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ABSTRACT 

In the United States alone, approximately 18 million people suffer from alcohol use disorders. 

The role of the munc 13-1 pre-synaptic protein in alcohol-related behaviors has been little-

studied, despite being a known site for ethanol binding.  Munc 13-1 is an active zone protein 

that is vital for vesicle maturation at the synapse. Mice that are heterozygous for the gene 

regulating munc 13-1 produce synapses that, while structurally sound, show an approximate 

50% decrease in this protein. Ethanol binds munc 13-1, decreasing its functional ability and 

likely antagonizing glutamatergic targets. Exposure to NMDA receptor antagonists has long 

been known to increase hippocampal neurogenesis, and it is likely that mice with inherently 

deficient NMDA stimulation would show the same pro-neurogenic outcomes. The current 

study aimed to perform a thorough behavioral analysis of mice heterozygous for munc 13-1.  

Few phenotypes have been identified in this specific type of mouse, and genetically engineered 

mice may express very different phenotypes from mutation to mutation. This project also 

endeavored to assess how loss of munc 13-1 affects voluntary binge and chronic alcohol 

consumption. Separately, munc 13-1 heterozygotes were evaluated for changes to acute 

functional tolerance following an injection of a standardized dose alcohol, using an 

accelerating rotarod as a measure of motor coordination.  The last goal of the current project 

was to compare levels of doublecortin (DCX)-positive cells in the dentate gyrus between 

alcohol-exposed and alcohol-naïve mice, and also compare DCX levels across wildtype and 

heterozygous mice.  Taken together, these results will give future researchers a better 

understanding of the role that pre-synaptic protein munc 13-1 plays in alcohol consumption and 

tolerance. 
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The Role of Pre-synaptic Munc 13-1 in Voluntary Ethanol Consumption and Tolerance 

Undoubtedly, the genes we inherit from our ancestors affect many of the behaviors we 

engage in today. While imbibing alcoholic substances is a common and ancient practice that 

has origins in many cultural or religious ceremonies, biological influences are often at the root 

of how and why we choose to drink when we do. Embedded in our genetic material is the 

blueprint for our innate resistance to the intoxicating effects of alcohol, the tolerance we are 

able to achieve after alcohol consumption, to what degree we crave the substance after 

abstaining, and a variety of psycho-social factors (such as stress or depression), each of which 

can contribute to our development of an alcohol use disorder (AUD). 

As researchers continue to search for answers as to what causes and maintains AUDs, 

they are now turning to genetics more than ever.  A better understanding of genetic influences 

on alcohol consumption has direct implications for the early identification of risk for excessive 

drinking and may ultimately inform the progression of treatment in individuals struggling with 

AUDs. Genetic risk factors have been shown to play a significant role in determining the 

likelihood of alcohol dependence in both men and women, using twin and adoption studies 

(Heath et al., 1997), and identification of exactly which genes contribute to this risk is 

becoming more and more clear. 

Alcohol Use Disorders 

In the United States alone, approximately 18 million people suffer from alcohol use 

disorders.  AUD is an umbrella term used to describe alcohol abuse, alcohol dependence, or 

harmful use (Schuckit, 2009), which are colloquially referred to as “alcoholism” or “alcohol 

addiction”. This group of diseases can cause distress, difficulty in functioning, and decreased 

quality of life for those individuals who are affected. While some of the immediate 

consequences of drinking can be viewed positively by the consumer, such as anxiolysis 
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(Gilman, Ramchandani, Davis, Bjork, & Hommer, 2008), it can also lead to undesired effects 

such as nausea, flushing of the skin, vomiting, and in extreme cases, alcohol poisoning or death 

(Pittman et al., 2007). The long-term consequences of alcohol overuse are disastrous. AUDs 

are the third leading cause of preventable death in the country (Mokdad, Marks, Stroup, & 

Gerberding, 2004), and account for 1 in 10 deaths among working-age adults (Stahre, Roeber, 

Kanny, Brewer, & Zhang, 2014).  With alcohol abuse, there is a markedly increased risk of 

injury due to automobile accidents, fire, or falls, along with a demonstrated greater propensity 

for violence or aggressive behavior (Health & Services, 2000). It is also evident that there are 

myriad adverse health problems that may occur co-morbidly or follow as a direct result of 

alcohol overconsumption. These include mood, personality, or anxiety disorders (Hasin, 

Stinson, Ogburn, & Grant, 2007), epilepsy, liver disease, cardiovascular problems, and higher 

rates of certain types of cancer (Rehm et al., 2010).   

AUDs: Pharmacokinetics of Alcohol 

Pharmacokinetics refers to the movement of a drug through the body. The kinetics 

include the processes by which the drug molecules make their way to their receptors, and later, 

how they are broken down into inactive parts and excreted from the body. These processes are 

comprised of the absorption, distribution, metabolism, and the elimination of the drug. Alcohol 

(also known as ethyl alcohol or ethanol) is usually taken orally in a liquid form. It is quickly 

absorbed in the stomach and upper intestine, where it enters the blood stream and is distributed 

evenly throughout the body tissues (Julien, Advokat, & Comaty, 2014). Ethanol has both 

lipophilic and hydrophilic characteristics. The lipophilic properties, coupled with its small 

molecule size, help to explain why alcohol is easily absorbed into cell membranes through 

passive diffusion. The hydrophilic properties help to explain how this water-soluble drug can 

be evenly distributed throughout the body, and exert an effect on so many body systems, 
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including the brain (Kent, 2012).  

A majority of the alcohol a person consumes is metabolized by alcohol dehydrogenase 

(ADH), an enzyme that resides in the liver and the lining of the stomach. Liver metabolism 

consists of ADH and a co-enzyme called nicotinamide adenine dinucleotide (NAD) converting 

ethanol to acetaldehyde, then aldehyde dehydrogenase converting the resulting acetaldehyde 

into acetate, and finally, acetate being broken down into water and carbon dioxide. Gastric 

metabolism by ADH attenuates the blood level of alcohol by de-activating it before it has time 

to enter blood circulation. Following the same dosage of alcohol, women tend to have higher 

BACs (blood alcohol concentrations) than men, due in part to a lower level of gastric ADH 

enzyme (Julien et al., 2014). 

With chronic use, alcohol can increase the level of metabolizing enzymes that appear in 

the liver, thus enhancing the body’s ability to clear itself of large amounts of ethanol. ADH is 

initially increased, but as chronic alcohol use takes its toll on the liver and ADH is no longer 

able to handle the metabolic load, enzymatic variants (such as ADH1C) begin to be produced. 

These variants also aid in breaking down ethanol, thereby protecting the liver and other bodily 

tissue from further damage. The process by which repeated exposure to ethanol results in 

increased enzymatic availability is known as metabolic tolerance, and helps to explain why 

some individuals are able to consume very large amounts of alcohol without fatality (Julien et 

al., 2014).  

AUDs: Pharmacodynamics of Alcohol 

Pharmacodynamics refers to the study of the ways in which a drug affects the 

biochemical and physiological functions of an organism, and includes receptor binding and 

post-receptor effects. Ethanol does not appear to have specific binding sites (receptors) in the 

body, yet it is able to exert numerous effects throughout the central nervous system via its 
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interaction with many other neurotransmitter systems. Glutamate and γ-aminobutyric acid 

(GABA) are the most abundant neurotransmitters in the brain. Ethanol is known to activate the 

GABA receptor sites on neurons, increasing chloride ion flow into the cell, hyperpolarizing it 

(Hunt, 1983). The effect of this neuronal inhibition on behavior can manifest as sedation, 

cognitive impairment, motor impairment, and reduction of anxiety and panic. There are also 

downstream effects of alcohol-induced GABAergic agonist action on other neurotransmitter 

systems, including dopamine. Paradoxically, GABA agonists like alcohol increase the activity 

of dopaminergic neurons in the substantia nigra, which is an integral part of the “reward 

pathway” of the brain (Grace & Bunney, 1979).  Over time, repeated exposure to alcohol and 

the subsequent stimulation of these dopaminergic neurons results in greater odds of future 

alcohol abuse (Julien et al., 2014).  

