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Distinct alcohol self-administration behaviors are observed when comparing two 

F1 hybrid strains of mice: C57BL/6J x NZB/B1NJ (B6xNZB) show reduced alcohol 

preference (RAP) after experience with high concentrations of alcohol and abstinence 

periods and C57BL/6J x FVB/NJ (B6xFVB) show sustained alcohol preference (SAP), 

providing models of stable, high alcohol consumption and moderate drinking. The 

purpose of this dissertation is to characterize ethanol-related behaviors and define 

neurocircuits engaged by SAP and RAP.  

We performed a battery of behavioral tests to define behaviors that predict SAP 

and RAP. B6xFVB exhibited less severe ethanol-induced conditioned taste aversion and 

were less sensitive to ethanol-induced loss of righting reflex (LORR) than B6xNZB. Both 
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hybrids demonstrated ethanol-induced place preference and low ethanol withdrawal 

severity. Hybrids differ in sensitivity to the aversive and sedative, but not rewarding, 

effects of ethanol. Results of elevated plus maze, mirror chamber, and locomotor tests 

reveal B6xFVB mice are less anxious and more active than B6xNZB mice.  

The validity of the SAP behavioral phenotype in B6xFVB mice was determined 

by testing whether chronic self-administration of ethanol produced tolerance or 

dependence. We measured responses from ethanol-naïve and ethanol-experienced mice in 

tests of ethanol-induced hypothermia, withdrawal severity, and LORR. Chronic ethanol 

self-administration resulted in tolerance to sedative and hypothermic effects of ethanol; 

however, physical dependence was not evident as measured by ethanol withdrawal 

severity.   

We tested the hypothesis that SAP and RAP behavioral differences are 

represented by differential production of the inducible transcription factor, FosB. FosB 

immunoreactivity was quantified in 16 brain structures after chronic ethanol consumption 

or only water. Neuronal activity (as measured by FosB levels) depended on ethanol 

experience, brain region, and genotype, further supporting the notion that neuronal 

circuitry underlies motivational aspects of ethanol consumption. For B6xNZB mice, 

ethanol consumption resulted in increased neuronal activity in the EW, VTA, and 

amygdala, known ethanol- reward-, and stress-related brain regions. In B6xFVB, ethanol 

consumption resulted in a larger network of correlated regional activity, whereas in 

B6xNZB ethanol consumption resulted in a smaller network. These studies characterized 

genetic models of stable, high consumption (SAP) and moderate drinking (RAP) in two 

hybrid mouse strains.  
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Chapter 1.  General Introduction 

 
Alcohol abuse is a prerequisite for development of alcoholism and is associated 

with a high cost to health and quality of life. In 2004, the US Department of Health 

estimated that 22.5 million Americans have experienced substance abuse or dependence 

(Chou and Narasimhan, 2005). Due to costs associated with health care, productivity, 

motor vehicle accidents, and crimes, alcohol abuse exerts a cost to society of more than 

$184 billion dollars per year (NIAAA, 2000). There are known susceptibility factors, 

both environmental and genetic, associated with alcohol abuse and alcoholism. The 

ability to drink copious amounts of alcohol with little consequence to the individual is a 

primary onset symptom in many alcoholics, indicating that a low level of response to 

alcohol is a vulnerability factor in the development of alcoholism (Garcia-Andrade et al., 

1997; Schuckit et al. 2004). Alcohol moderation is protective of abuse and factors 

contributing to this behavior need to be identified and explored. Defining neurobiological 

factors that contribute to alcohol moderation will increase our understanding of alcohol 

use and abuse, and is an effective strategy to guide in the development of better 

treatments for individuals diagnosed with alcohol abuse or addiction.  

 

GENETIC MOUSE MODELS OF ETHANOL CONSUMPTION 

 
Determining the mechanisms of alcohol actions has proved elusive, and because 

of this, alcohol is often referred to as the most promiscuous psychoactive drug (Lovinger 
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and Crabbe, 2005). Use of rodent models to imitate human disease has been a powerful 

tool in the advancement of understanding disease and improving treatments. There are 

several rodent models in place to study ethanol consumption. C57BL/6J mice are 

commonly used to model excessive ethanol consumption and DBA/2J mice are used to 

model ethanol avoidance based on their performance in the two bottle free-choice ethanol 

preference test (Belknap et al., 1993). Oral ethanol consumption is considered reinforcing 

in C57BL/6J, but not DBA/2J, mice because increased consumption of ethanol solutions 

results from increased behavioral efforts directed towards drinking (Crabbe et al., 2002). 

The extent to which a mouse will orally self-administer ethanol solutions under similar 

environmental conditions depends heavily on its genetic background (Belknap et al., 

1993).  

Blednov et al. (2005) discovered that F1 hybrid mice from the cross of C57BL/6J 

and FVB/NJ (B6xFVB and FVBxB6) drink substantially more ethanol than either 

progenitor strain, and this is the highest ethanol-consuming strain reported in the 

literature. In order to determine if the high drinking seen with the B6xFVB F1 hybrid was 

unique, three additional reciprocal crosses were studied by Blednov (unpublished 

observations). Blednov assessed ethanol consumption and preference in B6xSJL, 

B6xNZB, and B6xBUB mice, their reciprocal crosses, and progenitor strains. 

Additionally, the stability of ethanol preference and consumption after varying ethanol 

concentrations and periods of abstinence was assessed. Ethanol consumption is not 

always stable with varying ethanol concentrations or after periods of abstinence. 

Presentations of high ethanol concentrations and repeated ethanol 

presentation/deprivation pairings are key challenges known to produce experience-
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dependent changes in ethanol consumption in mice (Melendez et al., 2006; Ozburn, 

unpublished data). Without challenges such as these, some strains will stably drink 

ethanol for long periods of time; this behavior is thought to model controlled drinking 

(Melendez et al., 2006; Ozburn, unpublished data). After forced deprivations, subsequent 

increased ethanol consumption is referred to as a positive alcohol deprivation effect and 

is thought to model uncontrolled drinking, whereas decreased ethanol consumption is 

referred to as a negative alcohol deprivation effect and could represent a change in the 

threshold for the aversive properties of ethanol or the alteration of memories previously 

associated with a reinforcing experience (DiBattista, 1991; Melendez et al., 2006).  

Blednov (unpublished observations) found that F1 hybrid crosses of B6 and FVB 

and B6 and SJL mouse strains consumed more ethanol than either progenitor strain in the 

two bottle choice test. The F1 hybrid cross of B6 and FVB demonstrates the occurrence 

of overdominance in two-bottle choice drinking in mice, the genetic phenomenon 

whereby alleles interact non-additively to influence phenotype.  The B6xFVB cross 

identifies a mouse genotype that shows sustained alcohol preference and consumption in 

response to the challenges of repeated high ethanol concentrations and periods of 

abstinence. The F1 hybrid of B6 and FVB is a unique and powerful addition to the group 

of genotypes that have been used to identify the genetic basis of high ethanol self-

administration in mice. The F1 hybrid of B6 and SJL also demonstrates the occurrence of 

overdominance in choice drinking, but has reduced alcohol preference in response to the 

challenges of repeated high ethanol concentrations and periods of abstinence. The F1 

hybrid of B6 and NZB demonstrates additivity in choice drinking, but shows a markedly 

reduced alcohol preference in response to the challenges of repeated high ethanol 
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concentrations and periods of abstinence. The F1 hybrid of B6 and BUB demonstrates 

dominance in choice drinking, but has only a slight reduction in alcohol preference in 

response to the challenges of repeated high ethanol concentrations and periods of 

abstinence. It is interesting to note that the inbred mouse strains reduced their ethanol 

consumption after repeated presentation of ethanol whereas most of  the hybrids showed 

stable drinking.   

Inbred mouse strains are a foundation of alcohol research.  However, humans are 

likely heterozygous at many loci and we speculate that hybrid mice will provide a wider 

range of alcohol responses and perhaps a better model of some human responses to 

alcohol than inbred strains. Further, a critical assessment of past work is that animal 

models of high alcohol consumption are compared with models of avoidance (mice not 

willing to orally self-administer ethanol).  Based on Blednov’s data (unpublished 

observations), we chose to further characterize the opposing voluntary ethanol self-

administration behaviors observed in B6xFVB and B6xNZB mice.  The latter strain 

express the behavioral phenotype of  reduced alcohol preference (RAP) after experience 

with high concentrations of ethanol and abstinence, whereas B6xFVB express the 

behavioral phenotype of sustained alcohol preference (SAP). An important distinction 

regarding our model of RAP is that B6xNZB mice initially show a high preference for 

ethanol solutions. Though the motivational aspect of reducing ethanol intake after 

experience with high ethanol concentrations and abstinence is unknown, B6xNZB mice 

might be likened to moderate alcohol drinkers in that they will still consume ethanol 

solutions but not at their initially-preferred levels due to a presumably aversive 

experience. Our SAP model is also novel, as B6xFVB mice consume high levels of 
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ethanol regardless of previous experience. Further exploration of ethanol-related 

behaviors for these hybrids offers insight into their sensitivity to the rewarding and 

aversive properties of ethanol.  

 

INNATE AND ETHANOL-RELATED BEHAVIORS 

In continuous access two bottle choice ethanol self-administration experiments, 

B6xFVB mice consume more ethanol than do B6xNZB mice. Therefore, motivational 

properties of ethanol were assessed using a locomotor sensitization paradigm followed by 

voluntary ethanol consumption, conditioned place preference and conditioned taste 

aversion behavioral paradigms,  loss of righting reflex assay, and acute withdrawal 

severity. Responses to anxiogenic tests were used to assess innate behaviors. These new 

genetic models of both stable, high consumption (SAP) and moderate drinking (RAP) 

offer significant advantages to existing inbred strains and can be used to study the genetic 

basis of ethanol consumption.  

Differences in sensitivity to the aversive effects of ethanol could have a role in the 

development of the RAP and SAP behaviors seen in our models. An inverse relationship 

between ethanol consumption and severity of ethanol-induced conditioned taste aversion 

has been described for many genotypes (Broadbent et al., 2002; Chester et al., 1998; 

Chester et al., 2003; Phillips et al., 2005). Taste learning is essential for survival and 

development of associations between taste and safe/unsafe. Gutiérrez et al., (2003) 

showed that the taste memory trace is simultaneously processed by two mechanisms in 

the insular cortex, and that their interaction determines the degree of preference or 

aversion learned to a novel taste. The possible importance of aversive memory in 

regulating ethanol consumption is supported by data in Chapters 2 and 4. High 
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withdrawal severity is hypothesized to be aversive and is inversely correlated with 

ethanol consumption (Metten et al., 1998). Acute ethanol-induced withdrawal is 

described for both hybrids in Chapter 2. Differences in consumption may also reflect 

differences in responses to the sedative or initial sensitivity to the sedative effects of 

ethanol, therefore hybrid responses were ascertained. Increased ethanol consumption is 

associated with an increased ethanol-induced conditioned place preference and thought to 

reflect the rewarding effects of ethanol; therefore hybrid responses were determined 

(Greene and Grahame, 2008). Additionally, it is well known that drug-induced 

sensitization has been associated with enhanced drug self-administration and may 

contribute to drug addiction. For mice with a known high ethanol preference, voluntary 

ethanol consumption can produce behavioral sensitization to the locomotor stimulating 

effects of ethanol and sensitization to the locomotor stimulating effects of ethanol results 

in increased ethanol consumption (Lessov et al., 2001). Anxiogenic tests were used to 

assess innate responses to further characterize hybrid behaviors.  

 

TOLERANCE AND DEPENDENCE 

According to the Diagnostic and Statistical Manual-IV, dependence on alcohol is 

accompanied by signs of abuse, compulsive drinking behavior, tolerance, and 

withdrawal, all of which promote alcohol intake and increase the damaging effects of 

alcohol over time. Tolerance means that more alcohol is required to achieve an effect; 

therefore the effect of a given dose of alcohol decreases as tolerance develops. Three 

categories of alcohol tolerance have been described according to the sequential order in 

which they appear. Acute-functional tolerance occurs when an initial response to ethanol 

is reduced within a single drinking session in a metabolism-independent manner 

(Mellanby, 1919). Acute functional tolerance occurs within a time frame lasting minutes 
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to hours.  Rapid tolerance occurs 8 to 24 hours after a single ethanol administration 

(Crabbe et al., 1979; Rustay and Crabbe, 2004). Chronic tolerance occurs after repeated 

ethanol administration and can last for days, months, or years. Chronic tolerance can be 

environment-dependent or environment-independent. Rapid and chronic tolerance has 

been described for repeated trials of ethanol-induced hypothermia and loss of righting 

reflex (LORR; Crabbe, 1989; Crabbe 1994; Crowell et al., 1981; Le et al., 1979; 

Melchoir and Tabakoff, 1981; Silvers et al., 2003). Human and animal studies indicate 

that some aspects of tolerance are genetically determined, thus tolerance has an innate 

component (Browman et al., 2000; Crabbe et al., 1994; Garcia-Andrade et al., 1997; 

Phillips et al., 1996; Schuckit and Gold, 1988; Schuckit et al., 2004).   

Alcohol dependence is also characterized by the presence of withdrawal 

symptoms (physical and psychological) after drinking ceases, which results from physical 

dependence on alcohol. Withdrawal from alcohol in humans is characterized by central 

nervous system hyperexcitability, seizures, autonomic dysregulation, anxiety, 

restlessness, nausea, sleeplessness, and depression. Nearly all studies of ethanol 

withdrawal in mice focus on one or two behaviors – seizure severity and anxiety-like 

behavior. In rodent models, dependence on ethanol is frequently induced either by 

offering an ethanol containing liquid diet as the sole source of nutrition or ethanol vapor 

inhalation. Once dependence is induced, withdrawal seizure severity is measured using 

handling-induced convulsion (HIC) scores (Goldstein and Pal, 1971). Increased HIC 

scores can be seen after a single injection of ethanol using a modification of the HIC 

index allowing the detection of withdrawal severity with more sensitivity (Crabbe et al., 

1991). This behavioral index ranges from facial grimmace to tonic-clonic convulsions. 

The severity of withdrawal depends on genetic background, as well as dose of ethanol 

and duration of exposure (Goldstein, 1972; Metten et al., 1998, Phillips et al., 1994). For 
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a more detailed review of alcohol tolerance and dependence, several excellent reviews 

are available (Harris and Buck 1990; Kalant et al. 1971; Kalant, 1998; Koob and Bloom 

1988). 

Tolerance and withdrawal are manifestations of dependence which we studied 

here using a genetic mouse model of high alcohol consumption. Recently, we found that 

B6xFVB and FVBxB6 F1 hybrid mice self-administer unusually high levels of ethanol 

during two-bottle preference tests (females consume 20-35 g/kg/day, males 7-25 

g/kg/day, depending on concentration) (Blednov et al., 2005). This new genetic model 

has significant advantages when compared to existing inbred strains, including evidence 

of drinking to intoxication (Blednov et al., 2005). In Chapter 3, we explore possible 

consequences of their high ethanol drinking. To our knowledge, this is the first study to 

evaluate the acute withdrawal, metabolic, sedative, and hypothermic response to ethanol 

after chronic self-administration using a continuous access two-bottle choice paradigm. 

Two sets of chronic ethanol drinking experiments were carried out using the two bottle 

choice paradigm. The first set of experiments consisted of chronic ethanol drinking 

followed by testing for physical dependence (ethanol-induced acute withdrawal), rapid 

and chronic hypothermic tolerance (three trials of ethanol-induced hypothermia), and 

rapid sedative tolerance (on trial of ethanol-induced loss of righting reflex). The second 

set of experiments consisted of chronic ethanol drinking followed by testing for 

metabolic tolerance (ethanol metabolism), and rapid and chronic sedative tolerance (five 

trials of ethanol-induced loss of righting reflex).  

 

SAP AND RAP NEUROCIRCUITRY  

Ethanol and other drug engaged neurocircuits have been studied in specific mouse 

models using molecular markers of neuronal activity (Koob and Le Moal, 2005). Self-



 9

administered and experimenter-administered ethanol does not result in equivalent brain 

metabolic maps, suggesting circuitry underlies the reinforcing effects of ethanol 

(Williams-Hemby and Porrino, 1994; Porrino et al., 1998). One key component yet to be 

extensively explored in alcohol research is examination of sustained and reduced alcohol 

preference behaviors and identification of neuronal circuits engaged during these 

behaviors. The goal of the experiments presented in Chapter 4 was to identify brain 

regions important for SAP and RAP. We tested the hypothesis that the SAP and RAP 

behavioral phenotypes are represented by differential production of the inducible 

transcription factor, FosB and ∆FosB, in brain regions known to be involved in reward, 

taste, and stress.   

Two variants of FosB exist (FosB and ∆FosB isoform), each of which differs in 

their induction requisites, levels, and lifespan. FosB protein levels peak six hours after an 

acute stimulus and return to baseline after twelve hours, whereas ∆FosB protein levels 

peak six to twelve hours after an acute stimulus (although less dramatically than FosB) 

and return to baseline in approximately three days (Chen et al. 1997; McClung et al., 

2004). Gradual increases of ∆FosB protein occur with chronic manipulations and due to 

its unique long term stability, increased protein levels can persist for several days to 

weeks following stimuli (Nestler et al. 2001). ∆FosB is a truncated splice variant lacking 

101 amino acids from the C-terminus of the full length FosB protein (Nakabeppu et al. 

1991).  Antibodies directed at the N-terminal domain of FosB detect ∆FosB as well; 

therefore detection of ∆FosB can only be shown in tissue by presence of signal from 

antibodies directed at the N-terminus and absence of signal from antibodies directed at 

the C-terminus of FosB.  

Chronic stimuli that cause regional differences in FosB and ∆FosB levels include 

drugs of abuse (alcohol, cocaine, amphetamine, nicotine, morphine, and antipsychotics), 
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chronic stress (restraint stress, unpredictable foot shock, electroconvulsive seizures), and 

compulsive wheel running (McClung et al. 2004). As a potential mediator of long term 

adaptations in the brain, identifying the dominant variant of FosB in response to chronic 

ethanol treatment is an important distinction. The majority of these experiments have 

shown that ∆FosB, not FosB, is the dominant FosB variant after chronic stimuli 

(McClung et al., 2004; Perrotti et al., 2005; Perrotti et al. 2008). A study by Ryabinin and 

Wang (1998) found that in DBA/2J mice, four days of repeated ethanol injections 

resulted in robust increases in FosB expression the following brain regions: anterior 

cortical amygdaloid nucleus, lateral septum ventrale, central amygdala, lateral amygdala, 

lateral hypothalamus, nucleus accumbens shell, bed nucleus of stria terminalis, and 

paraventricular nucleus of the thalamus. Their results identify an ethanol-responsive 

neurocircuit. FosB expression has also been measured in the C57BL/6J mouse brain 

during acquisition and maintenance of ethanol self-administration under limited access 

conditions. There were no changes in FosB levels during acquisition of self-

administration (Ryabinin et al., 2001). After two weeks of limited access ethanol self-

administration FosB levels were increased in the central medial nucleus of the amygdala 

and Edinger-Westphal nucleus (Bachtell et al., 1999). Overall, reports identify novel 

regions engaged in ethanol self-administration, as well as implicate a role for the 

mesocorticolimbic pathway and extended amygdala (Kalivas, 2005; Koob and LeMoal, 

2005). Changes in FosB levels depend on route of administration, ethanol dose, and 

length of time exposed to a treatment or schedule (Ryabinin and Wang, 1998; Bachtell et 

al. 1999; Ryabinin et al., 2001). The study presented in Chapter 4 provides an opportunity 

in which conditions producing the opposing behaviors of ethanol SAP and RAP can be 

explored and further characterized. Our novel model of RAP is compared with SAP to 

gain a better understanding of brain regions important for moderation.  
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All together, the experiments presented in chapters 2, 3, and 4 contribute to the 

understanding of alcohol use and abuse on a behavioral, anatomical, and circuit level by 

identifying factors contributing to SAP and RAP.   
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Chapter 2. Behavioral differences between C57BL/6J x FVB/NJ and 
C57BL/6J x NZB/B1NJ F1 hybrid mice:  relation to control of ethanol 

intake. 

