 2 g/kg ethanol i.p. injection while male -/-

mice showed similar peak dopamine levels to +/+ mice, but a more rapid decline 

to baseline values. This again argues that the mu opioid receptor does not 

exclusively mediate ethanol stimulated dopamine release. Instead, it appears 

that, depending on the composition of flanking genetic material, both opioid 

dependent and non-opioid dependent mechanisms contribute to ethanol 

stimulated dopamine release in the C57BL/6J mouse model. As discussed in 

Chapter 1 of this dissertation, other receptor systems observed on mesolimbic 
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dopamine neurons that may mediate dopamine activity following ethanol 

administration include GABA and glutamate, to name but two.  

 

To ensure that the MOR -/- mice used in our studies had a functional deletion of 

the MOR gene, we conducted a positive control experiment, examining 

mesolimbic dopamine release after 5 mg/kg i.p. morphine. Although morphine 

administration caused an increase in dopamine release, the time-course of this 

dopamine increase was not similar to that seen after ethanol administration. 

Maximum dopamine levels were reached approximately 30 – 60 minutes after 

morphine injection, while after ethanol injection, maximum dopamine levels were 

seen in the first time point (15 minutes after administration). One hypothesis is 

that after ethanol administration, activation of GABA transmission dampens 

dopamine neuron firing rates (bringing down ventral striatal dopamine levels), 

while after morphine administration, inhibition of GABA transmission causes a 

disinhibition of VTA dopamine neurons, and a net increase in ventral striatal 

dopamine concentrations. It should also be stated that the brain morphine 

concentrations do not correlate with the dopamine increase seen, unlike that 

seen after i.p. ethanol administration (where dopamine and ethanol levels peak 

and then decrease at the same time points). After i.p. morphine administration, 

peak morphine levels in the striatum are reached in the first 30 minutes and then 

steadily decline (Melzacka et al., 1985), while dopamine levels are still increasing 

Since the time-courses of dopamine release after ethanol and morphine 

administration are so disparate, this again points to the likelihood that ethanol-

stimulated dopamine release is not mediated by the MOR in this mouse model. 
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Although we were unable to observe a genotype effect, an interesting result 

regarding a sex difference in ethanol stimulated dopamine release was revealed 

at the 1 g/kg dose. Female mice appeared to have a greater sensitivity to ethanol 

effects, regarding ventral striatal dopamine release, compared to male mice, 

when both sexes were collapsed across genotype. Ethanol pharmacokinetics 

were similar between the two sexes, therefore our results suggest an intrinsic 

difference in dopamine response to low dose ethanol between male and female 

mice. A sex by genotype difference was observed at the 3 g/kg ethanol dose 

when the data were analyzed using percent basal dopamine concentrations. 

While these results may be spurious, studies have shown an “overdominance” 

effect in heterozygous animals, where a behavioral effect is greater in the 

heterozygous animal than in the homozygous parental strains. For example, the 

hybrid offspring of C57BL/6J x FVB/NJ mice consume significantly more ethanol 

than either parental strain (Blednov et al., 2010, 2005; Phillips et al., 2010). This 

heightened phenotype in the hybrid offspring can be defined as an overdominant 

trait and may be due to epistatic interactions between alleles that are unique to 

each of the parental strains. In our experimental data, this epistatic interaction 

may have been mediated by sex in addition to genotype, and the effect may only 

have been visible at the highest dose of ethanol used. 

 

An important variable that may have influenced dopamine release in female 

MOR +/+, +/- and -/- mice is differences in estrogen and progesterone found at 

different stages of the murine estrous cycle. Therefore, a follow-up experiment 

described in Chapter 4 of this dissertation used a limited number of cycling 

female mice collapsed across genotype to examine the effect of estrus on 
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ethanol stimulated dopamine release. Our data showed that mice in estrus had 

overall higher extracellular concentrations of dopamine than mice at other stages 

of the cycle (data showing a trend, but not significant), and also, mice in estrus 

showed significantly less sensitivity to ethanol’s effects compared to non-estrus 

mice, as measured by ventral striatal dopamine release after 3 g/kg i.p. ethanol 

administration. Also, estrous cycle appeared to have some influence on ethanol 

pharmacokinetics. 

 

This is the first study to evaluate estrus effects on basal and ethanol stimulated 

dopamine release and ethanol pharmacokinetics in C57BL/6J mice. While we 

were unable to observe significant differences in basal dopamine levels, and 

ethanol stimulated dopamine release at the 1 and 2 g/kg ethanol doses, future 

experiments that use a greater number of mice and categorize cycling mice to all 

four stages of the estrous cycle may be able to pull out significant differences 

between estrus and another particular non-estrus state. No effect of estrus on 

ethanol pharmacokinetics has been observed in female rats and in human 

studies. Our data follow these findings; however mice in estrus showed 

consistently lower brain ethanol levels than mice not in estrus, particularly at the 

two lowest doses of ethanol used. Also, ethanol clearance showed a trend 

towards being faster in mice that were in estrus, when microdialysate ethanol 

concentrations were examined. It may be that ethanol metabolizing enzymes are 

particularly sensitive to estrogen and progesterone influence in the female mouse 

model. Again, adding more experimental subjects and categorizing cycling 

females into all four stages will help us better evaluate estrus influence on 

ethanol time-course in the brain. We therefore conclude that estrous cycle is an 
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important variable that must be accounted for in future studies examining 

dopamine and ethanol effects in female mice. 

 

The experiments performed during the course of this dissertation generated 

several novel findings, and the following experiments represent some possible 

future directions for research that build upon the results discussed in this 

dissertation: 

 (1) Our experiments described in Chapter 2 were carried out only on male mice. 

From our results in Chapter 3, it appears that a sex difference in ethanol-

stimulated dopamine release occurs after a low dose (1 g/kg i.p.) alcohol 

injection. Therefore, it would be interesting to determine if the relationship 

between dopamine release and ethanol preference was consistent across male 

and female mice in the C57BL/6J and C57BL/6NCrl subsrains, and if any sex 

difference in ethanol consumption/preference and ethanol-stimulated dopamine 

release occurs.  

 

(2) Determine if the two substrains of C57BL/6 mice described in Chapter 1 have 

other differences in ethanol-induced behavior, such as conditioned place 

preference (CPP), duration of loss of righting reflex, and locomotor behavior. 

 

(3) Determine if backcrossing congenic C57BL/6J +/- mice described in Chapter 

2 onto the mixed background C57BL/6J-129SvEv parental strain brings back the 

blunted response to ethanol challenge in -/- mice. This would strengthen our 

argument for the influence of 129 genes on mu opioid receptor mediated ethanol 

stimulated dopamine release seen in Job et al. (2007). 
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(4) We found no differences in basal dopamine concentrations in any of our 

microdialysis studies. It would be interesting to confirm this using actual 

dopamine concentration as measured by no net flux dialysis, instead of using 

microdialysate dopamine concentrations that have not been adjusted for probe 

recovery. 

 

(5) Determine the effect of estrous cycle on ethanol-related behavior in the 

C57BL/6J  mouse model, such as two bottle choice and CPP.  

 

We propose that these experiments will help further our understanding of 

dopamine’s role in ethanol consumption and related behavior, and help elucidate 

some of the mechanisms by which ethanol may increase ventral striatal 

dopamine release. 
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