Glutamate is the primary excitatory neurotransmitter in the mammalian brain. There are 

two types of receptors for glutamate: ionotropic and metabotropic. The ionotropic receptors 

may be further sub-classified as N-methyl-D-aspartate (NMDA) receptors and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-kainate receptors (Nakanishi, 1992). 

The interaction between ethanol and glutamate has been widely studied, and reveals that acute 

administration leads to NMDA receptor antagonism, preventing activity at the ionotropic 

channels (Dodd, Beckmann, Davidson, & Wilce, 2000) and reducing the excitatory post-

synaptic effects of the neurotransmitter (Tsai & Coyle, 1998). While acute administration has 

antagonistic effects, chronic administration leads to a compensatory up-regulation of NMDA 

receptors, increasing the number of binding sites in the synapse and facilitating receptor 

function. This increase in glutamate binding opportunity may play a large part in ethanol 

tolerance, as the individual is now able to drink larger quantities of alcohol while showing less 

adverse effects (Nagy, 2008). In essence, following long periods of alcohol exposure, the effect 
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of ethanol on behavioral intoxication has been reduced.  

 The effects of ethanol use on three other neurotransmitter systems have been 

summarized below in Table 1.1.  

Neurotransmitter 
System 

Primary Effect of 
Ethanol 

Secondary Effect of 
Ethanol Result 

Opioid ↑ endogenous 
opioid release 

 ↑ dopamine release in 
NAcc and OFC 

Stimulation of brain's reward 
centers 

Serotonin Augmented 
serotonergic activity 

5-HT2 and 5-HT3 
receptors on dopaminergic 

neurons affected 

Alcohol reward, dependence, 
craving, and behavioral 

impulsivity 

Cannabinoid 

↑ production of 
endogenous 
cannabinoid 
anandamide 

Downregulation of 
cannabinoid receptors 

Tolerance to ethanol, 
postwithdrawal cravings, and 

relapse 

Table 1.1. Primary and secondary effects of ethanol consumption on opioid, serotonergic, and cannabinoid 

neurotransmitter systems. Summarized from Julien et al. (2014). 

 

AUDs: Ethanol Tolerance 

Ethanol (or alcohol) tolerance describes the behavioral, metabolic, and neurochemical 

changes that occur and allow organisms show a greater resistance to ethanol intoxication over 

time (LeBlanc, Kalant, Gibbins, & Berman, 1969). There are three types of ethanol tolerance: 

acute, rapid, and chronic (Harold Kalant, 1998). Acute tolerance refers to a change in behavior 

quickly following a single dose of ethanol in a previously naïve subject, while rapid tolerance 

develops between exposure to a first and second dose. Chronic tolerance is a gradual change 

that develops over months and years of heavy alcohol exposure. (We will further explore the 

different types of tolerance in Chapter 3.) 

This tolerance allows a person to drink excessively and increase their ethanol 

consumption while experiencing a reduction in functional deficit (when compared to their non-
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resistant counterparts), leading to greater likelihood of addiction. In a Swedish study that 

examined over 600 human deaths resulting from acute alcohol poisoning, the median and mean 

blood alcohol content (BAC) at autopsy was 0.36 g% (Jones & Holmgren, 2003). However, 

there are individuals who are still able to operate a motor vehicle and drive on the road while 

having a BAC of 0.4 g% or above, exemplifying the level of ethanol tolerance and habituation 

that can develop with heavy and repeated alcohol consumption (Jones & Harding, 2013). There 

is ample evidence for ethanol tolerance occurring in a variety of species, with greater doses of 

alcohol needed to achieve the same (or even less robust) behavioral effects or BAC levels 

(Edward J Gallaher, Parsons, & Goldstein, 1982; Gettler & Freireich, 1935; LeBlanc et al., 

1969) 

The Genetics of AUDs 

The observation that alcoholism seems to run in families has been noted for millennia - 

long before this theory could be verified using genetic testing (Goodwin, 1979).  Even with 

modern methods used to evaluate the heritability of a disease, it can be hard to determine which 

part of an AUD is genetic and which comes from the environment – especially since nuclear 

family members are likely to share the same home environment for many years. Alcohol abuse 

phenotypes tend to be complex and varied and may not stick to the basic rules of Mendelian 

heritability, making this distinction even more difficult. Alcoholism can develop in many 

different ways (with respect to age at first drink, the amounts consumed, the frequency and 

strength of alcohol cravings, and the patterns of drinking that develop), further obscuring its 

genetic underpinnings. Despite these complications, AUDs have a decidedly genetic 

component. The single best predictor of an AUD diagnosis in human males is alcoholism in a 

first-degree relative (Plomin, DeFries, McClearn, & McGuffin, 2008). Nurnberger et al. (2004) 

conducted a family study comparing over 8,000 relatives of alcoholic probands (individuals 
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diagnosed with an AUD) to over 1,500 controls, in order to test the hypothesis that AUDs tend 

to aggregate within families. Those individuals who had an alcoholic relative were at a greater 

lifetime risk (28.8%) for developing alcohol dependence themselves when compared to 

relatives of controls (14.4%). Together, these research findings confirm that there is indeed a 

strong genetic component that contributes to the development and maintenance of AUDs. 

Genetics: SNPs related to AUDs 

Single nucleotide polymorphisms (SNPs) are a type of genetic variation that occurs 

when there is a change to a single nucleotide along a section of DNA. Although SNPs are not 

uncommon and will often have no effect on health, some of these mutations can serve as 

genetic markers and help researchers locate genes associated with diseases (Plomin et al., 

2008). A large family-based genome-wide association study (GWAS) was conducted to 

analyze 72 SNPs and whether or not they were related to the number of symptoms expressed 

by an individual (using the DSM-IV guidelines for alcohol dependence). Although none of the 

SNPs tested in the study reached genome-wide significance, the strongest association was 

found with the SNP rs12903120, located in the gene C15orf53 on chromosome 15q14. Fifteen 

additional SNPs located in C15orf53 also indicated an association with alcohol dependence 

(Wang et al., 2013), flagging this gene as a region of great interest for future alcohol research. 

At this time, no behavioral or functional genetic research has been reported on this gene. 

Another SNP located on the mu opioid receptor gene OPRM1 has been identified as 

influencing behavioral phenotypes that may facilitate the development of AUDs. This 

polymorphism, known as Asn40Asp, has been shown to correlate with increased alcohol 

craving, greater subjective intoxication, more stress-related drinking behavior, and appetitive 

action-tendencies (Ray et al., 2012). Asp40 carriers also show a host of other AUD-related 

responses, including greater activation of mesocorticolimbic (reward) areas following alcohol 
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administration (using fMRI), greater cortisol response to naloxone (an opioid antagonist), and a 

more potent striatal dopamine response following alcohol administration (Ray et al., 2012). 

Taken together, these results suggest that there may be greater alcohol-induced reward in those 

who are heterozygous for the Asp40 allele. Despite this evidence to the contrary, GWAS using 

the Asn40Asp mutation have not been able to show that it is a risk factor for alcoholism (Xuei 

et al., 2006). 

Interestingly, according to a study by Schumann et al. (2011), SNP rs6943555 in autism 

susceptibility candidate 2 gene (AUTS2) was associated with levels of alcohol consumption at 

genome-wide significance. This study included an incredible 26,316 individuals of European 

ancestry, and reported a meta-analysis of approximately 2.5 million SNPs is association with 

daily alcohol intake. The results indicated that subjects with the rs6943555 nucleotide mutation 

drank more grams per kilogram of bodyweight per day when compared to those with any of the 

other 6 SNPs tested for in this study.  This same study was also able to show that AUTS2 is 

implicated in AUD-related behaviors in mice and fruit flies. Mice that showed alcohol 

preference and higher levels of drinking also showed changed expression of AUTS2 throughout 

the entire brain, while downregulation of an AUTS2 homolog in Drosophila decreased the flies’ 

sensitivity to the effects of alcohol. These results point to the AUTS2 gene as a powerful 

regulator of alcohol consumption in a wide variety of animal species.  