 

ABSTRACT 

C57BL/6J x FVB/NJ F1 (B6xFVB) mice consume more alcohol than C57BL/6J x 

NZB/B1NJ F1 (B6xNZB) mice and this high alcohol consumption is stable after 

abstinence whereas B6xNZB show reduced consumption, thus providing models of 

Sustained Alcohol Preference (SAP) and Reduced Alcohol Preference (RAP). We 

assessed several behavioral responses to define behaviors which might predict SAP and 

RAP. B6xFVB exhibited less severe ethanol-induced conditioned taste aversion and were 

less sensitive to ethanol-induced loss of righting reflex than B6xNZB. Both hybrids 

demonstrated ethanol-induced place preference and a low ethanol withdrawal severity. 

We found that these hybrids differ in their sensitivity to the aversive and sedative, but not 

rewarding, effects of ethanol. Results of elevated plus maze, mirror chamber, and 

locomotor tests reveal B6xFVB mice are less anxious and more active than B6xNZB 

mice. Results obtained offer insights about factors that determine SAP and RAP in these 

new genetic models of alcohol consumption. 

 

INTRODUCTION 

Alcohol abuse is a prerequisite for development of alcoholism and is associated 

with a high cost to health and quality of life. In 2004, the US Department of Health 

estimated that 22.5 million Americans have experienced substance abuse or dependence 

(Chou and Narasimhan, 2005). Due to costs associated with health care, productivity, 
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motor vehicle accidents, and crimes, alcohol abuse exerts a cost to society of more than 

$184 billion dollars per year (NIAAA, 2000). There are known susceptibility factors, 

both environmental and genetic, associated with alcohol abuse and alcoholism. The 

ability to drink copious amounts of alcohol with little consequence to the individual is a 

primary onset symptom in many alcoholics, indicating that a low level of response to 

alcohol is a vulnerability factor in the development of alcoholism (Garcia-Andrade et al., 

1997; Schuckit et al. 2004). Alcohol moderation is protective of abuse and factors 

contributing to this behavior need to be identified and explored. Defining neurobiological 

factors which contribute to alcohol moderation will increase our understanding of alcohol 

use and abuse, and is an effective strategy to guide in the development of better 

treatments for individuals diagnosed with alcohol abuse or addiction.  

Determing the mechanisms of alcohol actions has proved elusive, and because of 

this, alcohol is often referred to as the most promiscuous psychoactive drug (Lovinger 

and Crabbe, 2005).  The use of rodent models to imitate human disease has been a 

powerful tool in the advancement of understanding disease and improving treatments. 

There are several rodent models in place to study alcohol consumption. C57BL/6J mice 

are commonly used to model excessive ethanol consumption and DBA/2J mice are used 

to model ethanol avoidance based on their performance in the two bottle free-choice 

ethanol preference test (Belknap et al., 1993). Oral ethanol consumption is considered 

reinforcing in C57BL/6J, but not DBA/2J, mice because increased consumption of 

ethanol solutions results from increased behavioral efforts directed towards drinking 

(Crabbe et al., 2002). The extent to which a mouse will orally self-administer ethanol 

solutions under similar environmental conditions depends heavily on its genetic 

background (Belknap et al., 1993). Blednov et al. (2005) discovered that F1 hybrid mice 

from the cross of C57BL/6J and FVB/NJ (B6xFVB and FVBxB6) drink substantially 



 14

more ethanol than either progenitor strain, and thus is the highest ethanol consuming 

strain reported in the literature. Opposing voluntary ethanol self-administration behaviors 

were observed when comparing two F1 hybrid strains of mice: B6xNZB and NZBxB6 

show reduced alcohol preference (RAP) after experience with high concentrations of 

alcohol and abstinence, whereas B6xFVB and FVBxB6 show sustained alcohol 

preference (SAP) (Blednov et al., unpublished observations).  

A critical aspect of past work is that models of abuse (mice consuming excessive 

amounts ethanol) are compared with models of avoidance (mice not willing to orally self-

administer ethanol).  An important distinction regarding our model of RAP is that 

B6xNZB mice initially show a high preference for ethanol solutions. Though the 

motivational aspect of reducing ethanol intake after experience with high ethanol 

concentrations and abstinence is unknown, B6xNZB mice might be likened to moderate 

alcohol drinkers in that they will still consume ethanol solutions but not at their initially 

preferred levels due to a presumably aversive experience. Our SAP model is also novel, 

as B6xFVB mice consume high levels of ethanol regardless of previous experience. 

Further exploration of ethanol-related behaviors for these hybrids offers insight into their 

sensitivity to the rewarding and aversive properties of ethanol.  

In continuous access two bottle choice ethanol self-administration experiments, 

B6xFVB mice consume more ethanol than do B6xNZB mice, therefore motivational 

properties of ethanol were assessed using a locomotor sensitization paradigm followed by 

voluntary ethanol consumption, conditioned place preference and conditioned taste 

aversion behavioral paradigms,  loss of righting reflex assay, and acute withdrawal 

severity. Response to anxiogenic tests were used to assess innate behaviors. These new 

genetic models of both stable, high consumption and moderate drinking offer significant 
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advantages to existing inbred strains and can be used to study the genetic basis of ethanol 

consumption. 

 

MATERIALS AND METHODS: 

Animals     

Studies were conducted using intercross F1 hybrid female mice derived from 

C57BL/6J and FVB/NJ or NZB/B1NJ mice (B6xFVB F1 and B6xNZB F1, maternal 

strain x paternal strain). Since both reciprocal crosses (B6xFVB, FVBxB6, B6xNZB, and 

NZBxB6) exhibited similar drinking patterns in Blednov et al. (unpublished), and to 

reduce potentially confounding maternal care effects we chose C57BL/6J to be the 

maternal strain and either FVB/NJ or NZB/B1NJ to be the paternal strain. C57BL/6J, 

FVB/NJ, and NZB/B1NJ breeders were purchased from The Jackson Laboratory (Bar 

Harbor, ME) and mated at 7-8 weeks. We tested only female mice to facilitate 

comparison with previously collected data (Blednov et al., 2005). Mice were housed in 

standard cages and except where noted, food and water were available ad libitum. The 

vivarium was maintained on a 12:12 h light:dark cycle with lights on at 7:00 a.m. The 

temperature and humidity of the room were maintained at 20ºC and 50%, respectively.  

Experiments were performed during the light phase of the light/dark cycle. Behavioral 

testing began when the mice were at least 2 months of age. Ethanol-naive mice were used 

in all ethanol-related behavioral experiments. Experiments were conducted in the isolated 

behavioral testing rooms in the animal facility to avoid external distractions. A solution 

of 3% ethanol was used to clean each testing apparatus in between subject trials. All 

experiments were approved by the Institutional Animal Care and Use Committee and 
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adhered to NIH Guidelines. The University of Texas facility is Association for the 

Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited. 

Drugs 

Ethanol was obtained from Aaper (Shelbyville, KT) and was dissolved in 0.9% 

saline and injected intraperitoneally (i.p.) in a volume of 0.2 ml per 10 g of body weight. 

Control mice received a similar volume of saline. 

Conditioned Taste Aversion 

Mice were adapted to a water-restriction schedule (2 hours water access per day) 

over a 7 day period. At 48 hour intervals over the next 12 days, all mice received one 

hour measured access to a solution of saccharin (0.15% w/v sodium saccharin in tap 

water). Immediately after the second and subsequent presentations of saccharin, mice 

received injections of saline or ethanol (2.5 g/kg). This ethanol dose was selected for 

comparison of prior data collected in our laboratory and is based on published studies 

(Blednov et al., 2006; Blednov et al., 2007a). All mice also received one hour access to 

tap water five hours after injection of ethanol to prevent dehydration. A two hour access 

to tap water was given during intervening days. All together, 33 female mice (n=7-

10/group/genotype) were tested. 

Loss of Righting Reflex 

Sensitivity to the sedative effects of ethanol was determined using the standard 

sleep time assay. Ethanol was administered in a dose of 3.2 or 3.8 g/kg. These doses were 

selected to give loss of righting reflex (LORR) in all mice, but not to give a prohibitively 

long sleep time because the dependence between dose of ethanol and duration of LORR 

is remarkably steep. Mice were injected with ethanol and when they became ataxic, they 

were placed in the supine position in V-shaped plastic troughs until they were able to 
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right themselves three times within one minute. Latency to LORR was defined as the 

time from receiving the ethanol injection until mice remained in the supine position for 

one minute. Sleep time was defined as the time from being placed in the supine position 

until they regained their righting reflex. Mice that failed to lose the righting reflex 

(misplaced injections) or had a sleep time greater than two standard deviations from the 

group mean were excluded from analysis. Retro-orbital blood samples (50 uL) were 

taken at gain of righting reflex. Blood ethanol concentration values, expressed as mg 

ethanol per ml blood were determined spectrophotometrically by an enzyme assay 

(Lundquist, 1959). All together, 54 female mice (n=7-11/group/genotype) were tested.  

Initial Sensitivity to Loss of Righting Reflex using the Up and Down Method 

The up and down method was used as described by Dixon (1965). Mice were 

given an ethanol injection and then tested for a loss of righting reflex greater than 1 

minute. The 95% confidence limits were determined using the "up and down" method 

with an ethanol log dose interval of 0.025, which corresponds to approximately a 0.13-

g/kg ethanol dose difference at doses tested. A mouse was injected with an ethanol dose 

and tested, and the results from that animal determined the dose that the next animal 

would receive. The ethanol dose would be increased (by a log interval of the dose) if the 

mouse did not show loss of righting reflex or the ethanol dose would be decreased (by a 

log interval of the dose) if the mouse did show loss of righting reflex. The up and down 

method ascertains the ethanol dose at which 50% of the population (ED50) displays a 

loss of righting reflex. The ED50 values were determined by the following equation: [(∑ 

xi)/N] + [(d/N)(A + C)], where xi are the test levels, N = the last N trials, d = dosing 

interval, and A and C are constants listed in Table 2 from Dixon (1965). The 95% CI was 

determined using the following equation: 95% CI = ± [d × (√(2/N)) × 1.96], where 1.96 
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reflects the 0.05 α level (Dixon, 1965). For each trial, 12 subsequent mice (n = 

13/genotype) were used.  

Conditioned Place Preference 

The main principles of conditioned place preference, the apparatus and the 

protocol has been previously described (Hill et al., 2003; Cunningham et al., 2006). There 

were three experimental groups per genotype; Grid + (ethanol injection paired with circle 

floor, saline injection paired with bar floor), Grid - (ethanol injection paired with bar 

floor, saline injection paired with circle floor), and Saline (saline injections paired with 

both floors). The place-conditioning study involved two 5 minute habituation sessions, 

eight 5 minute conditioning sessions, and one 30 minute test session. During habituation 

sessions both compartments had smooth metal flooring. On conditioning days 1, 3, 5, and 

7, mice received a saline injection one minute before being placed in either the Grid + or 

Grid – compartment. On conditioning days 2, 4, 6, and 8, mice from Grid + and Grid – 

groups received an ethanol injection (2.0 g/kg) one minute before being placed in either 

the Grid + or Grid – compartment; whereas mice from the saline group received a saline 

injection one minute before being placed in either the Grid + or Grid - compartment. On 

the ninth day (test day), mice were placed in the chamber with full access to both 

compartments. The distance traveled was measured during conditioning days and the 

time spent in each compartment was measured on test day. All together, 60 female mice 

(n=10/group/genotype) were tested. 

Ethanol-induced acute withdrawal 

Mice were scored for baseline handling-induced convulsion (HIC) severity one 

day before ethanol administration. Ethanol was administered at a dose of 4.0 g/kg and 

HIC scores were measured every hour until they reached baseline. Each mouse was 
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picked up gently by the tail and, if necessary, gently rotated 180°, and the HIC scored as 

follows: 5, tonic-clonic convulsion when lifted; 4, tonic convulsion when lifted; 3, tonic-

clonic convulsion after a gentle spin; 2, no convulsion when lifted, but tonic convulsion 

elicited by a gentle spin; 1, facial grimace only after a gentle spin; 0, no convulsion 

(Crabbe et al., 1991). Acute withdrawal was quantified as the area under the curve but 

above baseline level (Blednov et al., 2007b). All together, 18 mice (9 per genotype) were 

tested. 

Ethanol injections with measured locomotor activity followed by ethanol self-
administration.  

The aim of this experiment was to assess the effects of ethanol on locomotor 

activity and determine if ethanol or saline injection experience affects subsequent ethanol 

self-administration patterns. The groups were as follows: B6xNZB Saline, B6xNZB 

EtOH, B6xFVB Saline, and B6xFVB EtOH (n=12-14/group). Prior to measuring 

locomotor activity, mice were placed in individual habituation cages for 30 minutes. 

Locomotor activity was measured every 5 minutes for 30 minutes, for 14 days in standard 

mouse cages by an Opto-microvarimex (Columbus Instruments, Columbus, OH). Each 

locomotor activity cage contained bedding and was covered by a heavy flat plastic lid 

equipped with ventilation holes. Baseline activity was established in the first 4 days of 

recording (habituation days 1 to 4, abbreviated as H1-H4). On days one to ten of the 

experiment, mice were given an injection of either saline or 1.75 g/kg ethanol 

immediately before being placed into locomotor activity cages. The dose and injection 

schedule was chosen based on published data (Blednov et al., 2004; Lessov and Phillips, 

1998; Lessov et al., 2001). During days one to ten, we measured water consumption daily 

from two identical bottles in the home cage and did not identify any position preferences. 

Beginning on day 11, water and an ethanol solution were presented in identical bottles 
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and available using the continuous access in two bottle choice paradigm. Bottle positions 

were changed daily. Mice were weighed every 8 days throughout the experiment. On day 

11, the mice were offered water and 3% ethanol (v/v in tap water) for 2 days. After 3% 

ethanol, escalating concentrations (3% increases up to 30%, then a 5% increase to 35% 

ethanol on day 31) were offered versus water, 2 days each. On day 33, 9% ethanol was 

presented for a second time. On day 35, all mice were given an injection of 1.75 g/kg 

ethanol and immediately afterwards locomotor activity was recorded every 5 minutes for 

30 minutes. During this experiment we measured locomotor activity (number of beam 

crosses), ethanol preference (amount of ethanol solution consumed divided by total fluid 

consumption), and ethanol consumption (g ethanol consumed per kg body weight).  

Ethanol Metabolism 

Mice (n=7/genotype) received a high dose of ethanol (4 g/kg) and rates of ethanol 

metabolism were determined using a spectrophotometric enzyme assay (Lundquist, 

1959). Blood samples (50uL) were taken from retro-orbital sinus (at 30, 60, 120, 180, and 

240 minutes post-injection), added to 2 mL 3% perchloric acid, and centrifuged for 10 

minutes at 1000 x g. Resulting supernatants were used to determine blood ethanol 

concentration using an ethanol dehydrogenase enzyme assay.  

Elevated Plus Maze 

The elevated plus maze apparatus was a modification of that validated by Lister 

(1987) and has been previously described (Blednov et al., 2001). Mice were individually 

placed in a dark box on the central platform of the maze for one minute prior to the start 

of testing, which began upon removal of the dark box. Test duration was five minutes and 

sessions were recorded by an overhead camera and scored at a later time. The 

conventional spatiotemporal measures (i.e., open arm time and entries) as well as 
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behaviors related to the defensive repertoire of the mouse (i.e., stretch attend posturing, 

and head dipping) were scored (Rodgers and Johnson, 1995). A mouse was considered to 

have entered an arm when all four of its paws were placed in the arm. All together, 30 

mice (15 per genotype) were tested. 

Mirror Chamber 

The mirrored chamber was originally described by Toubas et al. (1990) and 

consisted of an internally mirrored cube (open on one side) which was placed into a 

square black plexiglass box. Anxiolytic drugs reduced the latency to enter the mirrored 

cube as compared with untreated animals; therefore the mirrored cube is presumably 

anxiogenic (Kliethermes et al., 2003; Seale et al. 1996; Toubas et al. 1990). The 

apparatus is similar to that described by Kliethermies et al., 2003, with the exception that 

the mirrored chamber was placed in the center of the container. Group housed mice were 

brought into the experimental room and allowed to acclimate for at least 30 minutes prior 

to initiation of the experiment. To begin the experiment, a mouse was placed at a single, 

fixed starting point at the same comer of the corridor. The mouse was able to move freely 

in the corridors and into the chamber of mirrors. Latency to enter the mirrored chamber 

was measured as the time from placement into the corridor until the mouse placed all four 

paws onto the floor plane of the mirrored chamber. Mice were in the apparatus for five 

minutes. Behaviors were recorded by a small overhead camera and scored at a later time. 

The experimenter remained behind a blocking screen. Latency values are expressed as 

the mean entry time in seconds ± SEM. All together, 26 mice (13 per genotype) were 

tested. 
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Response to Novelty 

Locomotor activity was measured in standard mouse cages by Opto-Varimex-

Mini (Columbus Instruments, Columbus, OH) as described in Blednov et al., 2002. Mice 

in their home cages were moved to the experimental room one day before the beginning 

of the experiment. Motor response to novelty was monitored on the next day every 10 

minutes during a 3-hour session that began immediately after the mouse was placed into 

an unfamiliar experimental cage. This unfamiliar cage often results in increased 

exploration and burying behaviors, resulting in a transient increase in locomotor activity. 

It is important to note the measured locomotor response to novelty is different than tests 

of novelty seeking or preference for novel environments. All together, 32 mice (16 per 

genotype) were tested. 

 Spontaneous Locomotor Activity 

Locomotor activity was measured in standard mouse cages by Opto-Varimex-

Mini (Columbus Instruments, Columbus, OH) as described in Blednov et al., 2002. Mice 

in their home cages were moved to the experimental room 1 day before beginning of the 

experiment. Spontaneous locomotor activity was monitored every hour over a 72 hour 

session. All together, 14 mice (7 per genotype) were tested. 

Statistical Analysis 

Data are reported as the mean ± S.E.M. value (except LORR ED50 values 

obtained from up and down method which are reported as the mean ± 95% CI). The 

statistics software program GraphPad Prism (GraphPad Software, Inc., San Diego, CA) 

was used throughout. Two-way ANOVA, Student's t test, and Pearson's chi-square test 

were carried out to evaluate differences between groups and/or genotypes. Repeated 

measures (or paired comparisons) were carried out when appropriate. 
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RESULTS: ETHANOL-RELATED BEHAVIORS 

Conditioned Taste Aversion 

There were initial differences in saccharin consumption before conditioning 

between B6xFVB and B6xNZB females (133 ± 4 g/kg/1 hour and 86 ± 4 g/kg/1 hour, 

respectively) (p < 0.0001). To attempt to correct for initial differences and individual 

fluctuations in saccharin intake and facilitate presentation of the data, intake was 

calculated as a percentage of injection day 1 consumption for each subject by dividing the 

amount of saccharin consumption on subsequent conditioning days by the amount of 

saccharin consumed on injection day 1.  Ethanol injections, but not saline injections, 

paired with saccharin produced a reduction in saccharin intake over time for B6xNZB 

and B6xFVB mice (for B6xNZB mice: F(1,70) = 42.2;  p < 0.001 - main effect of group; 

F(5,70) = 7.3; for B6xFVB mice: F(1,75) = 32.6;  p < 0.001 - main effect of group) 

(Figure 2.1). B6xNZB mice develop a more severe ethanol-induced conditioned taste 

aversion than B6xFVB mice (F(1,85) = 7.8;  p < 0.05 - main effect of genotype). 