Aside from measuring the amount of alcohol consumed per day, another way in which 

the presence of an AUD can be ascertained is by measuring the maximum number of drinks a 

person will voluntarily consume in a 24 hour period. This trait, referred to as “maxdrinks” in 

the following study, is strongly correlated with excessive alcohol consumption and an 

increased likelihood of developing alcohol dependence over the lifetime. This study utilized 

two different data sets: one from the Collaborative Study on the Genetics of Alcoholism 
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(COGA; n = 2,322), and one from the Study of Addiction: Genes and Environment (SAGE; n = 

2,593). Kapoor et al. (2013) performed two genome-wide association studies (GWAS), one on 

each data set, using maxdrinks per 24 hours as an excessive consumption phenotype. The 

strongest association between maxdrinks and genotype found in the COGA data set was with 

the SNP rs9523562, located on chromosome 13q31.1, while the SAGE data set showed a 

strong relationship with rs67666182, located in an intergenic region on chromosome 8. Neither 

SNP met the criteria for genome-wide significance, despite using the same assessment tools 

and quantitative measure of consumption. Despite this fact, both SNPs showed data trending in 

the same direction in both data sets (and more strongly than would be suggested by chance), 

indicating that these regions act as a true link between drinking behavior and genotype. 

Genetics: Twin and adoption studies 

Adoption and twin studies can be particularly useful when trying to determine the 

genetic contributions of a disease, since it allows for the opportunity to theoretically isolate 

either the genetic or environmental component. AUDs are said to have a general heritability of 

40-50% (Iyer-Eimerbrink & Nurnberger, 2014), although these numbers may vary based on sex 

and the environment in which one was raised. A 1997 study of male Swedish alcoholics 

reported approximately 50% concordance for identical twins, while fraternal twins shows 

concordance of about 35% (Kendler, Prescott, Neale, & Pedersen, 1997). The largest adoption 

study on alcoholism to date, which includes more than 600 offspring who were born to 

alcoholic parents (but raised in a different family), found evidence of a genetic contribution as 

well. Adopted males had a 23% rate of alcoholism, while control males only showed a rate of 

15% (Bohman, Cloninger, & Sigvardsson, 1981). 

Twin and adoption studies focusing on females have reported less consistent results. 

For example, in the aforementioned Bohman et al. study (1981), rates of alcoholism were 
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reported as 5% for adopted female children with alcoholic biological parents, and only 3% for 

control females. In contradiction to these results, a 1997 twin study with almost 6,000 

participants yielded heritabilities that were comparable in males and females (Heath et al.), 

suggesting that genetic risk factors for alcoholism are similar in both men and women. This 

finding does not support the idea that males and females with an alcoholic relative have the 

same lifetime risk of developing an AUD, but rather, that males and females are equally as 

likely to inherit a genetic risk. The development of an AUD that stems from that genetic risk 

has been repeatedly shown to be at least partially influenced by gender. 

Genetics: Linkage studies 

Linkage studies are able to provide a broad picture of what chromosomes may be 

affected in those with AUDs compared to those without. These studies are able to provide 

researchers with areas of interest on certain chromosomes, but do not give the exact location of 

a target gene. Nonetheless, they can be useful when helping to determine the general area on 

the genome that is associated with alcoholic traits.  In 1998, a large American study that 

included 987 individuals from 105 different families found that there was a strong linkage for 

the risk of alcoholism on chromosomes 1 and 7, and a weaker linkage on chromosome 2 (Reich 

et al.). These results were replicated by Foroud et al. (2000), and added an additional marker 

with significant linkage on chromosome 3.  

A more recent study by Gizer et al. (2011) examined a sample of 565 alcoholic 

probands, along with 1080 first-degree relatives. Although none of the loci reached genome-

wide significance, a few regions of interest were identified. When researchers used the strict 

DSM-IV criteria for alcohol dependence, they found linkage peaks (LOD score > 1.0) on 

chromosomes 1p36.31–p36.22, 2q37.3, 8q24.3, and 18p11.21–p11.2. When the criteria for 

alcohol dependence was relaxed and didn’t require an overlap or a temporal clustering of 
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symptoms,  scores peaked on  chromosomes 1p36.31–p36.22 and 8q24.3 as well as on novel 

loci at 1p22.3, 2p24.3–p24.1, 9p24.1–p23, and 22q12.3–q13.1. Some of these regions have 

been previously linked with alcohol dependence phenotypes, while others have been associated 

with depression or conduct disorder, both of which can occur co-morbidly with AUDs (Hasin 

et al., 2007). It is important to note that the results of this linkage study varied with the 

diagnostic criteria used to identify AUDs. As many different research projects use many 

different assessments of alcohol-related behaviors, the results may not be comparable from one 

study to another.  

Genetics: Ethanol Metabolism 

One of the more clear-cut ways in which specific genes can affect susceptibility to 

AUDs is through alcohol metabolism. The gene ALDH2 appears to have the largest effect on 

alcohol consumption, and the presence of this gene has been repeatedly shown to have a 

protective effect against the development of AUDs (Li, Zhao, & Gelernter, 2012). The adverse 

effects that follow when individuals consume large amounts of ethanol, but are not able to 

properly metabolize it, are one of the main deterrents to repeated alcohol overuse. These effects 

can include dizziness, nausea, flushing of the skin, and tachycardia(Edenberg & Foroud, 2013). 

As previously mentioned, acetaldehyde is a by-product of typical ethanol metabolism in the 

liver and stomach, and it is toxic. Many people are able to produce the enzyme that leads to a 

break-down of acetaldehyde before it is able to accumulate in large quantities in the body, and 

are thus able to avoid feeling sick after imbibing. However, individuals that are heterozygous 

for the ALDH2 504E>K allele are not able to prevent the systemic buildup of this compound, 

since the ALDH enzyme is rendered ineffective, meaning that acetaldehyde levels are able to 

increase unchecked. Heterozygosity for ALDH2 504E>K is found most commonly in people of 

Eastern Asian descent, but is considered rare in those of European of African descent. As a 
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result, the redness of the skin that tends to accompany acetaldehyde toxicity has been labeled as 

the “Asian flushing reaction” (Edenberg & Foroud, 2013). 

A second gene that appears to affect to alcohol metabolism is ADH1B (β-ADH), which 

codes for the cytosolic alcohol dehydrogenase enzyme. The resultant enzyme has three 

functional variants:  the allele ADH1B (ADH1B*1) encodes enzyme β1-ADH, ADH1B 48R>H 

(ADH1B*2) encodes β2-ADH, and ADH1B 370R>C (ADH1B*3) encodes β3-ADH. The β2 

and β3 variants have the ability to metabolize ethanol at 30-40 fold higher rates when 

compared to β1-ADH (Liu et al., 2011). This faster metabolism, in turn, produces an increase 

in acetaldehyde in the liver, which triggers adverse effects and feelings of sickness. Much like 

ALDH2, the ADH1B 48R>H allele has protective effects against the development of AUDs, 

and is found in very high frequencies in East Asia and low frequencies in European populations 

(Edenberg & Foroud, 2013; Li et al., 2012). Although ALDH2 and ADH1B are the largest 

known genetic contributors to risk of AUDs, they cannot explain all of the risk, especially in 

European populations where these alleles are found infrequently and yet alcoholism remains a 

significant problem. Other candidate genes have been identified as playing a role in ethanol 

metabolism, but have not been shown to have comparable effects (Edenberg, 2011). 

Genetics: Ethanol Tolerance 

As previously mentioned, ethanol tolerance can present itself as a low level of response 

(behaviorally and biologically) following doses of alcohol. In a study by Schuckit and Smith 

(2000), the risk for alcohol abuse or dependence was assessed in 315 adult males. A family 

history of alcoholism, coupled with a low response to alcohol consumption, was significantly 

correlated with subsequent diagnosis of an AUD. Low intoxication response was especially 

predictive of this outcome, even when taking into account many additional factors that may 

contribute to this risk, including six domains of life functioning. A separate 2011 study by 
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(Schuckit et al.) also highlights this genetic influence on alcohol tolerance, and its relation to 

AUD risk factors. Previous research has consistently demonstrated that a low response to 

alcohol is prevalent in families of alcoholics. 387 men were tested for their response to a 0.75 

ml/kg alcohol dose at age ~20, additional characteristics (including drinking quantity and 

frequency, and perceived levels of peer drinking) that may contribute to alcoholism at age ~35, 

and for heavy drinking and alcohol-related problems at age ~40. The results showed that a low 

response to alcohol has a direct and robust impact on adverse drinking behaviors 20 years later.  

In searching for cellular ethanol targets in the nervous system, at least 20 proteins have 

been identified that interact with ethanol in vitro (Davies et al., 2003). Some of these proteins 

are ligand-gated channels (such as glutamate or GABA receptors), and others serve as calcium 

or potassium channels that regulate the flow of ions into the cell (Harris, 1999). One such 

example is the BK (big potassium) channel, which regulates the amount of potassium that is 

able to cross the neuronal cell membrane. This channel class is coded for by the slowpoke gene, 

in both vertebrates and invertebrates, and is known to interact with certain drugs in ways that 

alter tolerance in a variety of species. Loss-of-function mutations in the slo-1 gene, which 

encodes for the BK channel in the nematode Caenorhabditis elegans, led to high levels of 

resistance to the effects of ethanol as measured by two separate behavioral assays (locomotion 

and egg-laying). Additionally, electrophysiological recordings showed that ethanol activated 

the BK channel in vivo, allowing influx of K+ ions and inhibiting neuronal activity (Davies et 

al., 2003).  In the fruit fly Drosophila melanogaster, null mutations in the slowpoke gene have 

also been examined. Such loss-of-function mutations prevented the appearance of rapid 

tolerance to the anesthetic benzyl alcohol (Ghezzi, Al-Hasan, Larios, Bohm, & Atkinson, 2004) 

. In a similar study, flies with the slo4 mutation, a homozygous viable null mutation in the 

slowpoke gene, prevents the appearance of rapid ethanol tolerance in D. melanogaster 
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(Cowmeadow, Krishnan, & Atkinson, 2005).  

Genetics: Gene and Environment Interactions 

 There appear to be instances in which environment alone has a main effect on the 

development of alcoholism. For example, individuals with a strict religious upbringing tend to 

show less heritability for AUDs. Although people may abstain from alcohol for any number of 

reasons, religion appears to be an important factor, as religiosity is a powerful predictor of 

abstention from alcohol use (Michalak, Trocki, & Bond, 2007). Although the genetic 

component of heritability has not been altered in these cases, refraining from even the 

occasional use of alcohol protects this group from becoming vulnerable to many factors that 

may increase the amount of alcohol consumed over time (such as cravings or feelings of 

reward due to intoxication).  

Although environment alone can wield a substantial influence on the development of 

alcoholism, gene x environment interactions are more common. For example, in a study by 

Laucht et al. (2009), 19-year-old individuals (n = 309) who experienced early psychosocial 

adversity and who also had the long allele variant of the serotonin transporter protein gene 5-

HTTLPR consumed more alcoholic drinks and had a higher frequency of heavy drinking days 

when compared to those with the short allele variant, or when compared to those who did not 

face psychosocial adversity. Furthermore, current life stress had a larger impact on alcohol use 

than did early life adversity, although both types of stress evoked a gene x environment 

interaction effect. These results demonstrate that genotype variation can moderate how a 

population responds to stressful life events, and may help explain why some people turn to 

alcohol when faced with adversity. 

In a similar study that focused on a gene-stress interaction (Madrid, MacMurray, Lee, 

Anderson, & Comings, 2001) researchers examined a population of Hondurans who were of 
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Mayan descent.  In the past, there have been contradicting results when studying the DRD2 

gene and whether or not it is associated with alcoholism. In order to test the hypothesis that 

stress is a moderating factor that could explain variability in the results, researchers 

administered a stress inventory test and an alcoholism screening. Patients were also genotyped 

using blood samples collected at the time of testing. Researchers found that in those subjects 

who had the A1A2 variant of the DRD2 gene, scores on the alcoholism screening test increased 

moderately with stress, while scores of those with the A1A1 variant increased greatly with 

stress. These results do indeed support the idea of a gene-stress interaction model, and provide 

a useful example of how the environment can interact with biology and shape one’s behavior. 

Pre-synaptic Munc 13-1 

 When a neuron is readying itself to release transmitter into the synapse, it recruits a 

number of proteins to the terminal cell membrane in order to prepare for exocytosis 

(Palfreyman & Jorgensen, 2017). The space in which this takes place has been named “the 

active zone”, and all currently-known active zone proteins interact with one another in a variety 

of combinations, forming a complex network of proteins (Rosenmund, Rettig, & Brose, 2003). 

These proteins play various roles in getting the vesicles to a sufficiently primed state, and ready 

to tether to, bind, and fuse with the membrane wall (Andrews-Zwilling, Kawabe, Reim, 

Varoqueaux, & Brose, 2006), in addition to coordinating the timing of these processes and 

restricting exocytosis to the synaptic space (Rosenmund et al., 2003). Unc-13 is one such 

protein that was first identified in the nematode Caenorhabditis elegans. Mutant C. elegans 

worms that lacked the gene responsible for unc-13 showed uncoordinated movement (hence the 

nickname “unc”), which was in stark contrast to the typically smooth muscular movements of 

this species (Brenner, 1974). In Drosophila melanogaster, the homologous protein dunc-13 has 

been identified, while in mammals the homologs are members of the munc-13 family of 
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proteins. Because there is such a high similarity between the dunc-13, unc-13, and munc-13 

protein compositions, it seems likely that conservation of function has been achieved across 

species, and that these proteins serve similar purposes in worms, flies, and even mammals 

(Betz, Okamoto, Benseler, & Brose, 1997). The mammalian versions of these proteins 

(Munc13-1, Munc13-2, and Munc13-3) aid in synaptic vesicle priming, and studies conducted 

on neurons from mice that lack these proteins show that in excitatory neurons, there is a lack of 

adequate vesicle maturation along with an approximate 90% decrease in neurotransmitter 

release (Rosenmund et al., 2002).  

Munc 13-1: Ethanol 

As previously mentioned, there are a number of ways in which ethanol affects 

glutamatergic neurotransmission. Although most previous research has focused on the post-

synaptic sites for ethanol action, especially regarding interactions with glutamate and GABA 

receptors, little attention has been paid to potential pre-synaptic sites of action. Indeed, 

determining which effects of ethanol are a result of pre-synaptic or post-synaptic activity is 

difficult to elucidate, in part because the post-synaptic neuron in one synapse is the pre-

synaptic neuron in another. However, recent technological advances have allowed researchers 

to monitor the electrical activity of a pre-synaptic cell alone, as well as the post-synaptic 

potentials produced as a result of this activity, and use this data to determine whether 

neurotransmission is occurring at different rates (Iris Augustin, Rosenmund, Südhof, & Brose, 

1999a). Mounting evidence suggests that pre-synaptically, ethanol binds to the C1 domain of 

munc 13-1, reducing its functional ability (Das et al., 2013). As it seems likely that this would 

affect neurotransmission, the post-synaptic consequences of reduced glutamate availability on 

cognition, motor function, and neurogenesis will be discussed in later sections.  

Munc 13-1: Glutamate, Cognition, and Motor Function 
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 Glutamate receptors play a crucial role in long-term potentiation (LTP) and various 

forms of learning and memory. NMDA receptors, in particular, have been identified as vital in 

spatial and contextual learning, fear and appetitive conditioning, extinction of learned fear, and 

certain forms of stimulus-response learning (Robbins & Murphy, 2006). Executive functioning 

and cognition are also affected by changes to glutamate receptor function. Tasks that measure 

executive function are thought to stimulate the frontal cortex, and include the “supervisory” 

aspects of working memory, attention, reasoning, abstract and symbolic thinking, and planning 

(Alvarez & Emory, 2006). In a human study that asked participants to complete a card-sorting 

task, a group that was administered ketamine (a known NMDA receptor antagonist) had a 

higher number of total errors, as well as increased distractibility and impaired recall when 

compared to control subjects (John H Krystal et al., 2000).  Similarly, ketamine was used in a 

rodent test of impulsivity that trained rats to choose between a small amount of food 

reinforcement that was delivered immediately, or a larger amount of food that was delivered 

after a delay. Rats treated with ketamine showed greater impulsive response, indicating that 

glutamate receptor antagonism leads to a decrease in this particular executive functioning 

domain (Cottone et al., 2013).  