Sedative Effects of Ethanol 

The duration of LORR (sleep time) produced by 3.2 g/kg ethanol, but not 3.8 g/kg 

ethanol, was greater for B6xNZB than B6xFVB mice (p < 0.001) (Figure 2.2a). There 

was no difference in the latency to LORR between B6xNZB and B6xFVB mice (Figure 

2.2b). Blood alcohol concentrations at gain of righting reflex for B6xFVB mice were 4.13 

± 0.09 mg/mL (for 3.2 g/kg) and 4.81 ± 0.04 mg/mL (for 3.8 g/kg), and for B6xNZB 

mice were 3.96 ± 0.16 mg/mL (for 3.2 g/kg) and 4.87 ± 0.11 mg/mL (for 3.8 g/kg). There 

were no differences between genotypes in blood alcohol concentrations at gain of 

righting reflex for the 3.2 or 3.8 g/kg doses.  
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We then tested for differences in initial sensitivity to loss of righting reflex using 

the up and down method. For FVBxB6 mice the LORR ED50 was 2.43 ± 0.02 g/kg 

ethanol, whereas the LORR ED50 for B6xNZB mice was 2.14 ± 0.02 g/kg. The 

confidence intervals are small and do not overlap when comparing the LORR ED50 data 

for the hybrids. These results add further support that B6xNZB mice are more sensitive to 

the sedative effects of ethanol than B6xFVB mice.   

In a separate experiment, we determined blood alcohol concentrations for both 

genotypes at 30, 60, 120, 180, and 240 minutes after a single injection of 4 g/kg ethanol. 

The rate of ethanol metabolism was not different between genotypes (0.013 ± 0.001 

mg/mL per minute for B6xFVB mice and 0.012 ± 0.001 mg/mL per minute for B6xNZB 

mice) (Figure 2.2c). Since the y-intercept was greater for B6xNZB we calculated the 

volume of distribution for each mouse as the initial dose (y-intercept) divided by body 

weight. The volume of distribution was slightly greater for B6xNZB mice (22.4 ± 0.9 

mL) than for B6xFVB mice (19.4 ± 0.2 mL) (p < 0.05). 

Conditioned Place Preference 

CPP is often used as a measure of drug reward and we asked if the hybrids 

differed in ethanol-induced conditioned place preference (Cunningham et al., 2006; 

Tzschentke 2007). Analysis of test day data indicates that both genotypes develop an 

ethanol-induced conditioned place preference to a similar extent, indicating a similar 

sensitivity to the rewarding properties of ethanol (Figure 2.3a). Saline groups did not 

exhibit a floor type preference on test day (Figure 2.3a). The data was analyzed by two-

way ANOVA (group (GRID + and GRID -) x genotype (B6xFVB and B6xNZB)). There 

was no group x genotype interaction and no main effect of genotype was seen. However, 

there was a main effect of group (F(1,53) = 37.9, p < 0.0001). Both genotypes spent more 

time on the circle floor when it was paired with ethanol injections (GRID + group), and 
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both genotypes spent less time on the circle floor when it was paired with saline (GRID - 

group).  

We assessed whether the conditioning dose of ethanol (2 g/kg, i.p.) changed 

locomotor activity and found that B6xNZB mice exhibited stimulation, but this 

stimulation was not quite significant for B6xFVB mice. Activity during each five minute 

conditioning trial was recorded and is presented for CS+ trials in Figure 2.3bc. For each 

genotype, the locomotor activity of mice from ethanol injected (Grid + and Grid -) groups 

were compared to mice from the Saline group for CS + and corresponding conditioning 

days. For B6xNZB, there was a main effect of group (F(1,81) = 11.1, p < 0.01) and a 

main effect of time (F(3,81) = 3.97, p < 0.05). For B6xFVB, there was a borderline main 

effect of group (F(1,78) = 3.81, p = 0.06) and a main effect of time (F(3,78) = 12.1, p < 

0.0001).  

Ethanol-induced acute withdrawal 

The severity of ethanol-induced acute withdrawal was assessed by monitoring 

HIC scores. A single 4 g/kg dose suppressed basal HIC scores for about 4.5 to 7 hours, 

followed by an increase in HIC scores which returned to baseline in 2 to 5 hours (Figure 

2.4a). A two-way ANOVA of the data over the entire observation period revealed a 

significant genotype x time interaction (F(10,160) = 7.0;  p < 0.0001), with a main effect 

of genotype (F(1,160) = 4.5;  p < 0.05) and a main effect of time (F(10,160) = 99.4; p < 

0.0001). For each subject, the area under the curve (AUC) was determined for the 

negative area (area below baseline-representative of the sedative effects of ethanol) and 

the positive area (are above baseline-representative of ethanol withdrawal severity). 

B6xFVB mice had a smaller negative AUC and a greater positive AUC than B6xNZB (p 

< 0.001 - negative AUC; p < 0.05 - positive AUC) (Figures 2.4bc).  
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Repeated ethanol or saline injections with measured locomotor activity followed by 
voluntary ethanol self-administration.  

There is evidence that the motor activating actions of drugs are related to their 

rewarding effects and that sensitization to stimulant actions enhances drug self-

administration (Kalivas et al., 1998; Lessov et al., 2001; Robinson and Kolb, 2000). To 

determine if the hybrid strains different in the stimulant actions of ethanol we measured 

locomotor activity and to determine if non-contingent ethanol administration changes 

subsequent ethanol consumption we measured ethanol consumption.  We also determined 

responses to a single ethanol injection for all groups following ethanol self-

administration.  

We did not observe ethanol-induced locomotor sensitization in either hybrid 

strain. The first injection of saline or ethanol decreased locomotor activity as compared 

with habituation day 4 for all groups except B6xNZB Saline (p < 0.0001 - B6xFVB 

EtOH; p < 0.01 - B6xFVB Saline; p < 0.05 - B6xNZB EtOH; p > 0.05 - B6xNZB Saline) 

(Fig. 5a). Using a schedule expected to produce sensitization, we found that the motor 

activity of ethanol injected B6xFVB mice was decreased as compared with saline 

injected mice; furthermore, there was no change in motor activity over time (F(1,207) = 

9.94;  p < 0.01 - main effect of group; F(9, 207) = 0.93; p > 0.05 - main effect of time). 

We found that motor activity of B6xNZB mice decreased over time, independent of 

experimental group (F(9, 216) = 2.88; p < 0.01 - main effect of time; F(1,216) = 1.49;  p 

> 0.05 - main effect of group).   

To determine if non-contingent ethanol administration changed subsequent 

ethanol consumption we measured ethanol consumption following the repeated ethanol or 

saline injections shown in Figure 2.5a. Ethanol was offered in a two-bottle free-choice 

paradigm in ascending concentrations of 3 to 35%, ending with a second presentation of 
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9% ethanol (Figure 2.5b,c). The amount of ethanol consumed was dependent on the 

ethanol concentration offered for both genotypes (F(11, 275) = 67.23; p < 0.0001 - main 

effect of concentration for B6xFVB mice; F(11, 264) = 26.49; p < 0.0001 - main effect of 

concentration for B6xNZB mice) (Figure 2.5b). There was no effect of group on ethanol 

consumption for B6xFVB mice. There was a main effect of group on ethanol 

consumption for B6xNZB mice, with increased consumption in the ethanol group as 

compared with the saline group (F(1,264) = 7.69;  p < 0.01 - main effect of group).  As 

expected, ethanol preference was dependent on the ethanol concentration offered for both 

genotypes (F(11, 275) = 51.51; p < 0.0001 - main effect of concentration for B6xFVB 

mice; F(11, 264) = 93.53; p < 0.0001 - main effect of concentration for B6xNZB mice) 

(Figure 2.5c). There was no effect of group (ethanol or saline) on ethanol preference for 

B6xFVB mice. Ethanol preference was increased in the B6xNZB EtOH group as 

compared with B6xNZB Saline group (F(1,264) = 6.91;  p < 0.05 - main effect of group).   

We next evaluate the behavioral phenotypes of sustained and reduced alcohol 

preference and consumption by comparing 9% ethanol preference and consumption 

before experience with high ethanol concentrations (first 9%) with 9% ethanol preference 

and consumption after experience with high ethanol concentrations (second 9%) (Figure 

2.5de). Mice from the B6xFVB EtOH group showed sustained 9% alcohol preference and 

consumption. Mice from the B6xFVB Saline group showed a small but significant 

reduction in 9% alcohol preference and consumption (p < 0.05 - ethanol preference; p < 

0.05 - ethanol consumption). Mice from both the B6xNZB EtOH and B6xNZB Saline 

groups showed reduced 9% alcohol preference and consumption (p < 0.001 - B6xNZB 

EtOH ethanol preference; p < 0.001 - B6xNZB EtOH ethanol consumption; p < 0.01 - 

B6xNZB Saline ethanol preference; p < 0.01 - B6xNZB Saline ethanol consumption). 
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Following completion of the ethanol self-administration schedule, all mice were 

given an injection of ethanol (1.75 g/kg, i.p.) and locomotor activity was recorded (Figure 

2.5a). For both genotypes, saline groups had increased locomotor activity, while the 

activity of mice from ethanol groups remained unchanged (comparison of data from 

injection day 10 and on day 35 after 24 days of ethanol self-administration: p < 0.01 - 

B6xNZB Saline; p < 0.01 - B6xFVB Saline). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 2.1. B6xNZB mice develop a more severe ethanol-induced conditioned taste 
aversion than do B6xFVB mice. 

Consumption of saccharin, the conditioned stimulus, is presented (as percent of 

injection day 1 intake) for all conditioning days.  Dashed horizontal line placed at y=100 

to aid in visualizing data. Mean ±SEM. n=7-10/group/genotype. 
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Figure 2.2. B6xNZB mice are more sensitive than B6xFVB mice to the sedative effects 
of ethanol as measured by ethanol-induced loss of righting reflex. 

a. Duration of loss of righting reflex (sleep time in minutes) for both genotypes at 

doses of 3.2 and 3.8 g/kg ethanol. *** = p < 0.001. b. Latency to lose righting reflex 

(seconds) for both genotypes at doses of 3.2 and 3.8 g/kg ethanol. c. BEC (blood ethanol 

concentration) in mg/mL per minute. Rate of ethanol metabolism does not differ between 

genotypes after a single injection of ethanol (4 g/kg). Mean ±SEM. n=7-

11/group/genotype. 
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Figure 2.3. B6xFVB and B6xNZB mice develop an ethanol-induced conditioned place 
preference. 

a. Ethanol-induced conditioned place preference. Percent of time spent on Grid + 

floor (circles) during 30-min test session in ethanol conditioned (Grid + and Grid - 

groups) and saline conditioned (control) groups. Dashed horizontal line placed at y = 0.5 

to aid in visualizing data. b. Motor activity of B6xFVB mice reported as total distance 

traveled (cm) during each 5-min ethanol conditioned trials (CS+) for Grid + and Grid - 

groups as compared with motor activity on the corresponding conditioning day for the 

saline conditioned group. c. Motor activity of B6xNZB mice reported as total distance 

traveled (cm) during each 5-min ethanol conditioned trials (CS+) for Grid + and Grid - 

groups as compared with motor activity on the corresponding conditioning day for the 

saline conditioned group. Mean ±SEM. n=10/group/genotype. 
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Figure 2.4. Low severity of acute ethanol-induced withdrawal in B6xNZB and B6xFVB 
mice.  

a. Handling induced convulsion (HIC) scores after a single injection of ethanol (4 

g/kg). Dashed horizontal line denotes B6xNZB baseline HIC level and solid horizontal 

line denotes baseline HIC level for B6xFVB. b. Area under HIC curve and below the 

basal HIC level is higher for B6xNZB mice than for B6xFVB mice. *** = p <  0.001. c. 

Area under HIC curve and above the basal HIC level is higher for B6xFVB mice than for 

B6xNZB mice. * = p <  0.05. Mean ±SEM. n=9/genotype. 
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Figure 2.5. Ethanol injections with measured locomotor activity followed by ethanol self-
administration. 

a. Locomotor activity reported as total no. of beam crosses during 30 minute 

session. Day of measurement is reported on the x-axis (H1 to H4 represents habituation 

days 1 to 4, D1 to D10 represents ethanol or saline injection days 1 to 10, and D35 

represents ethanol injection after completion of the ethanol preference test. Vertical lines 

are plotted to aid in visualizing the data according to the experimental schedule. b. 

Voluntary ethanol consumption presented as g/kg/day. c. Preference for solution in two-

bottle choice beginning with data from two-bottle, water only (H2O), immediately 

followed by data from two-bottle, water and ethanol solution (%).d. Comparison of first 

and second presentation of 9% ethanol consumption. e. Comparison of first and second 

presentation of 9% ethanol preference. * = p < 0.05,  ** = p < 0.01, *** = p < 0.001. 

Mean ±SEM. n=12-14/group/genotype. 
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RESULTS: ETHANOL-NAÏVE BEHAVIORS 

Elevated Plus Maze 

Spatiotemporal measures (i.e., percent time, arm entries, percent arm entries) as 

well as behaviors related to the defensive repertoire of the mouse (i.e., stretch attend 

posturing and head dipping) are reported in Table 2.1. B6xFVB mice spent a higher 

percentage of time in the open arms of the plus maze than B6xNZB mice (p < 0.01). 

There were no differences for percent time spent in the middle or in the closed arms. The 

number of open arm entries, closed arm entries, and total arm entries was greater for 

B6xFVB mice than for B6xNZB mice (p < 0.01 - # open arm entries; p < 0.05 - # closed 

arm entries; p < 0.01 - # total arm entries). These data indicate that basal locomotor 

activity is greater for B6xFVB mice than for B6xNZB mice; therefore, we calculated the 

percent of open and closed arm entries for further comparison. The percent of open arm 

entries was higher for B6xFVB mice, while the percent of closed arm entries was higher 

for B6xNZB mice (p < 0.05 - % open arm entries; p < 0.05 - % closed arm entries). 

Furthermore, B6xFVB mice displayed more body stretches and head dips than B6xNZB 

mice (p < 0.001 - # body stretches; p < 0.05 - # head dips). 

Mirror Chamber 

Latency to enter the mirrored chamber was greater for B6xNZB mice than for 

B6xFVB mice (Student’s t-test, two-tailed: p < 0.001). For B6xNZB, 9 of 13 mice did 

not enter the mirror chamber (which resulted in a default latency value of 300 seconds) 

(Figure 2.6). For B6xFVB, only 2 of 13 mice did not enter the mirror chamber. Whether a 

mouse enters the mirror chamber or not is dependent on the genotype (Pearson’s chi-

square test, χ2 = 7.72, p < 0.01). 
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Response to Novelty 

To determine the role of novel environment in the locomotor activity differences 

seen in the previous experiments, we compared motor responses of hybrid mice in a 

novel situation. Motor activity levels of B6xFVB mice were markedly higher than 

B6xNZB mice (F(1,510) = 16.36;  p < 0.001 - main effect of genotype) (Figure 2.7). 

Although both genotypes demonstrated typical transient motor responses to a novel 

situation, the increased motor response is briefer in B6xNZB mice than in B6xFVB mice 

(F(17, 510) = 20.98; p < 0.001 - main effect of time). 

Spontaneous Locomotor Activity 

Locomotor activity was monitored hourly for 72 hours (Figure 2.8).  Spontaneous 

locomotor activity levels of B6xFVB mice were markedly higher than B6xNZB mice 

(F(1, 852) = 12.97; p < 0.01 - main effect of genotype). B6xFVB mice were more active 

during lights off periods than B6xNZB mice (F(71,852) = 4.97;  p < 0.001 - genotype x 

time interaction; F(71,852) = 14.3;  p < 0.0001 - main effect of time).  
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       Table 2.1. Elevated Plus Maze Behaviors 

 

 B6 x FVB B6 x NZB

Percent time in closed arms 68 ± 3 69 ± 5 

Percent time in open arms 14 ± 2 6 ± 2** 

Percent time in middle 18 ± 2 26 ± 4 

No. of closed arm entries 14.3 ± 0.8 11 ± 1* 

No. of open arm entries 4.7 ± 0.5 2.1 ± 0.6** 

No. of total arm entries 19 ± 1 13 ± 2** 

Percent closed arm entries 75 ± 2 86 ± 3* 

Percent open arm entries 25 ± 2 14 ± 3* 

No. of body stretches 27 ± 1 21 ± 1*** 

No. of head dips 17 ± 1 13 ± 1* 

 

B6xFVB are less anxious and more active than B6xNZB. Significant difference 

from B6xFVB (Student’s t-test), * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Mean 

±SEM. n=15/genotype. 

 

 

 

 

 

 



 

Figure 2.6. B6xFVB mice have a shorter latency to enter the mirror chamber and are 
more likely to enter the chamber than B6xNZB mice.   

Latency (in seconds) to enter a mirrored chamber was much lower in B6xFVB 

mice than in B6xNZB mice. *** = p < 0.001. For B6xFVB mice, 11 out of 13 animals 

entered the mirror chamber, whereas for B6xNZB mice, only 4 out of 13 mice entered the 

chamber. Fraction of mice which entered the chamber are denoted above the appropriate 

genotype in the bar graph. Mean ±SEM. 
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Figure 2.7. Locomotor response to novelty is higher in B6xFVB mice than in B6xNZB 
mice. 

Motor response to novelty was recorded as the number of beam crosses per ten 

minutes for three hours. Motor activity levels of B6xFVB mice were higher than 

B6xFVB mice (F(1,510) = 16.36;  p < 0.001 - main effect of genotype). Mean ±SEM. 

n=16/genotype. 
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Figure 2.8. B6xFVB have higher levels of spontaneous locomotor activity than do 
B6xNZB mice.    

Spontaneous locomotor activity was monitored hourly for 72 hours. Activity 

levels of B6xFVB mice were higher than B6xNZB mice (F(1, 852) = 12.97; p < 0.01 - 

main effect of genotype). B6xFVB mice were more active during the night (lights off) 

than B6xNZB mice (F(71,852) = 4.97;  p < 0.001 - genotype x time interaction; 

F(71,852) = 14.3;  p < 0.0001 - main effect of time). Mean ±SEM. n=7/genotype. 
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DISCUSSION 

We investigated innate and ethanol-related behaviors of two F1 hybrid strains of 

mice, B6xFVB and B6xNZB, which provide genetic models of both stable, high 

consumption (SAP) and moderate drinking (RAP). Ethanol motivation and sensitivity 

were assessed in both hybrids using a battery of tests including conditioned taste 

aversion, conditioned place preference, loss of righting reflex, acute withdrawal severity 

and repeated ethanol injections followed by voluntary ethanol consumption (Table 2.2). 

B6xFVB mice were less sensitive to the aversive and sedative, but not rewarding, effects 

of ethanol than B6xNZB. In addition, the B6xFVB mice were less anxious and more 

active than B6xNZB mice.  

Differences in sensitivity to the aversive effects of ethanol could have a role in the 

development of the RAP and SAP behaviors seen in our models. Indeed, B6xFVB mice 

developed a less severe ethanol-induced conditioned taste aversion than B6xNZB mice. 

In addition to our findings, an inverse relationship between ethanol consumption and 

severity of ethanol-induced conditioned taste aversion has been described for many 

genotypes (Broadbent et al., 2002; Chester et al., 1998; Chester et al., 2003; Phillips et 

al., 2005).  