 Disturbances to the integrity of the glutamatergic system can cause profound motor 

deficits. Mice homozygous for a mGluR1 mutation do not show any gross structural 

abnormalities in the hippocampus or cerebellum, and yet they show signs of profound motor 

deficit, including ataxia, wide-spread standing position, lack of righting reflex, and tremor 

(Conquet et al., 1994).  In a study that compared mGluR2 knockout mice to wildtypes, 

mutants had a significant impairment in their ability to maintain motor coordination on the 

accelerating rotarod (Morishima et al., 2005). Further investigation into the relationship 

between glutamate and motor function will be discussed in Chapter 4. 
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The open field test (OFT) is a commonly used tool in behavioral and 

psychopharmacological research, and has been utilized in a variety of species, from the 

cockroach to the rat (Choleris, Thomas, Kavaliers, & Prato, 2001).  Although there are many 

variations of the testing procedure, the OFT generally includes placing the organism in an 

arena enclosed by walls, and examining locomotion, rearing or grooming behavior, and 

adherence to the walls of the arena (thigmotaxis). For small rodents, bright light, open spaces, 

and being in an unfamiliar place are all naturally aversive stimuli, and all are incorporated into 

the “standard” OFT (Choleris et al., 2001).  

A  study by Zuo et al. (2006) combined microdialysis with the open-field test of 

spontaneous locomotion, in order to test the effects of the NMDA receptor antagonist MK-801 

on mice. This revealed that both acute and chronic administration of MK-801 significantly 

increased the amount of locomotion displayed by these mice. Additionally, this study found 

that acute administration of MK-801 into the pre-frontal cortex significantly increased the 

amount of extracellular glutamate available, while chronic administration led to a significant 

decrease. In mice that were knocked out for the mGluR4 gene, there were no differences noted 

in open-field exploration when compared to wildtypes (Pekhletski et al., 1996). 

 The Morris Water Maze (MWM) paradigm is a commonly-used test for spatial learning 

and memory in rodents (Vorhees & Williams, 2006). A circular tank filled with opaque water 

is prepared, and large cues are hung on the walls surrounding the arena. A platform is 

submerged in the water, for example in the center of the SW quadrant of the arena, and is 

hidden from view by the water’s opacity. During the acquisition phase of this test, rodents are 

gently released into the water from different locations (the NW, NE, and SE quadrants), and 

over time they begin to learn the location of the hidden platform. While mice and rats are able 

to swim, they are highly motivated to escape the water once placed in it, and will search for 
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the platform earnestly in order to stand on it. The distal cues that were hung on the walls serve 

to help the rodents spatially navigate the maze and learn where the platform is in relation to 

the cues. Once rodents have “acquired” the location of the platform, also known as place 

learning, a final probe trial is given after a delay, wherein the platform is removed. The 

amount of time rodents spend swimming in the location where the platform used to be is 

determined to be a sign of spatial memory. This test has been shown to be highly dependent 

on hippocampal function (D’Hooge & De Deyn, 2001).  

 As previously mentioned, there are several types of glutamate receptors, including 

AMPA, NMDA, and mGLUrs. Generally, NMDAr blockade leads to deficits in place learning 

in the water maze, reviewed by McNamara and Skelton (1993), although there have been 

instances where there was no effect, such as in the case of TCP (N-[1-(2-

thienyl)cyclohexyl]piperidine) (Filliat & Blanchet, 1995), or even enhancement of 

performance with memantine treatment (Barnes, Danysz, & Parsons, 1996). Antagonism of 

the AMPA receptor has similar results, with rats showing impairment after treatment with 2,3-

dihydroxy-6-nitro-7-sulfamoyl-benzo (F) quinoxaline (NBQX), a potent and selective 

AMPA/kainate antagonist (Filliat, Pernot-Marino, Baubichon, & Lallement, 1998). 

Transgenic mice that lack mGluR1 show severe spatial learning deficits (Conquet et al., 

1994). 

Neurogenesis 

 Stem cells are special cells that have the ability to divide without limit, regenerate, and 

go on to form many different cell types found throughout the body. In the brain, neural stem 

cells (NSCs) proliferate and produce neural progenitor cells (NPCs), which can then 

differentiate into specific types of neurons or glia (reviewed by Gage (2000)). Neurogenesis is 

a term that refers specifically to the process by which new neurons are formed. It was initially 
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believed that animals, including “higher vertebrates”, underwent neurogenesis solely in the 

prenatal development period, and would be born with all the neural cells they would ever have. 

Accordingly, years of research into learning, memory, and mood were focused on brain 

plasticity in terms of changes to synapses and neurotransmission, rather than the number of 

available cells. In a seminal paper, Altman and Das (1965) intracranially injected rats with 

thymidine-H3, which is a precursor to chromosomal DNA and reliably only expressed by cell 

nuclei that are preparing to divide. In studying the autoradiograms of these brains, Altman and 

Das discovered that new neurons were in fact created after birth in the rat brain. Later research 

found that bromodeoxyuridine (BrdU) is a compound that is incorporated into newly 

synthesized DNA in cells undergoing replication (Kuhn, Dickinson-Anson, & Gage, 1996). 

The ability to inject animals with BrdU and then identify cells that were newly born after 

injection gave researchers a novel way to approach research in the adult neurogenesis field. 

The discovery that neurogenesis persists throughout the lifespan, and in many different species 

(including humans) has shaped the way we think about the brain’s plasticity, and how it can 

change and renew throughout life (Eriksson et al., 1998).  

Adult Hippocampal Neurogenesis 

In mammals, adult neurogenesis is primarily seen in the forebrain subventricular zone 

(SVZ) and the subgranular zone (SGZ) of the dentate gyrus (DG), reviewed in G.-l. Ming and 

H. Song (2011). Certain types of physiological stimuli and learning experiences are powerful 

regulators of the number of new neurons that are formed, and the rate at which new neurons 

survive and incorporate into the hippocampal structure.  Hippocampal-dependent learning 

(such as in the Morris Water maze test) increases the number of newly-formed neurons in the 

DG, and is thought to do so by enhancing the survival of proliferating cells (rather than 

increasing the number of cells being created) (Elizabeth Gould, Anna Beylin, Patima Tanapat, 
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Alison Reeves, & Tracey J Shors, 1999). Similarly, in adult mice, both voluntary exercise and 

environmental enrichment increases the number of surviving newborn cells in the DG (while 

voluntary exercise alone increased the number of new cells) (Van Praag, Kempermann, & 

Gage, 1999). 

Neurogenesis and Cognition 

 The first direct evidence for the effect of neurogenesis on cognition came from a study 

that utilized methylazoxymethanol acetate (MAM), which is toxic to proliferating cells. Daily 

treatment with MAM reduced the number of immature neurons (as detected by the markers 

BrdU and TUC-4) by approximately 80%, and decreased performance on a task that required 

rats to associate stimuli separated by time. Performance on a similar task that did not contain a 

temporal component was not affected by this neurogenic decrease (Shors et al., 2001), 

suggesting that the survival of these new granule neurons is beneficial for hippocampal-based 

learning, but not necessarily for hippocampal-independent learning.  

Neurogenesis, Ethanol, and Glutamate 

Although ethanol has effects on many areas of the brain, it does seem to target some 

areas more than others, the hippocampus being one of them (Mechtcheriakov et al., 2007). 

Consumption of high levels of ethanol has been found to reduce hippocampal neurogenesis by 

inhibiting the proliferation of NPCs and the survival of newly generated cells (Campbell, 

Stipcevic, Flores, Perry, & Kippin, 2014; Kimberly Nixon & Crews, 2002). Alternatively, 

moderate ethanol consumption leads to an increase in hippocampal neurogenesis (Åberg, 

Hofstetter, Olson, & Brené, 2005). This is discussed further in Chapter 5. 

NMDA receptors have a well-known role in the regulation of new neuron birth and 

death. Antagonism of NMDA receptors leads to an increase in neurogenesis and cell 

proliferation in the dentate gyrus of the hippocampus, and in contrast, NMDA receptor 
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activation inhibits the proliferation of granule neuron precursors (Cameron, McEwen, & Gould, 

1995). In a study that targeted mice heterozygous for the gene which produces the N1 NMDA 

receptor subunit, the results indicated a significant increase in the number of 

bromodeoxyuridine (BrdU) positive cells in mice that were deficient in this NMDA subunit 

when compared to wildtype (Bursztajn, Falls, Berman, & Friedman, 2007). A separate study 

(Petrus et al., 2009) showed that even a single application of the NMDA antagonist MK-801 

increased precursor cell proliferation and adult neurogenesis up to one month later, 

demonstrating robust pro-neurogenic effects following this type of receptor activity 

suppression.  
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Project Overview 

The development and maintenance of AUDs is due to a network of complex 

relationships between genetic, epigenetic, social, and behavioral influences. Mounting evidence 

suggests that there is no single gene responsible for alcoholism, and that the biological basis of 

these disorders is more likely to lie within a constellation of locations on various chromosomes. 

Although the position of each and every SNP related to alcohol abuse has yet to be identified, 

researchers have located many genes that appear to be related to alcohol metabolism, cravings, 

subjective intoxication, reward response to alcohol, and the amount of alcohol that a person 

will drink in a given day. Together, these factors help determine when, how, and why a person 

drinks alcohol to excess. Research also points to epigenetic effects that result from chronic 

alcoholism, including the hypermethylation of genes related to dopaminergic transmission and 

subsequent obsessive alcohol cravings. These results highlight the fact that treatment for 

alcoholism can sometimes be self-defeating, with years of alcohol use leading to the “switching 

off” of genes that help suppress one’s appetite for more alcohol. 

The current research project evaluated the relationships between activity of the munc-

13 pre-synaptic protein, alcohol consumption, intoxication behavior, and neurogenesis.  We 

used mice that have been genetically manipulated in order to reduce the levels of munc 13-1 

present in the central nervous system. The behaviors of this specific mouse have been little-

studied, and transgenic mice may express very different phenotypes from mutation to mutation 

(van Gaalen & Steckler, 2000). Due to this variation in behavior, it was important to establish 

baseline levels of performance in both our munc 13-1 knockout and wildtype mice before 

interpreting results from any behavioral tests administered under the influence of ethanol. In 

particular, we used a test of motor coordination to assess behavioral intoxication following an 

injection of a standardized dose of alcohol in the current study, so baseline performance on this 
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task was highly relevant. Additionally, there has not been a comprehensive behavioral analysis 

performed on munc 13-1 knockout mice.  Identifying phenotypes expressed by rodents with 

reduced munc 13-1 activity would prove useful for future behavioral experiments and could 

help researchers correlate behavioral differences in these genetically altered animals with those 

seen in humans with AUDs.  If our mice are experiencing a decrease in glutamate availability, 

this should lead to antagonism of its receptor (at least, until homeostatic upregulation comes 

into play), and it stands to reason that they may exhibit increased neurogenesis. This reasoning 

will inform our hypotheses regarding Aim 4 of the current project. 

Strain and genotype of mice 

The C57BL/6J strain is a commonly-used laboratory mouse and is the second-ever 

mammal to have its entire genome published (Consortium, 2002).  This makes it a popular 

strain for genetic modification in order to model human disease. Unlike many other laboratory 

strains, this type of mouse also willingly consumes enough alcohol to reach intoxicating levels.  

The genetic malleability of the C57BL/6J mouse, coupled with its preference for alcoholic 

substances makes it the ideal candidate for this study. The 129S1/SvImJ mouse is another 

commonly-used strain in animal research. This strain of mouse was selected because it does not 

typically prefer the taste of alcohol when compared to various other mouse strains. Utilizing 

this strain provides us the advantage of studying a low-drinking strain of mouse in addition to a 

high-drinking one (further explained in Chapter 3). 

For this study, we used mice that express a knockdown of the gene that regulates the 

production of the pre-synaptic protein munc 13-1. In these heterozygous mice, the gene that 

codes for munc 13-1 will be expressed at ~50%, with respect to normal levels (Iris Augustin, 

Rosenmund, Südhof, & Brose, 1999b).  Interbreeding of heterozygous knockout mice would 

result in litters that contain pups with homozygous deletion (removal from both expressing 
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alleles) of the gene that produces the munc 13-1 protein, meaning this gene has been 

thoroughly “knocked out”. However, mice that are completely munc 13-1 deficient do not 

properly feed and die shortly after birth, and thus are not a viable option for in vivo research 

(Iris Augustin et al., 1999a).  Therefore, we have created a colony of both heterozygous 

(“knockdown”) and wildtype mice, using C57BL/6J studs (breeding males) that express 

incomplete dominance of the munc 13-1 gene, and dams (breeding females) that are of the non-

engineered C57BL/6J or 129S1/SvImJ strain.  This produces litters of pups that are 

approximately half wildtype and half munc 13-1 knockdowns.  All of the animals used in this 

experiment were selected from these in-house colonies. (The original breeder studs were a 

generous gift from Dr. Thomas Südhof.) 
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Aim 1: Assessment of Affect and Cognition in Munc 13-1 Mice 

Genetics play a large role in the behavior of humans and animals. Because we are 

utilizing a transgenic mouse line (munc 13-1 knockdowns), it is important to characterize some 

of the ways in which these mutants might behave differently from wildtype mice of the same 

strain. We have administered the following behavioral tests to both wildtype and heterozygous 

mice: open-field test for anxiety, the rotarod test for motor coordination (see Aim 3), and a 

modified version of the Morris Water Maze (MWM) test of spatial learning and memory. This 

set of tests enabled us to assess motor coordination, as well as inform us of aspects of 

emotionality, motor coordination, and cognition in these heterozygous mice compared to our 

wildtypes, or even other, more widely-studied transgenic mouse strains.  

A high baseline level of anxiety level has been associated with increased ethanol 

consumption (Izídio & Ramos, 2007; Pandey, 2003), so we found it important to test for 

anxiety-related behaviors in our heterozygotes to establish if this could be a factor in their 

ethanol consumption. Additionally, drinking large amounts of ethanol is a learned behavior, 

given that most rodents will not voluntarily drink to intoxication (Belknap, Crabbe, & Young, 

1993; Yoneyama, Crabbe, Ford, Murillo & Finn, 2008). The hippocampus is critical in 

learning, and especially for contextual and spatial memories, including drug-related contextual 

memories (Hernández-Rabaza et al., 2008).  Thus, we evaluated for differences in hippocampal 

functionality using the MWM. 

We hypothesized that munc 13-1 heterozygous mice would perform differently than 

wildtype mice in measures of baseline anxiety, motor coordination, and MWM performance. 

For the open field measure, we expected heterozygotes to show less thigmotaxis (adherence to 

the walls of the arena). We also expected that heterozygotes would show slower acquisition in 

the MWM. 
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Aim 2: Determine Whether Munc 13-1 Reduction Increases Voluntary Ethanol 

Consumption 

This aim was centered around following up on the previous work of Joydip Das et al. 

(2013), wherein dunc-13 deficient Drosophila melanogaster showed higher ethanol preference 

when compared to wildtype flies. We achieved this by assessing whether or not increased 

ethanol consumption is also present in a mammalian model of unc-13 heterozygosity. Because 

it is possible that reduced munc 13-1 activity could lead to a propensity for binge-type 

consumption, chronic alcohol consumption, both, or neither, mice were introduced to one of 

two alcohol self-administration paradigms: Drinking in the Dark (DID), which encourages 

binge-like consumption, or 2-bottle choice (2BC), which assesses chronic ethanol intake. In 

addition to including both mutant and wildtype mice, we also included both a low-drinking 

(129S1/SvImJ) and a high-drinking (C57BL/6) strain of mouse, in case munc 13-1 

heterozygosity were to interact with innate ethanol preference (since the C57BL mice were 

projected to consume a large amount of ethanol and the 129S1 mice were projected to consume 

relatively little). 