B6xFVB mice were less sensitive to the sedative effects of ethanol than B6xNZB 

mice.  Differences in ethanol-induced LORR can be due to differences in metabolism, 

sensitivity, or acute tolerance. We found no difference in rates of ethanol metabolism 

after a single high dose, suggesting that the differences in LORR are not due to 

metabolism. Blood ethanol levels at regaining of righting reflex were not different for 

B6xFVB and B6xNZB mice, indicating no difference between the hybrids in ethanol 

sensitivity at awakening. Therefore, it is likely that the difference in LORR is due to 
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initial sensitivity to ethanol. B6xFVB are less sensitive to the initial effects of ethanol 

than B6xNZB.  This implies that B6xFVB develop more acute tolerance than B6xNZB. 

B6xFVB and B6xNZB mice developed similar ethanol-induced conditioned place 

preference and both genotypes showed a motor stimulatory response to ethanol during the 

conditioning trials. These observations suggest both genotypes have a similar sensitivity 

to the rewarding properties of ethanol.  It is important to note that that ethanol preference 

in general is likely influenced not only by pharmacological actions of ethanol, but also by 

its caloric value, taste, olfaction and palatability, whereas the final measure of reward in 

conditioned place preference (as well as conditioned taste aversion) paradigms takes 

place in the absence of ethanol (Bachmanov et al., 2003; Belknap et al., 1993; Kiefer et 

al., 1998; McMillen & Williams, 1998).  

Acute ethanol-induced withdrawal was higher for B6xFVB mice than for 

B6xNZB mice. However, it is pertinent to note that both genotypes showed a low 

withdrawal severity. Since both hybrids show an initial high ethanol preference and a low 

severity of acute ethanol withdrawal, our results further support findings by Metten et al. 

(1998) demonstrating a negative correlation between ethanol preference and acute 

ethanol withdrawal severity.   

Although drug-induced locomotor sensitization is thought to reflect neural 

adaptations important in the development of addiction, ethanol-induced locomotor 

sensitization has been positively and negatively correlated with voluntary ethanol 

consumption in mice (Grahame et al., 2000; Lessov and Phillips, 1998; Phillips et al., 

1995; Robinson and Berridge, 2000). Ethanol-induced locomotor sensitization is well 

known to be dependent upon genotype and ethanol dose (Lessov et al., 2001; Phillips et 

al., 2005). Under our conditions, neither genotype displayed ethanol-induced locomotor 

sensitization.  B6xNZB mice (EtOH and saline groups) showed a decrease in locomotor 
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activity over the course of the 10 injection days, suggesting generalized locomotor 

habituation. Ethanol injected B6xFVB mice had suppressed locomotor activity as 

compared with saline injected mice.  

In addition, injection of ethanol did not change the SAP and RAP behavioral 

phenotypes. However, ethanol preference and consumption were increased in B6xNZB 

mice injected with ethanol as compared with saline injection.  One interpretation of this 

finding is that B6xNZB mice are more sensitive to the stress associated with the previous 

experience of repeated saline injections. When comparing ethanol preference and 

consumption data from the first and second 9% ethanol presentations, B6xFVB mice 

given repeated saline injections unexpectedly showed a small, but significant reduction. 

Other reports showed that pre-exposure to ethanol (via voluntary or forced ethanol 

consumption) can increase, decrease, or have no affect on subsequent ethanol 

consumption (Lessov et al., 2001; Ufer et al., 1999). Importantly, preliminary experience 

with equivalent ethanol doses did not change the SAP and RAP behavioral phenotypes. 

This suggests that initial differences in ethanol consumption play a minimal role in 

subsequent behavior. 

Several tests (elevated plus maze, mirror chamber, and environmental novelty) 

indicated that B6xFVB mice were less anxious and more active than B6xNZB mice. 

Anxiety is often invoked as a predictor of ethanol consumption, and there are several 

reports indicating a major role for anxiety and stress in craving and relapse models 

(Heilig and Koob, 2007). For example, the selected rat line Roman high-avoidance (low 

anxiety and high novelty seeking profile) shows a higher preference for ethanol than the 

Roman low-avoidance rats (high anxiety and low novelty seeking profile) (Fernández-

Teruel et al., 2002). 
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Table 2.2. Summary of Behavioral Characterization Results 

 

 B6xFVB     B6xNZB 
Ethanol Drinking Phenotype  SAP     RAP 
Ethanol-Induced Conditioned Taste Aversion                    (Aversive) < 
Sensitivity and Duration of Loss of Righting Reflex          (Sedative) < 
Ethanol-Induced Conditioned Place Preference                    (Reward) = 
Acute Ethanol Withdrawal Severity                                    (Aversive) > 
Locomotor Response to Ethanol                                           (Reward) = 
Ethanol Metabolism                                                          (Metabolic) = 
Elevated Plus Maze                                                               (Anxiety) <  
Latency to Enter Mirrored Chamber                                     (Anxiety) < 
Locomotor Response to Novelty                                          (Novelty) > 
Spontaneous Locomotor Activity                                    (Locomotor) > 

 
This summary table provides a list of tested behaviors and signifies the hybrid 
comparisons using <,>, and =. For example, B6xFVB show a less severe ethanol-induced 
conditioned taste aversion than B6xNZB and this is denoted in the table as <. 
SAP=Sustained Alcohol Preference, RAP=Reduced Alcohol Preference.  
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SUMMARY 

B6xFVB show higher ethanol preference and consumption than B6xNZB hybrid 

mice and also differ markedly after periods of abstinence from ethanol in that B6xFVB 

show sustained alcohol preference (SAP) and B6xNZB show reduced alcohol preference 

(RAP) (Blednov et al.,unpublished). We asked if other behaviors might be responsible 

for, or at least correlated with, these differences in alcohol consumption. We found that 

B6xFVB were less sensitive to the aversive and sedative properties of ethanol than 

B6xFVB, but did not differ in several other behaviors. Thus, the aversive, rather than the 

rewarding, properties of ethanol may be more important to alcohol consumption in these 

mice.  
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Chapter 3. Chronic voluntary self-administration of ethanol results in 
tolerance to sedative and hypothermic effects of ethanol in C57Bl/6J x 

FVB/NJ F1 hybrid mice. 

ABSTRACT 

C57Bl/6JxFVB/NJ and FVB/NJxC57Bl/6J F1 hybrid mice demonstrate greater 

preference for and consumption of alcohol than either parental strain. In order to test the 

validity of this genetic model of high alcohol consumption, we tested for the development 

of alcohol tolerance and dependence after chronic self-administration using a continuous 

access two-bottle choice paradigm. Ethanol-experienced mice stably consumed 16-18 

g/kg/day ethanol. Ethanol-induced withdrawal severity was assessed (after 59 days of 

drinking) by scoring handling-induced convulsions; withdrawal severity was minimal and 

did not differ between groups. After 71 days of drinking, the rate of ethanol metabolism 

was found to be greater for ethanol-experienced mice. After 77 days, ethanol-induced 

loss of righting reflex was tested daily for 5 days. Ethanol experienced mice had a shorter 

duration of LORR and ethanol naïve mice exhibited a steeper rate of tolerance (decrease 

in LORR duration/days of experiment). For ethanol experienced and ethanol naïve mice, 

blood ethanol concentrations taken at gain of righting reflex were greater on day 5 than 

on day 1. After 98 days, ethanol-induced hypothermia was assessed daily for 3 days. 

Ethanol experienced mice developed rapid and chronic tolerance to ethanol-induced 

hypothermia. In summary, as a consequence of chronic high alcohol consumption, F1 

hybrid mice developed chronic and rapid tolerance to the sedative and hypothermic 

effects of ethanol; additionally a small degree of metabolic tolerance developed. The 

development of tolerance adds validity to this genetic model of high alcohol 

consumption. 

 



 50

INTRODUCTION 

Alcohol abuse is a prerequisite for development of alcoholism and is associated 

with a high cost to health and quality of life. In 2004, the US Department of Health 

estimated that 22.5 million Americans have experienced substance abuse or dependence 

(Chou and Narasimhan, 2005). According to the Diagnostic and Statistical Manual-IV, 

dependence on alcohol is accompanied by signs of abuse, compulsive drinking behavior, 

tolerance, and withdrawal, all of which promotes alcohol intake and increases the 

damaging effects of alcohol over time. Tolerance means that more alcohol is required to 

achieve an effect; therefore the effect of a given dose of ethanol decreases as tolerance 

develops. Three categories of ethanol tolerance have been described according to the 

sequential order in which they appear. Acute-functional tolerance occurs when an initial 

response to ethanol is reduced within a single drinking session in a metabolism-

independent manner (Mellanby, 1919). Acute functional tolerance occurs within a time 

frame lasting minutes to hours.  Rapid tolerance occurs 8 to 24 hours after a single 

ethanol administration (Crabbe et al., 1979; Rustay and Crabbe, 2004). Chronic tolerance 

occurs after repeated ethanol administration and can last for days, months, or years. 

Chronic tolerance can be environment-dependent or environment-independent. Rapid and 

chronic tolerance has been described for repeated trials of ethanol-induced hypothermia 

and loss of righting reflex (LORR; Crabbe, 1989; Crabbe 1994; Crowell et al., 1981; Le 

et al., 1979; Melchoir and Tabakoff, 1981; Silvers et al., 2003). Human and animal 

studies indicate that some aspects of tolerance are genetically determined, thus tolerance 

has an innate component (Browman et al., 2000; Crabbe et al., 1994; Garcia-Andrade et 

al., 1997; Phillips et al., 1996; Schuckit and Gold, 1988; Schuckit et al., 2004).   

Alcohol dependence is also characterized by the presence of withdrawal 

symptoms (physical and psychological) after drinking ceases, which results from physical 
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dependence on alcohol. Withdrawal from alcohol in humans is characterized by central 

nervous system hyperexcitability, seizures, autonomic dysregulation, anxiety, 

restlessness, nausea, sleeplessness, and depression. Nearly all studies of ethanol 

withdrawal in mice focus on one or two behaviors – seizure severity and anxiety-like 

behavior. In rodent models, dependence on ethanol is frequently induced either by 

offering an ethanol-containing liquid diet as the sole source of nutrition, or ethanol vapor 

inhalation. Once dependence is induced, withdrawal seizure severity is measured using 

handling-induced convulsion (HIC) scores (Goldstein and Pal, 1971). Increased HIC 

scores can be seen after a single injection of ethanol using a modification of the HIC 

index allowing the detection of withdrawal severity with more sensitivity (Crabbe et al., 

1991). This behavioral index ranges from facial grimmace to tonic-clonic convulsions. 

The severity of withdrawal depends on genetic background, as well as dose of ethanol 

and duration of exposure (Goldstein, 1972; Metten et al., 1998, Phillips et al., 1994). For 

a more detailed review of alcohol tolerance and dependence, several excellent reviews 

are available (Harris and Buck 1990; Kalant et al. 1971; Kalant, 1998; Koob and Bloom 

1988). 

The use of rodent models to model human disease has been a powerful tool in the 

advancement of understanding disease and improving treatments. There are several 

rodent models in place to study alcohol-related phenotypes. Tolerance and withdrawal are 

manifestations of dependence which we studied here using a genetic mouse model of 

high alcohol consumption. Recently, we found that C57Bl/6JxFVB/NJ (B6xFVB) and 

FVB/NJxC57Bl/6J (FVBxB6) F1 hybrid mice self-administer unusually large amounts of 

alcohol during two-bottle preference tests (females consume 20-35 g/kg/day, males 7-25 

g/kg/day, depending on concentration) (Blednov et al., 2005). This new genetic model 

has significant advantages when compared to existing inbred strains, including evidence 
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of drinking to intoxication (Blednov et al., 2005). We explore possible consequences of 

their high alcohol drinking. To our knowledge, this is the first study to evaluate the acute 

withdrawal, metabolic, sedative, and hypothermic responses to ethanol after chronic self-

administration using a continuous access two-bottle choice paradigm. Two sets of chronic 

ethanol drinking experiments were carried out using the two bottle choice paradigm. The 

first set of experiments consisted of chronic ethanol drinking followed by testing for 

physical dependence (ethanol-induced acute withdrawal), rapid and chronic hypothermic 

tolerance (three trials of ethanol-induced hypothermia), and rapid sedative tolerance (on 

trial of ethanol-induced loss of righting reflex). The second set of experiments consisted 

of chronic ethanol drinking followed by testing for metabolic tolerance (ethanol 

metabolism), and rapid and chronic sedative tolerance (five trials of ethanol-induced loss 

of righting reflex).  

 

METHODS 

Animals 

Studies were conducted using intercross F1 hybrid female mice derived from 

C57BL/6J and FVB/NJ mice (B6xFVB F1 and FVBxB6 F1). C57BL/6J and FVB/NJ 

breeders were purchased from The Jackson Laboratory (Bar Harbor, ME) and mated at 7-

8 weeks. Mice were housed individually in standard cages. Behavioral testing began 

when the mice were at least 70 days old. Ethanol naïve and ethanol experienced mice 

were closely matched for age and littermates were split between groups. Except for one 

occasion in the first set of experiments, all mice were tested only once. Ethanol-naïve and 

ethanol-experienced mice were tested for acute ethanol withdrawal and retested 

approximately one month later for ethanol-induced loss of righting reflex. Experiments 
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were conducted in the isolated behavioral testing rooms in the animal facility to avoid 

external distractions. All experiments were approved by the Institutional Animal Care 

and Use Committee and adhered to NIH Guidelines. The University of Texas facility is 

accredited by the Association for the Assessment and Accreditation of Laboratory 

Animal Care (AAALAC). 

Drugs 

Ethanol was obtained from Aaper (Shelbyville, KT) and was dissolved in 0.9% 

saline and injected intraperitoneally (i.p.) in a volume of 0.2 ml per 10 g of body weight.   

Continuous Access Two Bottle Choice 

For ethanol-naïve groups, water was available ad libitum throughout the study. 

For ethanol-experienced groups, water and an ethanol solution were presented in identical 

bottles and continuously available in the two bottle choice paradigm. Bottle positions 

were changed daily for both ethanol-experienced and ethanol-naïve groups. Mice were 

weighed every 8 days throughout the experiment. Initially the mice were offered water 

and 3% ethanol (v/v in tap water) for 4 days, and then escalating concentrations (3% 

increases up to 18%, then 20% ethanol thereafter) were offered versus water, 4 days each. 

Initially fluid consumption was measured daily, found to be stable and therefore, only 

measured every other eight days once 20% ethanol was offered. 

Ethanol-induced acute withdrawal 

After 59 days of two bottle choice, ethanol-experienced (n=11) and ethanol-naïve 

(n=10) mice were scored for handling-induced convulsion (HIC) severity 30 min before 

ethanol administration (4 g/kg). The HIC score was tested every hour until the HIC level 

reached baseline. Each mouse is picked up gently by the tail and, if necessary, gently 

rotated 180°, and the HIC is scored as follows: 5, tonic-clonic convulsion when lifted; 4, 
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tonic convulsion when lifted; 3, tonic-clonic convulsion after a gentle spin; 2, no 

convulsion when lifted, but tonic convulsion elicited by a gentle spin; 1, facial grimace 

only after a gentle spin; 0, no convulsion (Crabbe et al., 1991).  

Ethanol Metabolism 

After 71 days of two bottle choice, ethanol-experienced (n=4) and ethanol-naïve 

(n=4) mice received ethanol (4 g/kg) and rates of ethanol metabolism were determined 

using a spectrophotometric enzyme assay. Blood samples (50uL) were taken from retro-

orbital sinus (at 30, 60, 120, 180, and 240 minutes post-injection), added to 2 mL 3% 

perchloric acid, and centrifuged for 10 minutes at 1000 x g. Resulting supernatants were 

used to determine blood ethanol concentration using an ethanol dehydrogenase enzyme 

assay (Lundquist, 1959).  

Loss of Righting Reflex 

There were two separate ethanol-induced loss of righting reflex tests; acute (one 

trial) and chronic (five trials). The acute test was carried out during the first set of 

experiments after 102 days of two bottle choice, where latency to LORR and duration of 

LORR were measured after ethanol was administered at a dose of 3.6 g/kg (n=6-7/group). 

The chronic test was carried out during the second set of experiments. After 77 days of 

two bottle choice, ethanol was administered at a dose of 3.6 g/kg for five consecutive 

days (n=8-9/group). Mice were injected with ethanol and when they became ataxic they 

were placed in the supine position in V-shaped plastic troughs until they were able to 

right themselves three times within 60 seconds. Peri-orbital blood samples were taken at 

gain of righting reflex on day 1 and day 5 and blood ethanol levels were determined using 

a spectrophotometric enzyme assay.  
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Ethanol-Induced Hypothermia 

After 98 days of two bottle choice, ethanol-experienced (n=6) and ethanol-naïve 

(n=5) mice received 2.6 g/kg ethanol daily for 3 consecutive days. Baseline temperatures 

were taken just prior to the injection of ethanol. Following injections, mice were returned 

to individual home cages and temperatures were again taken at 30, 60, 90, 120, 180, 240, 

300, 360, and 420 min after injection. For all temperature measurements, a 0.5-mm probe 

connected to a temperature monitor was inserted into the rectum of each mouse to 

measure core body temperature (readings were taken 5 s after probe insertion). 

Statistical Procedures 

Data are reported as the mean ± S.E.M. value. Statistics were performed using 

Statistica version 6 (StatSoft, Tulsa, OK, USA) and GraphPad Prism version 4.00 

(GraphPad Software, San Diego, CA, USA). Two-way ANOVAs were carried out for 

metabolism and LORR data to evaluate differences between groups (ethanol-experienced 

and ethanol-naïve) and trials. Student’s t-test was carried out to evaluate differences 

between groups for LORR data and acute ethanol-induced withdrawal AUC data. For 

ethanol-induced hypothermia data, a three-way ANOVA was carried out to evaluate 

differences between groups (ethanol-experienced and ethanol-naïve), trials, and time 

points within a trial. Bonferroni’s post-hoc and repeated measures (or paired 

comparisons) were carried out when appropriate. 

 

RESULTS 

Continuous Access Two Bottle Choice 

Ethanol consumption increased as the ethanol concentration offered increased and 

when 20% ethanol was available, ethanol consumption remained high and stable for the 
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remainder of the experiment (Figure 3.1). Collectively, B6xFVB and FVBxB6 females 

consumed an average of 15.3 ± 0.7 g/kg/day ethanol from a 20% ethanol solution.  

Ethanol-induced acute withdrawal 

The severity of ethanol-induced acute withdrawal was assessed based on 

monitoring HIC scores. A single 3.8 g/kg dose suppressed basal HIC scores for 4.5 to 5 

hours, followed by an increase in HIC scores which returned to baseline in 5 hours 

(Figure 3.2a). The area under the curve (AUC) was determined for each subject for the 

negative area (area below baseline-representing the sedative effects of ethanol) and the 

positive area (are above baseline-representing ethanol withdrawal). Ethanol-naïve and 

ethanol-experienced mice had a similar negative and positive AUC (p > 0.05 - negative 

AUC; p > 0.05 - positive AUC) (Figures 3.2b,c).  

Ethanol Metabolism 

Chronic ethanol consumption can lead to increased ethanol metabolism 

(metabolic tolerance) so we determined blood ethanol concentrations for both ethanol-

naïve and ethanol-experienced mice at 30, 60, 120, 180, and 240 minutes after a single 

injection of 4.0 g/kg ethanol (Figure 3.3a). A two-way ANOVA revealed a significant 

group x time interaction (F(4,24) = 11.35; p < 0.0001) and a main effect of time (F(4, 24) 

= 1457; p < 0.0001), however there was no main effect of group (F(1,24) = 2.16;  p > 

0.05). Bonferroni post-hoc analysis did not reveal differences between groups at any time 

point. The rate of ethanol metabolism (determined by individual slopes) was greater for 

ethanol experienced mice (0.0112 ± 0.0002 mg/mL per minute) than ethanol naïve mice 

(0.0097 ± 0.0001 mg/mL per minute) (p < 0.001; Figure 3.3b). Ethanol experienced mice 

had a 15 ± 3% increase in ethanol metabolism as compared with ethanol naïve mice. The 

volume of distribution was calculated for each mouse as the initial dose (determined from 
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y-intercepts of individual slopes) divided by body weight. The volume of distribution did 

not differ between ethanol naïve (21.99 ± 0.61 mL) and ethanol experienced groups 

(22.12 ± 0.62 mL). 

Loss of Righting Reflex 

There were two separate ethanol-induced loss of righting reflex tests; acute (one 

trial) and chronic (five trials). The acute test was carried out during the first set of 

experiments after 102 days of two bottle choice, where latency to LORR and duration of 

LORR were measured after ethanol was administered at a dose of 3.6 g/kg (n=6-7/group). 

Latency to LORR did not differ over time within or between groups (ethanol experienced 

group = 1.55 ± 0.04 min; ethanol naïve group = 1.41 ± 0.13 min). The duration of LORR 

was much shorter in ethanol experienced mice (37 ± 3 min) as compared with ethanol 

naive mice (59 ± 3 min) (p < 0.001).  

The chronic test was carried out during the second set of experiments. After 77 

days of two bottle choice, 3.6 g/kg ethanol was administered for five consecutive days 

(n=8-9/group). On the first day of testing, the duration of LORR was lower in ethanol 

experienced mice as compared with ethanol naive mice (p < 0.05) (Figure 3.4a). By the 

fifth day of testing, both groups demonstrated a reduction in duration of LORR as 

compared with the first day of testing (ethanol naïve group - p < 0.001; ethanol 

experienced group - p < 0.05). Latency to LORR did not differ over time within or 

between groups (Figure 3.4b). Differences in ethanol-induced LORR can be due to 

differences in metabolism, thus we determined blood ethanol concentrations at gain of 

righting reflex on day 1 and day 5 of testing.  Blood ethanol concentrations did not differ 

between groups on day 1 or day 5 of testing (Figure 3.4c). However, both groups had a 

higher blood ethanol level at gain of righting reflex on day 5 as compared with day 1 

(ethanol naïve group - p < 0.001; ethanol experienced group - p < 0.01).  
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Ethanol-Induced Hypothermia 

Ethanol (2.6 g/kg) was administered for 3 consecutive days. Baseline 

temperatures were taken just prior to the injection of ethanol. Following injections, mice 

were returned to individual home cages and temperatures were again taken at 30, 60, 90, 

120, 180, 240, 300, 360, and 420 min after injection. For each trial, mean changes from 

baseline are reported for each group (Figure 3.5abc). Three-way ANOVA of the results 

revealed three interesting interactions: trial x time point (F(16, 128) = 9.88; p < 0.0001), 

time point x group (F(8, 64) = 2.25; p < 0.05), and trial x group (F(2, 16) = 2.87; p < 

0.05). Ethanol naïve mice developed a more severe ethanol-induced hypothermia than 

ethanol experienced mice; however both groups experienced a less severe ethanol-

induced hypothermia over repeated trials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3.1. B6xFVB and FVBxB6 F1 hybrid females consume high amounts ethanol 
from a high concentration ethanol solution.  

Voluntary ethanol consumption during continuous access two bottle choice 

presented as g/kg/day (mean ± SEM). d = day, for example d25-28 = days 25-28. 

FVBxB6 (open circles) female mice were used for the first set of experiments (ethanol 

experienced group, n=23). FVBxB6 (open triangles) female mice were used for the 

metabolism experiment in the second set of experiments (ethanol experienced group, 

n=4). B6xFVB (open squares) female mice were used for the repeated LORR experiment 

in the second set of experiments (ethanol experienced group, n=9).  
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Figure 3.2. Chronic voluntary ethanol consumption does not alter acute ethanol 
withdrawal severity.  

a. Handling induced convulsion (HIC) scores after a single injection of ethanol 

(3.8 g/kg). Dashed horizontal line denotes baseline HIC level for ethanol naïve mice and 

solid horizontal line denotes baseline HIC level for ethanol experienced mice. b. Area 

under HIC curve and below the basal HIC level does not differ with chronic ethanol 

consumption. c. Area under HIC curve and above the basal HIC level does not differ with 

chronic ethanol consumption. FVBxB6 females, n=10-11/group. Data shown as mean ± 

SEM. 
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Figure 3.3. Chronic voluntary ethanol consumption results in metabolic tolerance. 

a. BEC (blood ethanol concentration in mg/mL) after a single injection of 4 g/kg 

ethanol. Two-way ANOVA results: group x time interaction (F(4,24) = 11.35; p < 

0.0001); main effect of time (F(4, 24) = 1457; p < 0.0001) b. Box-plot showing rate of 

ethanol metabolism is increased (by a small amount) for ethanol experienced mice as 

compared with ethanol naïve mice (Student’s t-test of individual slopes,  *** = p < 

0.001). FVBxB6 females, n=4/group. Data is mean ± SEM. 
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Figure 3.4. Chronic ethanol consumption results in reduced duration of loss of righting 
reflex. 

a. Shorter duration of loss of righting reflex for ethanol experienced than for 

ethanol naïve mice after injection of 3.6 g/kg ethanol. Two-way ANOVA results: LORR 

duration - group x day interaction (p =0.06), main effect of day (p <0.0001); Bonferroni 

post-hoc, * = p < 0.05. b. Latency to lose righting reflex (seconds) does not differ 

between ethanol experienced and ethanol naïve mice. c. BEC@GORR are significantly 

different on days 1 and 5. Two-way ANOVA results: BEC@GORR: group x day 

interaction (p =0.5), main effect of day (p <0.01).  B6xFVB females, n=6-7/group. Data 

is mean ± SEM. 
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Figure 3.5. Chronic ethanol consumption results in tolerance to ethanol-induced 
hypothermia.  

a. The first of three days of 2.6 g/kg ethanol injections produces a less pronounced 

hypothermia in ethanol experienced mice than in ethanol naïve mice. b. The second of 

three days of 2.6 g/kg ethanol injections produces a less pronounced hypothermia in both 

ethanol experienced and ethanol naïve mice. c. The third of three days of 2.6 g/kg ethanol 

injections produces an even less pronounced hypothermia in both ethanol experienced 

and ethanol naïve mice. Three-way ANOVA of the results revealed three interesting 

interactions: trial x time point (F(16, 128) = 9.88; p < 0.0001), time point x group (F(8, 

64) = 2.25; p < 0.05), and trial x group (F(2, 16) = 2.87; p < 0.05). FVBxB6 females, 

n=5-6/group. Data is mean ± SEM. 
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DISCUSSION 

B6xFVB and FVBxB6 F1 hybrid mice consume more ethanol under continuous 

access two bottle choice conditions than any other published mouse strain (Blednov et al., 

2005). Our goal was to determine if chronic self-administration of ethanol led to the 

development of tolerance and/or dependence, which would further validate the use of 

B6xFVB and FVBxB6 hybrids as a genetic model of high alcohol consumption. B6xFVB 

and FVBxB6 F1 hybrid female mice stably consumed high levels of ethanol (~15 

g/kg/day) from a high concentration of ethanol (20%) and they did so for anywhere 

between 59 and 102 days, depending on the particular test. We found that tolerance to the 

sedative and hypothermic effects of ethanol had developed, however we did not detect 

the development of dependence. Additionally, some metabolic tolerance had developed.  

Tolerance to the different effects of ethanol develops differentially and varies in 

extent and persistence. In this study we did not identify the conditions required for the 

development or persistence of tolerance to these different effects of ethanol. There is 

evidence that tolerance develops more to the aversive effects than to the rewarding 

effects. For example, initial exposure to ethanol is associated with sedation and 

depression; there is evidence that with continued use, these side effects dissipate while 

the activating or pleasurable effects persist (Kiianmaa and Tabakoff 1982; Stewart et al., 

1991). Additionally, there are genetic components to the behaviors measured in this 

report and much research has been devoted to study selected rodent lines of high and low 

responders (Crabbe 1989; Crabbe and Phillips 1993; Phillips et al., 1989; Radcliffe et al., 

2005). 

It has been shown that repeated injections of ethanol produces tolerance to the 

sedative and hypothermic effects of ethanol (Crabbe 1994; Crowell et al., 1981; Le et al., 

1979; Melchoir and Tabakoff, 1981). We propose that the shorter duration of LORR seen 
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in mice that consumed ethanol for 77 or 102 days is a result of development of chronic 

tolerance. After 77 days, ethanol-induced LORR was tested daily for 5 days. On LORR 

day1, ethanol experienced mice had a shorter duration of LORR than ethanol naïve mice. 

From day 1 to day 2, ethanol experienced and ethanol naïve mice developed rapid 

tolerance. By day 5, all mice developed chronic tolerance to the daily injections. Further, 

ethanol naïve mice exhibited a steeper rate of tolerance (decrease in duration of 

LORR/days of experiment) than ethanol experienced mice. Both groups had a higher 

blood ethanol level at gain of righting reflex on day 5 as compared with day 1. It is 

important to note that there was no difference in the BAC of ethanol experienced and 

ethanol naïve mice at gain of righting reflex on day 1, indicating metabolic tolerance is 

not likely responsible for the difference in LORR duration.  

Ethanol experienced mice developed tolerance to ethanol-induced hypothermia 

when measured after 98 days of drinking. We propose that the reduced effect of ethanol-

induced hypothermia seem in mice that consumed ethanol for 98 days is chronic 

tolerance. After 98 days, ethanol-induced hypothermia was tested daily for 3 days. From 

day 1 to day 2, ethanol experienced and ethanol naïve mice developed rapid tolerance. By 

day 3, all mice developed chronic tolerance to the daily injections. Further, ethanol naïve 

mice exhibited a steeper rate of tolerance (severity of hypothermia/days of experiment) 

than ethanol experienced mice. There is a commonality in the results for the repeated 

LORR and the repeated hypothermia experiments. Ethanol experienced mice exhibit an 

initial tolerance that is attenuated in comparison to the chronic tolerance that develops by 

the end of the repeated trials. The initial tolerance seen in ethanol experienced mice is the 

result of the chronic high ethanol drinking. These mice are not likely to have ever 

experienced the effect of such high ethanol doses (administered for LORR and 
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hypothermia), and this may be the reason they develop more tolerance after several 

injections of high ethanol doses. 

After 59 days of continuous access ethanol drinking, acute withdrawal severity 

was assessed by scoring HIC after ethanol. Withdrawal severity was minimal and did not 

differ between ethanol experienced and ethanol naïve mice. B6xFVB demonstrate high 

ethanol preference and low acute ethanol withdrawal severity, further supporting findings 

by Metten et al. (1998) demonstrating a negative correlation between ethanol preference 

and acute ethanol withdrawal severity. Dependence and tolerance is frequently induced 

either by offering an ethanol containing liquid diet or ethanol vapor inhalation, making it 

difficult to directly compare our study to other studies (Anji and Kumani, 2008; 

Homanics et al., 1998). We know of only one study demonstrating signs of dependence 

in mice after continuous access ethanol consumption. Phillips et al. (1994) reported that 

ethanol consumption (~ 10 g/kg/day for 16 days) in resulted in significant withdrawal 

symptoms as measured by HIC scores. The severity of withdrawal positively correlated 

with sweetened ethanol consumption for the strains tested (C57Bl/6, DBA/2J, and 19 

BxD RI strains derived from an F2 cross of C57Bl/6 and DBA/2J progenitors) (Phillips et 

al., 1994). A critical observation (and future direction) is that a more sensitive measure of 

dependence, such as withdrawal induced anxiety, might reveal signs of dependence 

missed by HIC scores. Kliethermes et al. (2004) reported that mice made ethanol 

dependent by vapor inhalation showed increased anxiety-like behaviors in the elevated 

zero maze and light/dark box. Similar withdrawal signs have been demonstrated in the P 

rat, a rat line selected for high alcohol consumption (Waller et al., 1982).  

Metabolic tolerance is associated with liver enzymes activated after chronic 

drinking which increase ethanol degradation, thereby reducing the duration of ethanol's 
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effects (Lieber 1988; Lieber 1991; Tabakoff et al., 1986). As a consequence of chronic, 

high alcohol consumption, a small degree of metabolic tolerance developed after 71 days.   

Additionally, we attempted to determine whether acute functional tolerance (fixed 

speed rotorod) had developed, but ethanol experienced mice were unable to successfully 

perform this task. Spontaneous locomotor activity in B6xFVB is quite high, thus it is not 

surprising that these mice jump off the rotorod (Ozburn, unpublished). Perhaps functional 

tolerance could be measured using a balance beam task (as described in Crabbe et al., 

2009).  

 

SUMMARY 

As a consequence of chronic high ethanol consumption, B6xFVB and FVBxB6 

mice developed chronic and rapid tolerance to the sedative and hypothermic effects of 

ethanol; additionally a small degree of metabolic tolerance developed. The development 

of tolerance adds validity to this genetic model of high ethanol consumption.  
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Chapter 4. Chronic self-administration of alcohol results in elevated 
FosB: Comparison of hybrid mice with distinct drinking patterns.  

 

ABSTRACT 

Distinct alcohol self-administration behaviors are observed between two F1 

hybrid strains of mice: C57BL/6J x NZB/B1NJ (B6xNZB) show reduced alcohol 

preference (RAP) after experience with high concentrations of alcohol and periods of 

abstinence and C57BL/6J x FVB/NJ (B6xFVB) show sustained alcohol preference 

(SAP). In the present study, we determined the effects of varying ethanol concentrations 

and periods of abstinence on subsequent alcohol preference and consumption in these two 

hybrids. We found that B6xFVB express SAP and B6xNZB express RAP after 

experience with high ethanol concentrations (with or without abstinence periods), 

however experience with low ethanol concentrations results in SAP for both hybrids. We 

tested the hypothesis SAP and RAP are represented by differential production of the 

inducible transcription factor, FosB. FosB immunoreactivity was measured in 16 brain 

regions from mice that experienced 72 days of continuous access to either water 

(Control) or water & ethanol [one group with access from 3-35% ethanol (Multiple 

Concentrations) and another with access from 3-9% ethanol (One Concentration)].  

RAP B6xNZB mice (Multiple Concentrations group) had lower neuronal activity 

(as measured by FosB levels) in the Edinger-Westphal nucleus and central medial 

amygdala. For SAP B6xNZB mice (One Concentration group), neuronal activity (as 

measured by FosB levels) was higher in the ventral tegmental area, Edinger-Westphal 

nucleus, and amygdala (lateral and central latero-capsular). In B6xFVB, ethanol 

experience resulted in a larger network of correlated regional activity, whereas in 

B6xNZB ethanol experience resulted in a smaller network of correlated regional activity. 
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Changes in neuronal activity were experience dependent, as well as brain region and 

genotype specific, indicating that diverse neuronal circuitry underlies motivational 

aspects of ethanol consumption. 

 

INTRODUCTION 

Alcohol abuse is a prerequisite for development of alcoholism and is associated 

with a high cost to health and quality of life. In 2004, the US Department of Health 

estimated that 22.5 million Americans (aged 12 or older) have experienced substance 

abuse or dependence (Chou and Narasimhan, 2005),  Due to costs associated with health 

care, productivity, motor vehicle accidents, and crimes, alcohol abuse exerts the 

phenomenal cost to society of more than $184 billion dollars per year (NIAAA, 2000). 

There are known susceptibility factors, environmental and genetic, associated with 

alcohol abuse and alcoholism. The ability to drink copious amounts of alcohol with little 

consequence to the individual is a primary onset symptom in many alcoholics, indicating 

that a low level of response to alcohol is a major vulnerability factor in the development 

of alcoholism (Garcia-Andrade et al. 1997; Schuckit et al. 2004). There are few effective 

pharmacological treatments for alcoholism and existing therapies act to decrease anxiety 

associated with craving and increase periods of abstinence (Srisurapanont and 

Jarusuraisin 2005; Nunes et al. 1995). Alcohol moderation is protective of abuse and 

factors contributing to this behavior need to be identified and explored. Defining 

neurobiological factors which contribute to alcohol moderation will increase our 

understanding of alcohol use and abuse, and is an effective strategy to guide in the 

development of better treatments for individuals diagnosed with alcohol abuse or 

addiction.  
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Use of rodent models to imitate human disease has been a powerful tool in the 

advancement of understanding disease and improving treatments. There are several 

rodent models in place to study alcohol abuse and alcoholism. C57BL/6J mice are often 

used to model high ethanol consumption and DBA/2J mice are used to model ethanol 

avoidance based on their performance in the two bottle free-choice ethanol preference 

test (Yoneyama et al., 2008; Belknap et al. 1993). Oral ethanol consumption is 

considered reinforcing in C57BL/6J, but not DBA/2J, mice because increased 

consumption of ethanol solutions results from increased behavioral efforts directed 

towards drinking (Crabbe et al. 2002). The extent to which a mouse will orally self-

administer ethanol solutions under similar environmental conditions depends heavily on 

its genetic background (Belknap et al. 1993).  Recently, we found that C57Bl/6JxFVB/NJ 

(B6xFVB) and FVB/NJxC57Bl/6J (FVBxB6) F1 hybrid mice self-administer unusually 

high levels of ethanol during two-bottle preference tests (females consume 20-35 

g/kg/day, males 7-25 g/kg/day, depending on concentration) (Blednov et al., 2005). This 

new genetic model has significant advantages when compared to existing inbred strains, 

including evidence of drinking to intoxication (Blednov et al., 2005). Distinct ethanol 

self-administration behaviors are observed when comparing two F1 hybrid strains of 

mice: C57BL/6J x NZB/B1NJ (B6xNZB) show reduced alcohol preference (RAP) after 

experience with high concentrations of alcohol and periods of abstinence and B6xFVB 

show sustained alcohol preference (SAP) (Blednov et al., unpublished). We previously 

characterized two F1 hybrid strains of mice using a battery of behavioral tests and 

showed that B6xNZB mice are more sensitive than B6xFVB mice to the sedative and 

aversive, but not rewarding, effects of ethanol (Ozburn et al., unpublished). 

Ethanol and other drug engaged neurocircuits have been studied in specific mouse 

models using molecular markers of neuronal activity (Koob and Le Moal, 2005). Self-
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administered and experimenter-administered ethanol does not result in equivalent brain 

metabolic maps, suggesting circuitry underlies the reinforcing effects of ethanol 

(Williams-Hemby and Porrino, 1994; Porrino et al., 1998). One key component yet to be 

extensively explored in alcohol research is examination of sustained and reduced alcohol 

preference behaviors and identification of neuronal circuits engaged during these 

behaviors. The goal of this experiment was to identify brain regions important for SAP 

and RAP. We tested the hypothesis that the SAP and RAP behavioral phenotypes are 

represented by differential production of the inducible transcription factor, FosB and 

∆FosB, in brain regions known to be involved in reward, taste, and stress.   