We hypothesized that there would be a main effect of genotype such that munc 13-1 

heterozygous mice would voluntarily consume more ethanol than wildtypes would, using both 

the DID and 2-bottle choice paradigms. We also estimated that there would be a main effect of 

strain, such that C57BL mice would drink more ethanol solution than 129S1 mice would. In 

other words, ethanol consumption would be relatively increased in mice that are heterozygous 

for munc 13-1 and for mice of the C57BL strain. Ethanol consumption would be relatively 

decreased in wildtype mice and mice that are of the 129S1 strain. 
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Aim 3: Determine Whether Reduced Munc 13-1 Alters Ethanol Tolerance 

In mice that have had reduced glutamate function since birth, their nervous systems 

have had to find a way to adapt. We know that pre-synaptic release of glutamate is reduced in 

excitatory neurons lacking munc 13-1 (Iris Augustin et al., 1999b), and yet our heterozygotes 

appear to behave like regular mice with normal locomotor and cognitive ability (at first glance, 

at least – Aim 1 of the current study investigates this further). Becoming adapted to decreased 

glutamate availability should share many of the same biological characteristics of becoming 

adapted to overuse of alcohol, since ethanol decreases glutamate transmission and antagonizes 

glutamatergic receptor targets. Additionally, we wanted to investigate whether an effect found 

in Drosophila (loss of unc 13 leading to reduced sensitivity to ethanol) could also be detected 

in mammals (Xu et al., 2018). With this in mind, heterozygous and wildtype mice were 

injected intraperitoneally with either 0.5 or 1.5 g/kg; a “lower” or a “higher” dose of alcohol, 

respectively. They were then tested on the rotarod at 10, 30 and 60 minutes post-injection. This 

allows us to examine differences in intoxication behavior and blood ethanol content (BEC) 

following an acute and standardized dose of alcohol, which may not be achieved through 

voluntary consumption. In other words, the notion that munc 13-1 heterozygotes may be 

inherently resistant to the effects of ethanol can be examined in these mice, and more 

specifically, whether increased innate tolerance or acute functional tolerance appears to be 

present in the munc 13-1 heterozygotes when compared to wildtype of the same strain.  

We hypothesized that there would be a main effect of genotype such that munc 13-1 

knockout mice would show less behavioral intoxication (assessed via the Majchrowicz scale 

and latency to fall on the rotarod) after being injected with alcohol at concentrations of 0.5 or 

1.5 g/kg. There would also be a main effect of dose, such that mice receiving the 0.5 g/kg dose 

would show less behavioral intoxication than mice receiving the 1.5 g/kg dose would. In other 
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words, behavioral intoxication would be relatively decreased in mice that are heterozygous for 

munc 13-1 and for mice that received the lower dose of ethanol. Behavioral intoxication would 

be relatively increased in mice that are wildtype and for mice that received a higher dose of 

ethanol. 
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Aim 4: Determine Whether Reduced Munc 13-1 Results in Altered Hippocampal 

Neurogenesis 

Doublecortin (DCX) is known for its role as a marker of proliferating cells and newly-

generated neurons, especially in the hippocampus of the adult mammalian brain (Brown et al., 

2003). We predict that munc 13-1 deficient mice are experiencing decreased glutamate 

transmission, and therefore less NMDA stimulation. Reducing NMDA receptor signaling, 

either with MK-801 (Cameron et al., 1995) or with mice heterozygous for NMDA NR1 

(Bursztajn et al., 2007) increases cell proliferation and neurogenesis in the dentate gyrus of the 

hippocampus. With evidence for reduced glutamate release in munc 13-1 deficient neurons, 

one could expect reduced NMDA receptor binding, and a subsequent increase in 

neurogenesis. As such, we will examine the level of DCX+ cells in the dentate gyrus, and 

compare population estimates across genotype, sex, and group (ethanol or control). 

We hypothesized that there would be a main effect of genotype such that munc 13-1 

heterozygotes would have more DCX+ cells in the dentate gyrus, regardless of alcohol 

exposure. There will also be a main effect of alcohol exposure, with mice exposed to alcohol 

showing greater expression of DCX than those that have not (Aberg et al., 2005).  

Table 1.2. Summary of expected results for Aim 4.  

 Wildtype Mice Munc 13-1 Heterozygotes 

Control Condition Control DCX levels Moderate increase relative to control 

Alcohol Condition Moderate increase relative to control Strong increase relative to control  
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Chapter Two: Assessment of affect and cognition in munc 13-1 mice 

Not much is known about the behavior of munc 13-1 heterozygous mice. As glutamate 

serves such an important role in many behaviors, such as learning, memory, anxiety, and 

locomotion, it is possible that these functions may be altered due to genotype. Decreases in 

glutamate transmission and the subsequent reduction in stimulation of NMDA receptors has: 

anxiolytic effects (Bergink, van Megen and, & Westenberg), detrimental effects on various 

forms of learning and memory (Robbins & Murphy, 2006), and adverse consequences on 

motor coordination (Carter, 1995). 

The open field test is commonly utilized in rodent neurobiology research for the 

purposes of evaluating exploratory behavior. It has been used to detect not only behavioral 

differences between inbred strains of mouse, but also between transgenic, knockout, or 

knockdown mice and their wildtype siblings (Belzung, 1999). Additionally, one factor in the 

initiation and maintenance of ethanol drinking is a high basal anxiety level, in both rodents 

(Izídio & Ramos, 2007; Pandey, 2003) and humans (Marquenie et al., 2007; Schuckit & 

Hesselbrock, 2004). As such, we sought to establish if there were baseline differences in 

anxiety-like behaviors due to genotype in our mice, in case this were to affect ethanol 

consumption (as evaluated in Chapter 3). In a typical open field paradigm, the rodent is placed 

in the center of an arena enclosed by walls on all sides. Rodents will spontaneously spend more 

time along the periphery (near the walls) when compared to the center part of the arena – a 

behavior termed thigmotaxis.  Thus, if animals show either an increase in time spent in the 

center, or a decrease in the latency to first visit the center portion of the arena, this is 

considered to be an indication of anxiolytic-like effects. As reviewed by (Prut & Belzung, 

2003), acute administration of GABAA receptor agonists known for their anxiolytic effects (ie. 

benzodiazepines and barbituates) results in increased entrances to the center zone in a majority 
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of the studies examined, and in both mice and rats.  

As explained in Chapter 1, the Morris Water Maze is a well-known and commonly-

used test of spatial learning and memory. Although this test is heavily associated with the 

hippocampal formation, due to its ability to detect changes in spatial learning or memory, there 

are many variations to the test that allow for it to tap into the brain function of different 

regions, including the dorsal striatum (Mark G Packard & McGaugh, 1992) and the amygdala 

(Kim, Lee, Han, & Packard, 2001). The prototypical paradigm involves placing a rodent in a 

pool of opaque water with extramaze cues hung on the walls surrounding the pool, and 

tracking how long it takes for the rodent to find a hidden platform. This test relies on the fact 

that rodents will often use a spatial strategy when searching in this way – that is, they will 

orient themselves in space using the extramaze cues and use their relative position to help 

locate the platform.  

Dual-solution water maze paradigms are useful in helping elucidate multiple memory 

systems, and the role of different areas of the brain in solving the test. Typically, a dual-

solution paradigm will have, in addition to the extramaze cues, an intramaze cue that is 

associated with the location of the platform (see Figure 2.1 for a visual representation). In some 

cases, researchers simply made the platform visible instead of hidden in the water, and the 

platform itself served as a visual cue for where to swim (McDonald & White, 1994). In other 

cases, a separate cue is used to reliably mark where the hidden platform is, such as a cue that is 

tied to the platform in such a way that it is always floating just North of it (Daniel & Lee, 

2004). Having both the typical distal cues and the intramaze cue available allows the rodent to 

choose between using a hippocampal-based spatial strategy (in which they use all available 

cues in order to form a spatial map) or using a striatal-based stimulus-response strategy (in 

which they simply swim to a visible cue) to navigate the maze.  
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Determining which strategy was used during acquisition can be done during probe 

testing, wherein the intramaze cue is moved and the hidden platform is removed (see Figure 

2.1b). With the extramaze cues remaining in the same position while the intramaze cue moves, 

the time spent at the old platform location versus the new cue location can be compared. If the 

mice were using the extramaze cues to navigate the maze, they should expect the platform to 

be in the same location it was the day before. However, if mice were relying on swimming to 

where the intramaze cue was located, they should swim to the new location of the cue, in a 

different location. It is thought that if a mouse spends more time in the old platform location, it 

is using a spatial, or hippocampal strategy to navigate the maze. However, if a mouse spends 

more time in the new cue location, the mouse was using a stimulus-response/cued, or striatal 

strategy, to locate the platform (McDonald & White, 1994). 