Two variants of FosB exist (FosB and ∆FosB isoform), each of which differs in 

their induction requisites, levels, and lifespan. FosB protein levels peak six hours after an 

acute stimulus and return to baseline after twelve hours, whereas ∆FosB protein levels 

peak six to twelve hours after an acute stimulus (although less dramatically than FosB) 

and return to baseline in approximately three days (Chen et al. 1997; McClung et al., 

2004). Gradual increases of ∆FosB protein occur with chronic manipulations and due to 

its unique long term stability, increased protein levels can persist for several days to 

weeks following stimuli (Nestler et al. 2001). ∆FosB is a truncated splice variant lacking 

101 amino acids from the C-terminus of the full length FosB protein (Nakabeppu et al. 

1991).  Antibodies directed at the N-terminal domain of FosB detect ∆FosB as well; 

therefore detection of ∆FosB can only be shown in tissue by presence of signal from 

antibodies directed at the N-terminus and absence of signal from antibodies directed at 

the C-terminus of FosB.  

Chronic stimuli that cause regional differences in FosB and ∆FosB levels include 

drugs of abuse (alcohol, cocaine, amphetamine, nicotine, morphine, and antipsychotics), 

chronic stress (restraint stress, unpredictable foot shock, electroconvulsive seizures), and 
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compulsive wheel running (McClung et al. 2004). As a potential mediator of long term 

adaptations in the brain, identifying the dominant variant of FosB in response to chronic 

ethanol treatment is an important distinction. The majority of these experiments have 

shown that ∆FosB, not FosB, is the dominant FosB variant after chronic stimuli 

(McClung et al., 2004; Perrotti et al., 2005; Perrotti et al. 2008). A study by Ryabinin and 

Wang (1998) found that in DBA/2J mice, four days of repeated ethanol injections 

resulted in robust increases in FosB expression the following brain regions: anterior 

cortical amygdaloid nucleus, lateral septum ventrale, central amygdala, lateral amygdala, 

lateral hypothalamus, nucleus accumbens shell, bed nucleus of stria terminalis, and 

paraventricular nucleus of the thalamus. Their results identify an ethanol responsive 

neurocircuit. FosB expression has also been measured in the C57BL/6J mouse brain 

during acquisition and maintenance of ethanol self-administration under limited access 

conditions. There were no changes in FosB levels during acquisition of self-

administration (Ryabinin et al., 2001). After two weeks of limited access ethanol self-

administration FosB levels were increased in the central medial nucleus of the amygdala 

and Edinger-Westphal nucleus (Bachtell et al., 1999). Overall, reports identify novel 

regions engaged in ethanol self-administration, as well as implicate a role for the 

mesocorticolimbic pathway and extended amygdala (Kalivas, 2005; Koob and LeMoal, 

2005). Changes in FosB levels depend on route of administration, ethanol dose, and 

length of time exposed to a treatment or schedule (Ryabinin and Wang, 1998; Bachtell et 

al. 1999; Ryabinin et al., 2001).  

The present study provides an opportunity in which conditions producing the 

opposing behaviors of ethanol SAP and RAP can be explored and further characterized. 

Our novel model of RAP is compared with SAP to gain a better understanding of brain 

regions important for moderation. These experiments contribute to the understanding of 
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alcohol use and abuse on a behavioral, anatomical, and circuit level by identifying factors 

contributing to SAP and RAP.   

 

METHODS 

Animals 

Studies were conducted using intercross female F1 hybrid mice derived from 

C57BL/6J and FVB/NJ or NZB/B1NJ mice (B6xFVB F1 and B6xNZB F1, maternal 

strain x paternal strain). C57BL/6J, FVB/NJ, and NZB/B1NJ breeders were purchased 

from The Jackson Laboratory (Bar Harbor, ME) and mated at 7-8 weeks. Offspring were 

weaned into isosexual groups of each of the genotypes (B6xFVB F1, B6xNZB F1). We 

tested only female mice to facilitate comparison with previously collected data (Blednov 

et al., 2005). Mice were housed in standard cages with food and water provided ad 

libitum. The colony room and testing room were on a 12 hour light:12 hour dark cycle 

(lights on at 07:00).  

Two Bottle Free Choice Ethanol Preference Test 

The two bottle choice method was be used to determine voluntary ethanol self-

administration patterns in female B6xFVB and B6xNZB mice. F1 hybrid female mice 

(aged 63 days) were individually housed in standard cages while habituating for one 

week to fluid bottles with sipper tubes containing water before introduction of an ethanol 

solution. After habituation, mice had access to two identical bottles; one containing water 

and the other containing an ethanol solution. Tube positions were changed daily to 

control for position preferences and evaporation/spillage estimates were calculated. Mice 

were weighed every 4 days throughout the experiment. All fluid consumption was 

measured daily throughout experiment. The quantity of ethanol consumed and ethanol 
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preference was calculated for each mouse, and these values are averaged for every 

concentration of ethanol.  

The effect of alcohol concentrations and abstinence periods on self-administration 

in B6xFVB and B6xNZB mice was demonstrated by designating an experimental group 

with access to Multiple Concentrations (escalating access to 3-35% ethanol solutions, 

followed by 3 repeated cycles of 9%, 18%, and 27% ethanol, ending with a final 

presentation of 9% ethanol) and another with One Concentration (escalating access to 3-

9% ethanol, with the remainder of the experiment carried out with access to 9% ethanol). 

Each of these groups had a subgroup that did or did not experience three one week 

periods of abstinence. Control mice experienced similar conditions at the same time as 

experimental mice, but were only offered one bottle of water. 

In total, there were five groups for each hybrid: Water (n=14-16), Multiple 

Concentrations (n=10), Multiple Concentrations with Abstinence Periods (n=20), One 

Concentration (n=10), and One Concentration with Abstinence Periods (n=20). Refer to 

Figure 4.1 for detailed two bottle choice group schedules.  

FosB Immunohistochemistry and Quantification 

FosB immunohistochemistry (IHC) was measured in 16 brain regions from mice 

that experienced 72 days of continuous access to either water (Control) or water & 

ethanol [Multiple Concentrations and One Concentration]. The effect of Multiple 

Concentrations on ethanol preference and consumption was much greater than the effect 

of abstinence, therefore groups which experienced periods of abstinence were not 

included in FosB IHC measurements.  

Four to eight hours after removing ethanol on the 73rd day of the experiment, 

mice were deeply anesthetized (175 mg/kg sodium pentobarbital) and perfused 

intracardially with 20 ml of 0.01 M phosphate buffered saline (PBS), followed by 100 ml 
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4% paraformaldehyde in PBS.  Brains were removed, post-fixed in 4% paraformaldehyde 

at 4°C, embedded in 3% agarose, sectioned (50um, coronal) on a vibratome, placed in 

cryoprotectant (30% sucrose, 30% ethylene glycol, and 0.1% polyvinyl pyrrolidone in 

PBS) overnight at 4°C, and stored at -20°C until processed for IHC.  Thawed sections 

were washed with PBS, treated with 0.3% H2O2, and incubated for 1 hr in 3% normal 

goat serum to minimize non-specific labeling. Tissue sections were then incubated 

overnight at 4°C in 3% normal goat serum and anti-FosB (SC-48, 1:5000 dilution, Santa 

Cruz Biotechnology). Sections were washed, incubated in biotinylated goat anti-rabbit Ig 

(1:200 dilution, Vector Laboratories) for one hour, washed, and incubated in avidin-

biotin complex (1:200 dilution, Elite kit-Vector Laboratories). Peroxidase activity was 

visualized by reaction with 0,05% diaminobenzidine (containing 0.015% H2O2). Tissue 

sections were Nissl counterstained (using methylene blue/azure II). Slides were coded for 

blind counting. FosB-IR neurons were counted at 50X (oil) magnification using the 

optical fractionator method and StereoInvestigator computer software. Sampling 

parameter information: the counting frame (50um x 50um x 10um) was the same for all 

regions quantified; however, the grid size was determined for each brain region to ensure 

that total cell counts would equal 100-300 in order to keep the coefficient of variation 

less than 0.1. Data was calculated as percent of FosB positive nuclei (number of FosB 

positive nuclei/number of neurons) for each region.  

Abbreviations and locations of neuroanatomical structures 

Il – infralimbic cortex (+1.70 mm); Cg1 – cingulate cortex 1 (+1.1 mm); Cg2 - 

cingulate cortex 1 (+1.10 mm); NAcc core – nucleus accumbens core (+1.10 mm); NAcc 

shell – nucleus accumbens shell (+1.10 mm); LSi – lateral septum intermediate (+1.10 

mm); La – lateral amygdala (-1.22 mm); Bla – basolateral amygdala (-1.22 mm); 

CeC/CeL – central capsular and central lateral amygdala (-1.22 mm); CeMPV - medial 
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posterioventral portion of the central nucleus of the amygdala (-1.22 mm); PAG – 

periaquaductal gray (-3.64 mm); EW - Edinger-Westphal nucleus (-3.64 mm); VTA – 

ventral tegmental area (-3.64 mm); DR – dorsal raphe (- 4.60 mm); PBN – parabrachial 

nucleus (-5.2 mm); NTS – nucleus tractus solitarius (-6.96 mm). The Mouse Brain in 

Stereotaxic Coordinates (Franklin and Paxinos, 2001) was used to subjectively match one 

to three sections for quantification of each brain region. 

Statistical Procedures 

Data are reported as the mean ± S.E.M. value. Statistics were performed using 

Statistica version 6 (StatSoft, Tulsa, OK, USA) and GraphPad Prism version 4.00 

(GraphPad Software, San Diego, CA, USA). Two-way ANOVAs were carried out for 

ethanol consumption and preference data to evaluate differences between groups. Two 

and three-way ANOVAs were carried out for FosB data to evaluate interactions and main 

effects for group (Multiple Concentrations, One Concentration, and Water), brain region, 

and genotype. Bonferroni’s correction for multiple comparisons, Bonferroni’s post-hoc 

and repeated measures were carried out when appropriate. For water and ethanol 

experienced groups (within a genotype), a correlation matrix was created (using 

Pearson’s r) from ethanol preference (average of last 4 days of 9% ethanol), ethanol 

consumption (average of last 4 days of 9% ethanol), and FosB data from all brain 

regions. Imputed median values replaced missing %FosB data, which did not exceed 15% 

of data. Although there is a greater degree of uncertainty than if the imputed values had 

actually been observed, network correlation analysis requires complete membership or 

complete deletion for case-wise comparisons. Significant correlations (p < 0.05) were 

imported into Cytoscape (www.cytoscape.org). The correlation networks were visualized 

using VisMapper in Cytoscape version 2.6.1 (Shannon et al., 2003).   
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RESULTS 

The effect of ethanol concentrations and abstinence periods on self-administration 
in B6xFVB and B6xNZB mice 

To determine varying ethanol concentrations and/or abstinence periods changed 

subsequent ethanol consumption, we designed four schedules (groups) to measure 

ethanol consumption (Figure 4.1). There were four experimental groups for each hybrid: 

Multiple Concentrations, Multiple Concentrations with Abstinence Periods, One 

Concentration, and One Concentration with Abstinence Periods. Three examinations of 

ethanol preference and consumption data were performed: 1) to assess the effect of 

genotype, a two-way ANOVA (genotype x time) of all data was performed for the four 

groups, 2) to assess the effect of abstinence periods, a two way ANOVA (+/- abstinence x 

time) of all data was performed for each genotype for One Concentration and Multiple 

Concentrations groups, and 3) comparison of 9% ethanol preference and consumption 

from the first, second, third and fourth presentation are presented to establish the 

behavioral phenotypes of sustained or reduced alcohol preference.  

 A two-way ANOVA (genotype x ethanol concentration) of all data was 

performed to assess the effect of genotype on ethanol preference and consumption. For 

the Multiple Concentration groups, ethanol preference and consumption was greater for 

B6xFVB than for B6xNZB and depended on ethanol concentration (Figures 4.2a and 

4.3a) [ethanol preference - F(17,306) = 8.04, P < .0001, genotype x ethanol concentration 

interaction; F(17,306) = 41.71, P < .0001, main effect of ethanol concentration, F(1,306) 

= 100.04, P < .0001, main effect of genotype; ethanol consumption - F(17,306) = 13.69, 

P < .0001, genotype x ethanol concentration interaction; F(17,306) = 32.77, P < .0001, 

main effect of ethanol concentration, F(1,306) = 95.07, P < .0001, main effect of 

genotype]. For the Multiple Concentration with Abstinence Periods group, ethanol 
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preference and consumption was greater for B6xFVB than for B6xNZB and depended on 

ethanol concentration (Figures 4.2b and 4.3b) [ethanol preference - F(17,664) = 13.25, P 

< .0001, genotype x ethanol concentration interaction; F(17,664) = 75.84, P < .0001, 

main effect of ethanol concentration, F(1,664) = 1056, P < .0001, main effect of 

genotype; ethanol consumption - F(17,664) = 12.01, P < .0001, genotype x ethanol 

concentration interaction; F(17,664) = 36.93, P < .0001, main effect of ethanol 

concentration, F(1,664) = 1423, P < .0001, main effect of genotype]. For the One 

Concentration group, ethanol preference and consumption was greater for B6xFVB than 

for B6xNZB and depended on ethanol concentration (Figures 4.2c and 4.3c) [ethanol 

preference - F(17,306) = 6.97, P < .0001, main effect of ethanol concentration, F(1,306) = 

21.61, P < .001, main effect of genotype; ethanol consumption - F(17,306) = 5.11, P < 

.0001, genotype x ethanol concentration interaction; F(17,306) = 42.59, P < .0001, main 

effect of ethanol concentration, F(1,306) = 45.50, P < .0001, main effect of genotype]. 

For the One Concentration with Abstinence Periods group, ethanol preference and 

consumption was greater for B6xFVB than for B6xNZB and depended on ethanol 

concentration (Figures 4.2d and 4.3d) [ethanol preference - F(17,664) = 3.94, P < .0001, 

genotype x ethanol concentration interaction; F(17,664) = 9.25, P < .0001, main effect of 

ethanol concentration, F(1,664) = 750.5, P < .0001, main effect of genotype; ethanol 

consumption - F(17,664) = 10.84, P < .0001, genotype x ethanol concentration 

interaction; F(17,664) = 60.32, P < .0001, main effect of ethanol concentration, F(1,664) 

= 2086, P < .0001, main effect of genotype]. 

To assess possible effects of abstinence periods on ethanol preference and 

consumption, a two way ANOVA (+/- abstinence x time) of all data was performed for 

each genotype for One Concentration and Multiple Concentration groups. For B6xFVB 

mice in the Multiple Concentration groups, ethanol preference did not differ with 
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abstinence periods but there was a small decrease in ethanol consumption with abstinence 

periods (Figures 4.2 and 4.3) [ethanol consumption - F(1,494) = 7.99, P < .01, main 

effect of abstinence]. For B6xNZB mice in the Multiple Concentration groups, ethanol 

preference and consumption did not differ with abstinence periods (Figures 4.2 and 4.3). 

For B6xFVB mice in the One Concentration groups, ethanol preference and consumption 

did not differ with abstinence periods (Figures 4.2 and 4.3). For B6xNZB mice in the One 

concentration groups, ethanol preference and consumption were decreased with 

abstinence periods (Figures 4.2 and 4.3) [ethanol consumption - F(1,494) = 10.15, P < 

.001, main effect of abstinence; ethanol consumption - F(1,494) = 16.94, P < .0001, main 

effect of abstinence]. 

To establish and illustrate the behavioral phenotypes of SAP and RAP, 9% 

ethanol preference and consumption data is presented in Figures 4.4 and 4.5. The SAP 

and RAP behavioral phenotypes are based on comparison of 9% ethanol preference and 

consumption from the first, second, third and fourth presentation. For the Multiple 

Concentration groups (with or without Abstinence Periods), B6xFVB exhibited SAP and 

B6xNZB exhibited RAP. For the One Concentration groups (with or without Abstinence 

Periods), both B6xFVB and B6xNZ exhibited SAP.  
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Figure 4.1. Experimental schedule for continuous access voluntary ethanol consumption. 

a. Experimental schedule for One Concentration and Multiple Concentrations 

groups. b. Experimental schedule for One Concentration with Abstinence periods and 

Multiple Concentrations with Abstinence periods groups. Dashed vertical line indicates 

one week abstinence. Mean ± SEM. n=10-20/group. 
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Figure 4.2. Ethanol preference is dependent on genotype and ethanol concentration. 

a. In the Multiple Concentrations groups, ethanol preference (ethanol 

consumption/total fluid consumption) is greater for B6xFVB than B6xNZB and varies 

with ethanol concentration offered. b. In the Multiple Concentrations with Abstinence 

periods groups, ethanol preference is greater for B6xFVB than B6xNZB and varies with 

ethanol concentration offered. c. In the One Concentration groups, ethanol preference is 

greater for B6xFVB than B6xNZB and varies over time. b. In the One Concentration with 

Abstinence periods groups, ethanol preference is greater for B6xFVB than B6xNZB and 

varies with time. Dashed vertical line indicates one week abstinence. Mean ± SEM. 

n=10-20/group. 
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Figure 4.3. Ethanol consumption is dependent on genotype and ethanol concentration. 

a. In the Multiple Concentrations groups, ethanol consumption (g/kg/day pure 

ethanol) is greater for B6xFVB than B6xNZB and varies with ethanol concentration 

offered. b. In the Multiple Concentrations with Abstinence periods groups, ethanol 

consumption is greater for B6xFVB than B6xNZB and varies with ethanol concentration 

offered. c. In the One Concentration groups, ethanol consumption is greater for B6xFVB 

than B6xNZB and varies over time. b. In the One Concentration with Abstinence periods 

groups, ethanol consumption is greater for B6xFVB than B6xNZB and varies with time. 

Dashed vertical line indicates one week abstinence. Mean ± SEM. n=10-20/group. 
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Figure 4.4. Sustained and reduced alcohol preference (SAP and RAP) behavioral 
phenotypes. 

Comparison of 9% ethanol preference from the first, second, third and fourth 

presentation are presented to establish the behavioral phenotypes of sustained or reduced 

alcohol preference. a. Multiple Concentrations groups - B6xFVB exhibit SAP and 

B6xNZB exhibit RAP. b. Multiple Concentrations with Abstinence periods groups - 

B6xFVB exhibit SAP and B6xNZB exhibit RAP. c. One Concentration groups - B6xFVB 

and B6xNZB exhibit SAP. d. One Concentration with Abstinence periods groups -  

B6xFVB and B6xNZB exhibit SAP. Mean ± SEM. n=10-20/group. 
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Figure 4.5. Sustained and reduced alcohol consumption behavioral phenotypes. 

Comparison of 9% ethanol consumption from the first, second, third and fourth 

presentation are presented to establish the behavioral phenotypes of sustained or reduced 

alcohol consumption. a. Multiple Concentrations groups - B6xFVB exhibit sustained 

consumption and B6xNZB exhibit reduced consumption. b. Multiple Concentrations with 

Abstinence periods groups - B6xFVB exhibit sustained consumption and B6xNZB 

exhibit reduced consumption. c. In the One Concentration groups, B6xFVB and B6xNZB 

exhibit sustained consumption. d. In the One Concentration with Abstinence periods 

groups, B6xFVB and B6xNZB exhibit sustained consumption. Mean ± SEM. n=10-

20/group. 
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FosB Data 

The goal of FosB quantification and analysis was to identify neurocircuitry 

chronically activated during sustained and reduced alcohol preference. There were three 

experimental groups for each hybrid: Multiple Concentrations, One Concentration, and 

Water (Control). FosB data is presented as %FosB positive neurons [(# of FosB positive 

neurons) / (# of FosB positive neurons + # of Nissl positive neurons)] (Table 4.1). Three 

examinations of FosB data were performed: 1) three-way ANOVA (genotype x group x 

brain region) of all data was performed, 2) for each brain region, a two way ANOVA 

(brain region x group) was performed, and 3) correlation matrices were developed and 

used to create correlation networks. 

Three way ANOVA (genotype x group x brain region) revealed a genotype x 

brain region interaction [F(15,375) = 2.01, P < .05],a group x brain region interaction 

[F(15.375) = 1.99, P < 0.01], and a main effect of brain region [F(15,375) = 43.36, P < 

.000]. A two way ANOVA (brain region x group) was performed for each genotype. 

There was a main effect of group and brain region for both B6xFVB and B6xNZB 

[B6xFVB - F(2,374) = 11.79, P < .0001, main effect of group, F(15,374) = 25.64, P < 

.0001, main effect of brain region; B6xNZB - F(2,360) = 43.38, P < .0001, main effect of 

group, F(15,360) = 23.73, P < .0001, main effect of genotype]. Post-hoc analysis revealed 

six significant group differences for B6xNZB (Table 4.1). %FosB was higher in One 

Concentration group than in the Water group in La, CeC/CeL, EW, and VTA. %FosB 

was higher in the Multiple Concentrations group than in the Water group in CeMPV. 

%FosB was higher in the One Concentration group than in the Multiple Concentrations 

group in EW. 

Correlation matrices were created for ethanol experienced and water control mice 

(independently for B6xFVB and B6xNZB). Significant correlations are presented as a 
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correlation network (Figures 4.6 and 4.7). When visually comparing the correlation 

networks, it was apparent the number of nodes (variables) and edges (correlations) was 

greater for ethanol experienced B6xFVB (18 nodes, 84 edges) than for ethanol naïve 

B6xFVB (16 nodes, 42 edges). In contrast, the number of nodes and edges was greater 

for ethanol naive B6xNZB (15 nodes, 29 edges) than for ethanol experienced B6xNZB 

(13 nodes, 18 edges). Correlations present in the ethanol experienced network, but not in 

the ethanol naive network are designated ethanol specific. Correlations present in the 

ethanol naive network, but not in the ethanol experienced network are designated ethanol 

naïve specific. The B6xFVB ethanol specific network consisted of 18 nodes and 53 

edges, whereas the ethanol naïve specific network consisted of 12 nodes and 11 edges 

(Figure 4.6). The B6xNZB ethanol specific network consisted of 11 nodes and 12 edges, 

whereas the ethanol naïve specific network consisted of 15 nodes and 23 edges (Figure 

4.7).  
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Table 4.1. Percent FosB Positive Neurons 

 
 
Genotype B6xFVB B6xFVB B6xFVB B6xNZB B6xNZB B6xNZB 

Group Control Multiple Conc. One Conc. Control Multiple Conc. One Conc. 
IL 56 ± 6 67 ± 4 66 ± 5 44 ± 4 59 ± 4 62 ± 5 

Cg1 63 ± 7 73 ± 3 65 ± 6 50 ± 5 70 ± 5 58 ± 5 
Cg2 63 ± 7 70 ± 5 62 ± 7 49 ± 5 70 ± 5 60 ± 6 

NAcc core 61 ± 4 69 ± 3 70 ± 5 55 ± 2 69 ± 4 64 ± 3 
NAcc shell 49 ± 3 62 ± 2 61 ± 5 45 ± 3 61 ± 3 57 ± 3 

LSi 16 ± 4 22 ±  3 25 ± 4 19 ± 4 22 ± 2 29 ± 4 
La 46 ±  8 59 ± 7 56 ± 6 37 ± 7 58 ± 9 69 ± 7** 
Bla 48 ± 6 70 ± 4 61 ± 6 50 ± 3 66 ± 5 66 ± 5 

CeC/CeL 48 ± 6 63 ± 6 59 ± 6 45 ± 5 59 ± 5 75 ± 5** 
CeMPV 36 ± 7 58 ± 8 51 ±  8 38 ± 2 63 ± 7* 60 ± 10 

PAG 24 ± 6 26 ± 5 30 ± 6 21 ± 5 26 ± 4 38 ± 7 
EW 51 ±  7 65 ± 5 64 ± 9 22 ± 3 36 ± 7 64 ± 10** #
VTA 38 ± 10 45 ± 7 50 ± 8 23 ± 9 36 ± 7 48 ± 10* 
DR 20 ± 7 26 ± 4 28 ± 5 20 ± 6 23 ± 4 30 ± 7 

PBN 28 ± 6 31 ± 3 36 ± 6 20 ± 6 28 ± 5 35 ± 8 
NTS 27 ± 8 21 ± 2 20 ± 4 18 ± 5 23 ± 4 21 ± 5 

 

Percent FosB positive neurons = (# of FosB positive neurons)/(# of FosB positive 

neurons + # of Nissl positive neurons). Bonferroni post-hoc results:  *= p < 0.05, **= p < 

0.01 significant difference from Control group; # =p < 0.05, significant difference from 

Multiple Conc. Group. Mean ± SEM. n=6-10/group. 
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Figure 4.6. B6xFVB group specific network correlations. 

Correlation networks were created using Pearson’s r and visualized using 

Cytoscape. Variables are nodes (white nodes are brains region variables, yellow nodes 

are drinking variables). Edges are correlations and their width represents the magnitude 

of correlation. Blue edges represent positive correlations and red edges represent negative 

correlations. a. B6xFVB ethanol experienced correlation network. b. B6xFVB ethanol 

naive correlation network. c. B6xFVB ethanol specific correlation network. d. B6xFVB 

ethanol naive specific correlation network. n=9-20/group 
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Figure 4.7. B6xNZB group specific network correlations. 

Correlation networks were created using Pearson’s r and visualized using 

Cytoscape. Variables are nodes (white nodes are brains region variables, yellow nodes 

are drinking variables). Edges are correlations and their width represents the magnitude 

of correlation. Blue edges represent positive correlations and red edges represent negative 

correlations. a. B6xNZB ethanol experienced correlation network. b. B6xNZB ethanol 

naive correlation network. c. B6xNZB ethanol specific correlation network. d. B6xNZB 

ethanol naive specific correlation network. n=10-20/group. 
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DISCUSSION 

Distinct alcohol self-administration behaviors were observed when comparing 

two F1 hybrid strains of mice: B6xNZB show RAP after experience with high 

concentrations of ethanol and periods of abstinence and B6xFVB show SAP. B6xFVB 

drinking models stable, high consumption (SAP) and B6xNZB models moderate drinking 

(RAP). Neuronal plasticity (as measured by FosB levels) was different depending on 

ethanol experience; further supporting that neuronal circuitry underlies motivational 

aspects of ethanol consumption. In B6xFVB, ethanol experience resulted in a larger 

network of correlated regional activity, whereas in B6xNZB ethanol experience resulted 

in a smaller network of correlated regional activity.  

For the high alcohol consuming strain, C57Bl/6, reports on repeated ethanol 

access indicate various outcomes for subsequent ethanol preference and consumption 

which is highly dependent on initial ethanol concentrations offered, length of abstinence 

periods, and sub-strain (C57Bl/6Cr or C57Bl/6J) (Khisti et al., 2006; Melendez et al., 

2006). We found that the unusually high ethanol preference and consumption seen in 

B6xFVB mice is stable with chronic drinking in four different schedules (One 

Concentration with or without abstinence and Multiple Concentrations with or without 

abstinence). B6xNZB’s moderately high ethanol preference and consumption is only 

stable with one schedule of chronic drinking (One Concentration without abstinence), 

they show reductions in preference and consumption (RAP) with all other chronic 

drinking schedules (One Concentration with abstinence and Multiple Concentrations with 

or without abstinence). B6xNZB RAP is a novel model in which experience (repeated 

presentation of ethanol after experience with multiple high ethanol concentrations and/or 

several short periods of abstinence) dramatically reduces their acceptance of previously 

highly preferred ethanol concentrations.  
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Self-administered and experimenter-administered ethanol does not result in 

equivalent brain metabolic maps, suggesting distinct circuitry underlies the reinforcing 

effects of ethanol (Williams-Hemby and Porrino, 1994; Porrino et al., 1998). We tested 

the hypothesis that the SAP and RAP behavioral phenotypes are represented by 

differential production of the inducible transcription factor, FosB, in brain regions known 

to be involved in reward, taste, and stress. We found that the percent of FosB positive 

neurons in the measured brain regions depends on genotype and group (Water control, 

One Concentration, and Multiple Concentrations). For B6xNZB subsequent analysis 

revealed voluntary ethanol consumption resulted in increased neuronal activity in the EW 

nucleus, VTA, and amygdala, known ethanol- reward-, and stress-related brain regions. 

RAP resulted in reduced neuronal activity in the EW suggesting that these neurons 

respond to ethanol intake with an experience dependent plasticity. In the One 

concentration group, SAP and neuronal activity in the EW is greater than in the Multiple 

Concentrations group and Water control group. Although conducted using different 

ethanol drinking paradigms, our brain region findings for the EW of B6xNZB mice agree 

with previous ethanol consumption studies (Bachtell et al., 1999; Ryabinin et al., 2001). 

The lack of significance for EW in high ethanol preferring and consuming B6xFVB mice 

is unexpected. The non-preganglionic EW has recently been characterized as pIIIu, the 

perioculomotor urocortin-containing neurons (pIIIu) (Weitemier et al., 2005). Ucn1 is a 

corticotropin releasing factor (CRF) -like peptide that binds CRF1 and CRF2 receptors. 

Previous studies using genetic, pharmacological manipulation, and lesion approaches 

have shown that Ucn1 is involved in regulating ethanol consumption (Bachtell et al., 

2004; Turek et al., 2005; Ryabinin et al., 2008; Weitemier et al., 2005). There is a known 

genetic predisposition for high ethanol intake in rodents is correlated with higher basal 

levels of Ucn1 in EW and LSi (for review see Ryabinin and Weitemier, 2006).  
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For B6xNZB, ethanol consumption in the One Concentration group resulted in 

increased neuronal plasticity in the VTA (greater than in the Multiple Concentrations and 

Water control groups). Ethanol preference and consumption were also greater for the One 

Concentration group. The VTA dopamine system plays a major role in mediating the 

reinforcing effects of ethanol and participates in many reciprocal connections important 

for ethanol and reward-related behaviors (Koob et al., 1998; McBride and Li 1998; 

Samson et al., 1992). Rats have been shown to self-administer ethanol directly into VTA 

(Rodd et al., 2004). Ethanol exposure increases the firing rate of dopaminergic neurons in 

VTA (Brodie et al., 1990; Gessa et al., 1985). Increased firing rate could be linked to the 

FosB induction in the VTA following chronic voluntary ethanol administration.  

Alcohol dependence induces long-term neuroadaptations resulting in negative 

emotional states and an important mechanism in negative reinforcement is corticotropin-

releasing factor (CRF) signaling within the amygdala (Heilig and Koob, 2007). 

GABAergic neurons in the central amygdala form a heterogeneous population whose 

connections appear related to their peptide content. These GABAergic neurons integrate 

output activity of the CeA. The CeA can be further subdivided into the latero-capsular 

and medial posterior ventral. GABAergic neurons of the CeL receive substantial 

glutamatergic input from the insular cortex and basolateral amygdala. The CeL neurons 

receive dopaminergic innervations from the VTA; as previously noted, these neurons are 

activated after acute ethanol administration. McBride (2002) authored an excellent 

review on CeA and the effects of alcohol. For B6xNZB, ethanol consumption in the One 

Concentration group resulted in increased neuronal activity in the CeC/CeL (greater than 

in the Multiple Concentrations and Water control groups). Ethanol preference and 

consumption were also greater for the One Concentration group. Ethanol consumption in 

the Multiple Concentrations group resulted in increased neuronal activity in the CeMPV 
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(greater than in the One Concentration and Water control groups). Ethanol preference and 

consumption were reduced in the Multiple Concentration groups as compared with the 

One Concentration group. Pharmacological manipulations of neurons in the CeA have 

targeted GABA, CRF, opioid, serotonin, dynorphin, and norepinephrine receptors (Dyr 

and Kostowsky, 1995; Gilpin et al., 2008; Hyytia and Koob, 1995; McBride and Li, 

1998; Roberto et al., 2003). GABA antagonists, as well as CRF antagonists decrease 

ethanol consumption (Hyytia and Koob, 1995; Roberts et al., 1996; Gilpin et al., 2008). 

Lesions of the CeA decrease continuous access voluntary ethanol consumption (Moller et 

al., 1997). Our findings further support a role for CeA in the regulation alcohol drinking 

behavior. 

Although we did not take blood ethanol samples, it is not likely that B6xNZB 

RAP mice achieved sustained pharmacologically relevant blood ethanol levels, 

suggesting intoxicating concentrations of ethanol are not necessary to activate brain 

regions (Dole and Gentry, 1984; Porrino et al., 1998). It is important to note that a highly 

significant effect of group also exists in B6xFVB, even though post-hoc results for 

B6xFVB brain regions did not indicate significant changes in %FosB for any particular 

region as a result of chronic ethanol consumption with these different schedules.  

Two other goals of this study were to identify the dominant FosB isoform (FosB 

or ∆FosB) and the cell type expressing FosB /∆FosB using dual-labeling 

immunofluorescence. Western blots were performed using two different commercially 

available antibodies (both directed at c-terminal regions of FosB that are not present in 

∆FosB) revealed non-specific protein-antibody interactions and therefore could not be 

used for IHC in tissue sections. Perrotti et al. (2008) reported specific induction of ∆FosB 

in reward- and stress-related brain regions after consumption of an ethanol liquid diet for 

17 days. ∆FosB is known to be induced in brain, in a region- and cell-type-specific 
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manner, by various chronic treatments and excellent reviews on this topic are available 

(McClung et al., 2004; Nestler 2001; Nestler et al., 1999). Determination of cell-type 

specificity was not carried out in this study due to lack of specific antibodies for 

identification of small peptides (such as CRF, dynorphin, and enkephalin) in the 

amygdala.  

Network correlations for ethanol experienced and ethanol naïve mice uncover 

important genotype differences. Both genotypes have a comparable number of edges (or 

correlations) for ethanol naïve data sets, however the B6xFVB ethanol experienced 

network is comprised of many more nodes and edges than the B6xNZB ethanol 

experienced network. For each genotype, some correlations existed in both ethanol 

experienced and ethanol naïve groups and these maintained correlations were removed to 

visualize only ethanol experienced and ethanol naïve specific networks. The striking 

genotypic contrast in networks is exposed when comparing the ethanol specific and 

ethanol naïve correlation networks. The B6xFVB ethanol specific network contains 

dramatically more nodes and edges than the ethanol naïve group, whereas the B6xNZB 

ethanol specific network contains dramatically fewer nodes and edges than the ethanol 

naïve group. B6xFVB drinking models stable, high consumption (SAP) resulting in 

highly correlated neuronal activity for 16 brain regions and B6xNZB models moderate 

drinking (RAP) resulting in correlated neuronal activity for 6 brains regions.  

 

SUMMARY 

Distinct alcohol self-administration behaviors were observed when comparing 

two F1 hybrid strains of mice: B6xNZB show RAP after experience with high 

concentrations of alcohol and B6xFVB show SAP. B6xFVB drinking models stable, high 

consumption (SAP) and B6xNZB models moderate drinking (RAP). Changes in neuronal 
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activity (as measured by FosB levels) were experience dependent, as well as brain region 

and genotype specific, further supporting that neuronal circuitry underlies motivational 

aspects of ethanol consumption. In B6xFVB, ethanol experience resulted in a larger 

network of correlated regional activity, whereas in B6xNZB ethanol experience resulted 

in a smaller network of correlated regional activity.  
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Chapter 5. General Summary 

SUMMARY 

 Use of rodent models to imitate human disease has been a powerful tool in 

the advancement of understanding disease and improving treatments. Inbred mouse 

strains are a foundation of alcohol research, however, humans are likely heterozygous at 

many loci and we speculate that hybrid mice will provide a wider range of alcohol 

responses and perhaps a better model of some human responses to alcohol than inbred 

strains. Further, a critical assessment of past work is that animal models of high alcohol 

consumption are compared with models of avoidance (mice not willing to orally self-

administer ethanol).  We chose to further characterize the opposing voluntary ethanol 

self-administration behaviors observed in B6xFVB and B6xNZB. B6xNZB express the 

behavioral phenotype of  reduced alcohol preference (RAP) after experience with high 

concentrations of alcohol and abstinence, whereas B6xFVB express the behavioral 

phenotype of sustained alcohol preference (SAP). An important distinction regarding our 

model of RAP is that B6xNZB mice initially show a high preference for ethanol 

solutions. Though the motivational aspect of reducing alcohol intake after experience 

with high ethanol concentrations and abstinence is unknown, B6xNZB mice might be 

likened to moderate alcohol drinkers in that they will still consume ethanol solutions but 

not at their initially preferred levels due to a presumably aversive experience. Our SAP 

model is also novel, as B6xFVB mice consume high levels of ethanol regardless of 

previous experience.  

We assessed several behavioral responses to define behaviors which might predict 

SAP and RAP. B6xFVB exhibited less severe ethanol-induced conditioned taste aversion 

and were less sensitive to ethanol-induced loss of righting reflex (LORR) than B6xNZB. 
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Both hybrids demonstrated ethanol-induced place preference and low ethanol withdrawal 

severity. Hybrids differ in their sensitivity to the aversive and sedative, but not rewarding, 

effects of ethanol. Results of elevated plus maze, mirror chamber, and locomotor tests 

reveal B6xFVB mice are less anxious and more active than B6xNZB mice.  

Validity of SAP behavioral phenotype in B6xFVB mice was determined by 

testing whether chronic self-administration of ethanol produced tolerance or dependence. 

We measured responses from ethanol naïve and ethanol experienced mice in tests of 

ethanol-induced hypothermia, withdrawal severity, and LORR. Chronic ethanol self-

administration resulted in tolerance to sedative and hypothermic effects of ethanol; 

however, physical dependence was not evident as measured by ethanol withdrawal 

severity.   

       We tested the hypothesis that SAP and RAP behavioral differences are 

represented by differential production of the inducible transcription factor, FosB. FosB 

immunoreactivity was quantified in 16 brain structures from mice after chronic ethanol 

consumption or only water. Neuronal activity (as measured by FosB levels) depended on 

ethanol experience, brain region, and genotype; further supporting that neuronal circuitry 

underlies motivational aspects of ethanol consumption. For B6xNZ, ethanol consumption 

resulted in increased neuronal activity in the EW nucleus, VTA, and amygdala, known 

ethanol- reward-, and stress-related brain regions. In B6xFVB, ethanol consumption 

resulted in a larger network of correlated regional activity, whereas in B6xNZB ethanol 

consumption resulted in a smaller network. These studies characterized genetic models of 

stable, high consumption (SAP) and moderate drinking (RAP) in two hybrid mouse 

strains.  

 



 107

COMPARISON OF HYBRID INNATE AND ETHANOL-RELATED BEHAVIORS 

We investigated innate and ethanol-related behaviors for B6xFVB and B6xNZB. 

Ethanol motivation and sensitivity were assessed in both hybrids using a battery of tests 

including conditioned taste aversion, conditioned place preference, loss of righting reflex, 

acute withdrawal severity and repeated ethanol injections followed by voluntary ethanol 

consumption. B6xFVB mice were less sensitive to the aversive and sedative, but not 

rewarding, effects of ethanol than B6xNZB. In addition, the B6xFVB mice were less 

anxious and more active than B6xNZB mice.  

Differences in sensitivity to the aversive effects of ethanol could have a role in the 

development of the RAP and SAP behaviors seen in our models. Indeed, B6xFVB mice 

developed a less severe ethanol-induced conditioned taste aversion than B6xNZB mice. 

In addition to our findings, an inverse relationship between ethanol consumption and 

severity of ethanol-induced conditioned taste aversion has been described for many 

genotypes (Broadbent et al., 2002; Chester et al., 1998; Chester et al., 2003; Phillips et 

al., 2005).  

 B6xFVB mice were less sensitive to the sedative effects of ethanol than 

B6xNZB mice.  Differences in ethanol-induced LORR can be due to differences in 

metabolism, sensitivity, or acute tolerance. We found no difference in rates of ethanol 

metabolism after a single high dose, suggesting that the differences in LORR are not due 

to metabolism. Blood ethanol levels at regaining of righting reflex were not different for 

B6xFVB and B6xNZB mice, indicating no difference between the hybrids in ethanol 

sensitivity at awakening. Therefore, it is likely that the difference in LORR is due to 

initial sensitivity to ethanol. B6xFVB are less sensitive to the initial effects of ethanol 

than B6xNZB.  This implies that B6xFVB develop less acute tolerance than B6xNZB. 
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B6xFVB and B6xNZB mice developed similar ethanol-induced conditioned place 

preference and both genotypes showed a motor stimulatory response to ethanol during the 

conditioning trials. These observations suggest both genotypes have a similar sensitivity 

to the rewarding properties of ethanol.  It is important to note that that ethanol preference 

in general is likely influenced not only by pharmacological actions of ethanol, but also by 

its caloric value, taste, olfaction and palatability, whereas the final measure of reward in 

conditioned place preference (as well as conditioned taste aversion) paradigms takes 

place in the absence of ethanol (Bachmanov et al., 2003; Belknap et al., 1993; Kiefer et 

al., 1998; McMillen & Williams, 1998).  

Acute ethanol-induced withdrawal was higher for B6xFVB mice than for 

B6xNZB mice. However, it is pertinent to note that both genotypes showed a low 

withdrawal severity. Since both hybrids show an initial high ethanol preference and a low 

severity of acute ethanol withdrawal, our results further support findings by Metten et al. 

(1998) demonstrating a negative correlation between ethanol preference and acute 

ethanol withdrawal severity.   

Although drug-induced locomotor sensitization is thought to reflect neural 

adaptations important in the development of addiction, ethanol-induced locomotor 

sensitization has been positively and negatively correlated with voluntary ethanol 

consumption in mice (Grahame et al., 2000; Lessov and Phillips, 1998; Phillips et al., 

1995; Robinson and Berridge, 2000). Ethanol-induced locomotor sensitization is well 

known to be dependent upon genotype and ethanol dose (Lessov et al., 2001; Phillips et 

al., 2005). Under our conditions, neither genotype displayed ethanol-induced locomotor 

sensitization.  B6xNZB mice (EtOH and saline groups) showed a decrease in locomotor 

activity over the course of the 10 injection days, suggesting generalized locomotor 
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habituation. Ethanol injected B6xFVB mice had suppressed locomotor activity as 

compared with saline injected mice.  

In addition, injection of ethanol did not change the SAP and RAP behavioral 

phenotypes. However, ethanol preference and consumption were increased in B6xNZB 

mice injected with ethanol as compared with saline injection.  One interpretation of this 

finding is that B6xNZB mice are more sensitive to the stress associated with the previous 

experience of repeated saline injections. When comparing ethanol preference and 

consumption data from the first and second 9% ethanol presentations, B6xFVB mice 

given repeated saline injections unexpectedly showed a small, but significant reduction. 

Other reports showed that pre-exposure to ethanol (via voluntary or forced ethanol 

consumption) can increase, decrease, or have no affect on subsequent ethanol 

consumption (Lessov et al., 2001; Ufer et al., 1999). Importantly, preliminary experience 

with equivalent ethanol doses did not change the SAP and RAP behavioral phenotypes. 

This suggests that initial differences in ethanol consumption play a minimal role in 

subsequent behavior. 

Several tests (elevated plus maze, mirror chamber, and environmental novelty) 

indicated that B6xFVB mice were less anxious and more active than B6xNZB mice. 

Anxiety is often invoked as a predictor of ethanol consumption, and there are several 

reports indicating a major role for anxiety and stress in craving and relapse models 

(Heilig and Koob, 2007). For example, the selected rat line Roman high-avoidance (low 

anxiety and high novelty seeking profile) shows a higher preference for ethanol than the 

Roman low-avoidance rats (high anxiety and low novelty seeking profile) (Fernández-

Teruel et al., 2002). 

To further characterize and compare hybrid behaviors, experiments could be 

performed to assess innate and ethanol influenced impulsivity (five-choice serial reaction 
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time task), as well as depression (Porsalt’s forced swim test),  and conditioned taste 

aversion using two unique tastants (only one paired with ethanol injections).    

 

TOLERANCE TO ETHANOL IN B6XFVB AFTER CHRONIC DRINKING 

B6xFVB and FVBxB6 F1 hybrid mice consume more ethanol under continuous 

access two bottle choice conditions than any other published mouse strain (Blednov et al., 

2005). Our goal was to determine if chronic self-administration of ethanol led to the 

development of tolerance and/or dependence, which would further validate the use of 

B6xFVB and FVBxB6 hybrids as a genetic model of high alcohol consumption. B6xFVB 

and FVBxB6 F1 hybrid female mice stably consumed high levels of ethanol (~15 

g/kg/day) from a high concentration of ethanol (20%) and they did so for anywhere 

between 59 and 102 days, depending on the particular test. We found that tolerance to the 

sedative and hypothermic effects of ethanol had developed, however we did not detect 

the development of dependence. Additionally, some metabolic tolerance had developed.  

Tolerance to the different effects of ethanol develops differentially and varies in 

extent and persistence. In this study we did not identify the conditions required for the 

development or persistence of tolerance to these different effects of ethanol. There is 

evidence that tolerance develops more to the aversive effects than to the rewarding 

effects. For example, initial exposure to ethanol is associated with sedation and 

depression; there is evidence that with continued use, these side effects dissipate while 

the activating or pleasurable effects persist (Kiianmaa and Tabakoff 1982; Stewart et al., 

1991). Additionally, there are genetic components to the behaviors measured in this 

report and much research has been devoted to study selected rodent lines of high and low 

responders (Crabbe 1989; Crabbe and Phillips 1993; Phillips et al., 1989; Radcliffe et al., 

2005). 
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After 59 days of continuous access ethanol drinking, acute withdrawal severity 

was assessed by scoring HIC after ethanol. Withdrawal severity was minimal and did not 

differ between ethanol experienced and ethanol naïve mice. B6xFVB demonstrate high 

ethanol preference and low acute ethanol withdrawal severity, further supporting findings 

by Metten et al. (1998) demonstrating a negative correlation between ethanol preference 

and acute ethanol withdrawal severity. Dependence and tolerance is frequently induced 

either by offering an ethanol containing liquid diet or ethanol vapor inhalation, making it 

difficult to directly compare our study to other studies (Anji and Kumani, 2008; 

Homanics et al., 1998). We know of only one study demonstrating signs of dependence 

in mice after continuous access ethanol consumption. Phillips et al. (1994) reported that 

ethanol consumption (~ 10 g/kg/day for 16 days) in resulted in significant withdrawal 

symptoms as measured by HIC scores. The severity of withdrawal positively correlated 

with sweetened ethanol consumption for the strains tested (C57Bl/6, DBA/2J, and 19 

BxD RI strains derived from an F2 cross of C57Bl/6 and DBA/2J progenitors) (Phillips et 

al., 1994). A critical observation (and future direction) is that we should have used 

another measure of dependence such as withdrawal induced anxiety. Kliethermes et al. 

(2004) reported that mice made ethanol dependent by vapor inhalation showed increased 

anxiety-like behaviors in the elevated zero maze and light/dark box. Similar withdrawal 

signs have been demonstrated in the P rat, a rat line selected for high ethanol 

consumption (Waller et al., 1982).  

Metabolic tolerance is associated with liver enzymes activated after chronic 

drinking which increase ethanol degradation, thereby reducing the duration of ethanol's 

effects (Lieber 1988; Lieber 1991; Tabakoff et al., 1986). As a consequence of chronic, 

high ethanol consumption, a small degree of metabolic tolerance developed after 71 days.   
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It has been shown that repeated injections of ethanol produces tolerance to the 

sedative and hypothermic effects of ethanol (Crabbe 1994; Crowell et al., 1981; Le et al., 

1979; Melchoir and Tabakoff, 1981). We propose that the shorter duration of LORR seen 

in mice that consumed ethanol for 77 or 102 days is a result of development of chronic 

tolerance. After 77 days, ethanol-induced LORR was tested daily for 5 days. On LORR 

day1, ethanol experienced mice had a shorter duration of LORR than ethanol naïve mice. 

From day 1 to day 2, ethanol experienced and ethanol naïve mice developed rapid 

tolerance. By day 5, all mice developed chronic tolerance to the daily injections. Further, 

ethanol naïve mice exhibited a steeper rate of tolerance (decrease in duration of 

LORR/days of experiment) than ethanol experienced mice. Both groups had a higher 

blood ethanol level at gain of righting reflex on day 5 as compared with day 1. It is 

important to note that there was no difference in the BAC of ethanol experienced and 

ethanol naïve mice at gain of righting reflex on day 1, indicating metabolic tolerance is 

not likely responsible for the difference in LORR duration.  

Ethanol experienced mice developed tolerance to ethanol-induced hypothermia 

when measured after 98 days of drinking. We propose that the reduced effect of ethanol-

induced hypothermia seem in mice that consumed ethanol for 98 days is chronic 

tolerance. After 98 days, ethanol-induced hypothermia was tested daily for 3 days. From 

day 1 to day 2, ethanol experienced and ethanol naïve mice developed rapid tolerance. By 

day 3, all mice developed chronic tolerance to the daily injections. Further, ethanol naïve 

mice exhibited a steeper rate of tolerance (severity of hypothermia/days of experiment) 

than ethanol experienced mice. There is a commonality in the results for the repeated 

LORR and the repeated hypothermia experiments. Ethanol experienced mice exhibit an 

initial tolerance that is attenuated in comparison to the chronic tolerance that develops by 

the end of the repeated trials. The initial tolerance seen in ethanol experienced mice is the 
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result of the chronic high ethanol drinking. These mice are not likely to have ever 

experienced the effect of such high ethanol doses (administered for LORR and 

hypothermia), and this may be the reason they develop more tolerance after several 

injections of high ethanol doses. 

Additionally, we attempted to determine whether acute functional tolerance (fixed 

speed rotorod) had developed, but ethanol experienced mice were unable to successfully 

perform this task. In the future, functional tolerance can be measured using a balance 

beam task (as described in Crabbe et al., 2009).  

 

SAP AND RAP NEUROCIRCUITRY  

 Distinct ethanol self-administration behaviors were observed when 

comparing two F1 hybrid strains of mice: B6xNZB show RAP after experience with high 

concentrations of ethanol and periods of abstinence and B6xFVB show SAP. B6xFVB 

drinking models stable, high consumption (SAP) and B6xNZB models moderate drinking 

(RAP). Neuronal activity (as measured by FosB levels) was different depending on 

ethanol experience; further supporting that neuronal circuitry underlies motivational 

aspects of ethanol consumption. In B6xFVB, ethanol experience resulted in a larger 

network of correlated regional activity, whereas in B6xNZB ethanol experience resulted 

in a smaller network of correlated regional activity.  

For the high ethanol consuming strain, C57Bl/6, reports on repeated ethanol 

access indicate various outcomes for subsequent ethanol preference and consumption 

which is highly dependent on initial ethanol concentrations offered, length of abstinence 

periods, and sub-strain (C57Bl/6Cr or C57Bl/6J) (Khisti et al., 2006; Melendez et al., 

2006). We found that the unusually high ethanol preference and consumption seen in 

B6xFVB mice is stable with chronic drinking in four different schedules (One 
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Concentration with or without abstinence and Multiple Concentrations with or without 

abstinence). B6xNZB’s moderately high ethanol preference and consumption is only 

stable with one schedule of chronic drinking (One Concentration without abstinence), 

they show reductions in preference and consumption (RAP) with all other chronic 

drinking schedules (One Concentration with abstinence and Multiple Concentrations with 

or without abstinence). B6xNZB RAP is a novel model in which experience (repeated 

presentation of ethanol after experience with multiple high ethanol concentrations and/or 

several short periods of abstinence) dramatically reduces their response previously highly 

preferred ethanol concentrations.  

Self-administered and experimenter-administered ethanol does not result in 

equivalent brain metabolic maps, suggesting circuitry underlies the reinforcing effects of 

ethanol (Williams-Hemby and Porrino, 1994; Porrino et al., 1998). We tested the 

hypothesis that the SAP and RAP behavioral phenotypes are represented by differential 

production of the inducible transcription factor, FosB, in brain regions known to be 

involved in reward, taste, and stress. We found that the percent of FosB positive neurons 

in the measured brain regions depends on genotype and group (Water control, One 

Concentration, and Multiple Concentrations). For B6xNZB subsequent analysis revealed 

voluntary ethanol consumption resulted in increased neuronal activity in the EW nucleus, 

VTA, and amygdala, known ethanol- reward-, and stress-related brain regions. RAP 

resulted in reduced neuronal activity in the EW suggesting that these neurons respond to 

ethanol intake with an experience dependent plasticity. In the One concentration group 

mice have SAP and neuronal activity in the EW is greater than in the Multiple 

Concentrations group and Water control group. Although conducted using different 

ethanol drinking paradigms (and focused on initial acquisition and maintenance time 

points), our findings for the EW of B6xNZB mice strongly agree with previous ethanol 
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consumption studies (Bachtell et al., 1999; Ryabinin et al., 2001). The non-preganglionic 

EW has recently been characterized as pIIIu, the perioculomotor urocortin-containing 

neurons (pIIIu) (Weitemier et al., 2005). Ucn1 is a corticotropin releasing factor (CRF) -

like peptide that binds CRF1 and CRF2 receptors. Previous studies using genetic, 

pharmacological manipulation, and lesion approaches have shown that Ucn1 is involved 

in regulating ethanol consumption (Bachtell et al., 2004; Turek et al., 2005; Ryabinin et 

al., 2008; Weitemier et al., 2005). The lack of significance for EW in high ethanol 

preferring and consuming B6xFVB mice is unexpected. There is a known genetic 

predisposition for high ethanol intake in rodents is correlated with higher basal levels of 

Ucn1 in EW and LSi (for review see Ryabinin and Weitemier, 2006).  

For B6xNZB, ethanol consumption in the One Concentration group resulted in 

increased neuronal activity in the VTA (greater than in the Multiple Concentrations and 

Water control groups). Ethanol preference and consumption were also greater for the One 

Concentration group. The VTA dopamine system plays a major role in mediating the 

reinforcing effects of ethanol and participates in many reciprocal connections important 

for ethanol and reward-related behaviors (Koob et al., 1998; McBride and Li 1998; 

Samson et al., 1992). Rats have been shown to self-administer ethanol directly into VTA 

(Rodd et al., 2004). Ethanol exposure increases the firing rate of dopaminergic neurons in 

VTA (Brodie et al., 1990; Gessa et al., 1985). Increased firing rate could be linked to the 

FosB induction in the VTA following chronic voluntary ethanol administration.  

Alcohol dependence induces long-term neuroadaptations resulting in negative 

emotional states and an important mechanism in negative reinforcement is corticotropin-

releasing factor (CRF) signaling within the amygdala (Heilig and Koob, 2007). 

GABAergic neurons in the central amygdala form a heterogeneous population whose 

connections appear related to their peptide content. These GABAergic neurons integrate 
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output activity of the CeA. The central CeA can be further subdivided into the latero-

capsular and medial posterior ventral. GABAergic neurons of the CeL receive substantial 

glutamatergic input from the insular cortex and basolateral amygdala. The CeL neurons 

also receive dopaminergic innervations from the VTA; as previously noted, these neurons 

are activated after acute ethanol administration. McBride (2002) authored an excellent 

review on CeA and the effects of alcohol. For B6xNZB, ethanol consumption in the One 

Concentration group resulted in increased neuronal activity in the CeC/CeL (greater than 

in the Multiple Concentrations and Water control groups). Ethanol preference and 

consumption were also greater for the One Concentration group. Ethanol consumption in 

the Multiple Concentrations group resulted in increased neuronal activity in the CeMPV 

(greater than in the One Concentration and Water control groups). Ethanol preference and 

consumption were reduced in the Multiple Concentration groups as compared with the 

One Concentration group. Pharmacological manipulations of neurons in the CeA have 

targeted GABA, CRF, opioid, serotonin, dynorphin, and norepinephrine receptors (Dyr 

and Kostowsky, 1995; Gilpin et al., 2008; Hyytia and Koob, 1995; McBride and Li, 

1998; Roberto et al., 2003). GABA antagonists, as well as CRF antagonists decrease 

ethanol consumption (Hyytia and Koob, 1995; Roberts et al., 1996; Gilpin et al., 2008). 

Lesions of the CeA decrease continuous access voluntary ethanol consumption (Moller et 

al., 1997). Our findings further support a role for CeA in the regulation alcohol drinking 

behavior. 

Although we did not take blood ethanol samples, it is not likely that B6xNZB 

RAP mice achieved sustained pharmacologically relevant blood ethanol levels, 

suggesting intoxicating concentrations of ethanol are not necessary to activate brain 

regions. It is important to note that a highly significant effect of group also exists in 

B6xFVB, even though post-hoc results for B6xFVB brain regions did not indicate 
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significant changes in %FosB for any particular region as a result of chronic ethanol 

consumption with these different schedules.  

Two other goals of this study were to identify the dominant FosB isoform (FosB 

or ∆FosB) and the cell type expressing FosB /∆FosB using dual-labeling 

immunofluorescence. Western blots were performed using brain tissue from ethanol-

experienced mice (from a separate experiment) and two different commercially available 

antibodies (both directed at c-terminal regions of FosB that are not present in ∆FosB) 

revealed non-specific protein-antibody interactions and therefore could not be used for 

IHC in tissue sections. Perrotti et al. (2008) reported specific induction of ∆FosB in 

reward- and stress-related brain regions after consumption of an ethanol liquid diet for 17 

days. ∆FosB is known to be induced in brain, in a region- and cell-type-specific manner, 

by various chronic treatments and excellent reviews on this topic are available (McClung 

et al., 2004; Nestler 2001; Nestler et al., 1999). Determination of cell-type specificity was 

not carried out in this study due to lack of specific antibodies for identification of small 

peptides (such as CRF, dynorphin, and enkephalin) in the amygdala. If the tissue had 

harvested in an RNAse free environment and sectioned on a cryostat, dual 

immunohistochemistry (for FosB recognition) and in situ hybridization (for small peptide 

recognition) could have been performed. 

Network correlations for ethanol experienced and ethanol naïve mice uncover 

important genotype differences. Both genotypes have a comparable number of edges (or 

correlations) for ethanol naïve data sets, however the B6xFVB ethanol experienced 

network is comprised of many more nodes and edges than the B6xNZB ethanol 

experienced network. For each genotype, some correlations existed in both ethanol 

experienced and ethanol naïve groups and these maintained correlations were removed to 

visualize only ethanol experienced and ethanol naïve specific networks. The striking 
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genotypic contrast in networks is exposed when comparing the ethanol specific and 

ethanol naïve correlation networks. The B6xFVB ethanol specific network contains 

dramatically more nodes and edges than the ethanol naïve group, whereas the B6xNZB 

ethanol specific network contains dramatically fewer nodes and edges than the ethanol 

naïve group. B6xFVB drinking models stable, high consumption (SAP) resulting in 

highly correlated neuronal activity for 16 brain regions and B6xNZB models moderate 

drinking (RAP) resulting in correlated neuronal activity for 6 brains regions.  
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