 

 

 

 

 

 

 

 

Figure 2.1. Visual representation of the dual-solution water maze used in the current study. a) The setup of the maze 

during 6 days of acquisition. The extramaze cues are the large simple figures in the background, while the intramaze cue 

is the striped tube hanging over the hidden platform. b) The setup of the maze during the probe trial on Day 7. The 

intramaze cue has been moved to the opposite side of the pool, but the extramaze cues do not change location. The 

hidden platform has been removed. 

 

We will be using mice that have been genetically manipulated in order to reduce the 
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level of munc 13-1 present in the central nervous system. This specific type of mouse has been 

little-studied, and transgenic mice may express very different phenotypes from mutation to 

mutation (van Gaalen & Steckler, 2000). Due to this variation in behavior, it is important to 

establish baseline levels of performance in both our munc 13-1 heterozygotes and wildtype 

mice before interpreting results from any behavioral tests administered after alcohol exposure. 

Additionally, high levels of ethanol consumption in rodents can be considered a collection of 

associatively learned behaviors, given that the taste is naturally aversive to many strains of 

mouse (Belknap et al., 1993; Yoneyama et al., 2008), and ethanol solutions often need to be 

sweetened in order to be voluntarily consumed. The rodent comes to associate a number of 

cues in its environment with the availability of a drug, and the drug with its rewarding effects. 

It has been well-established that the hippocampus is critical for developing and retrieving 

contextual and spatial memories (Kennedy & Shapiro, 2004; McNamara & Skelton, 1993; 

Ross & Slotnick, 2008). The dentate gyrus is necessary for the recall of drug-related contextual 

memories (Hernández-Rabaza et al., 2008), and the CA3 subregion is critical for linking 

context with a reward (Luo, Tahsili-Fahadan, Wise, Lupica, & Aston-Jones, 2011).  Thus, we 

needed to establish whether or not our heterozygotes undergo hippocampal impairment, which 

could indicate a deficit in learning and affect ethanol consumption behavior. We chose to 

evaluate for differences in hippocampal functionality by using a popular test in rodents, the 

MWM. Aside from our hypotheses that there will be increased alcohol consumption and lower 

levels of behavioral intoxication in these mice, identifying other phenotypes expressed by 

rodents with reduced munc 13-1 activity would prove useful for future behavioral experiments, 

and could help researchers correlate behavioral differences in these genetically altered animals 

with those seen in humans with AUDs.  

We predict munc 13-1 knockout mice will perform differently than wildtype mice using 
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a measure of baseline anxiety, and also in the water maze. For the open field measure, we 

expect heterozygotes to show less anxiety or hyperactivity; for water maze, we expect 

heterozygotes to show slower acquisition of the hidden platform location.  

Method 

Behavioral Testing  

Open-field test for anxiety 

C57BL (N = 36) heterozygote and wildtype mice were included. This test assesses 

novel environment exploration and provides an initial screen for anxiety-related behavior in 

rodents. Each mouse was placed into the center of a square open-field arena that measures 17 

inches x 17 inches (MED Associates). Infrared beams detected the ambulation of each mouse 

and where it was located throughout the trial. This exploration behavior was tracked by the 

automated Activity Monitor system (MED Associates). Typical rodents in control conditions 

will spend a significantly greater amount of time exploring the periphery of the arena, usually 

in contact with the walls (thigmotaxis), than the center area. Mice that spend significantly more 

time exploring the unprotected center area are considered less anxious.  

Morris Water Maze 

Acquisition 

C57BL mice (N = 64) were tested in the water maze. For behavioral testing of mice in 

the water maze, we used a dual-solution paradigm to examine spatial versus cued navigation. 

The pool was made by Maze Engineers (Cambridge, MA), and measured 120 cm in diameter 

and 81 cm in height. We hung large black simple shapes (50-100 cm wide) on the white 

shower curtains that surrounded the pool. These served as our distal, extramaze cues. In 

addition, an intramaze cue was suspended above the hidden platform for all 6 days of 

training/acquisition. This cue was made from a 50 mL Falcon tube that was colored with black 
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horizontal stripes, and string, which suspended the tube above the platform (see Figure 2.1a). 

Mice could choose to navigate the maze using the distal cues to orient themselves in space, or 

they could simply go to where the cue was hanging, and the platform would predictably be 

beneath it. The pool water was made opaque with non-toxic white paint, and during the 

training phase a circular escape platform (10 cm wide, submerged until the top was 1 cm below 

the water surface) was placed in the center of the NW quadrant (see Figure 2.2). The 

aforementioned intramaze cue hung directly above the platform. Mice received 4 trials per day 

(for 6 consecutive days) with a 5 minute inter-trial interval. Each trial had a maximum length 

of 60 seconds; if a mouse did not escape within 60 seconds, it was placed on the platform for 

10 seconds before being returned to the home cage. Mice were released from the N, S, W, and 

E points of the pool in a pseudorandom fashion. Performance was measured as the latency in 

seconds to escape to the platform. Using a video camera mounted above the pool, each 

mouse’s swim path and latency to escape was recorded by the EthoVision software.  
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Figure 2.2. Quadrants and Zones of the maze used in the current study. The pool is divided into four Quadrants based 

on the cardinal directions, colored in light and dark blue. The platform and cue Zones occupy a smaller space within the 

NW and SE quadrants, and are colored in black. P denotes the location of the platform Zone, while C denotes the 

location of the cue Zone. The platform Zone is where the platform and the intramaze cue are located for all 6 days of 

acquisition.  The cue Zone is where the intramaze cue is moved for the probe trial. Time spent in the NW and SE 

quadrants were compared, as well as time spent in the platform and cue Zones. 

 

Probe Trial 

 To assess which strategy the mice used during acquisition, on the 7th day, each mouse 

was given one 60 second probe trial in the maze. First, the intramaze cue was moved to the 

opposite quadrant (SE) and the hidden platform was removed. The extramaze cues were not 

moved (see Figure 2.1b). All mice were released from the SW point of the pool. Using the 

video camera and EthoVision software, each mouse’s swim path was recorded and analyzed. 

Measures of interest were time spent near the former platform location, which indicates the 

mice were using a spatial strategy, and time spent near the new cue location, which would 

indicate the mice were using a stimulus-response strategy.  

Aside from individual Quadrant/Zone analyses, we also determined spatial bias as a 

difference score. Spatial bias refers to the tendency to spend time in the platform Zone or 

Quadrant (see Figure 2.2), which suggests mice used a spatial strategy during acquisition (as 

opposed to a stimulus-response strategy). This difference score was calculated as the percent 

time spent in the platform Quadrant/Zone minus the percent time spent in the cue 

Quadrant/Zone. For these difference scores, values above 0 reflect more time spent in the 

platform location, while values below 0 reflect more time in the cue location. We looked at 

both Quadrants and Zones, since the Zones represent a small portion of the pool (each Zone is 

20 cm in diameter), and mice spend little time overall in these areas. Examining time spend in 
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the Quadrants allows for a broader look at where the mice were swimming. 

Statistical Analyses 

Two-way ANOVAs and mixed model ANOVAS were used to assess the effects of Sex 

and Genotype and Day (our independent variables) on performance in the water maze. For the 

open field, two-way ANOVAs were utilized to look at the effects of Sex and Genotype on 

various outcome measures.  

Results 

Open Field 

According to two-way ANOVAs, the interaction of Sex x Genotype was not significant 

for mean velocity (F1, 32 = .280, p = .600), distance travelled (F1, 32 = .354, p = .556), time spent 

in the perimeter of the arena (F1, 32 = 1.323, p = .259), percent time spent in the perimeter (F1, 32 

= 1.291, p = .264), time spent in the interior of the arena (F1, 32 = 2.522, p = .122), or percent 

time spent in the interior (F1, 32 = 2.541, p = .121). There was no main effect of Sex for mean 

velocity (F1, 32 = .008, p = .931), distance travelled (F1, 32 = .006, p = .393), time spent in the 

perimeter of the arena (F1, 32 = .037, p = .849), percent time spent in the perimeter (F1, 32 = .047, 

p = .830), time spent in the interior of the arena (F1, 32 = 1.571, p = .219), or percent time spent 

in the interior (F1, 32 = 1.488, p = .231).  The main effect of Genotype was also not significant 

for mean velocity (F1, 32 = 3.917, p = .056), distance travelled (F1, 32 = 4.111, p = .051), time 

spent in the perimeter of the arena (F1, 32 = .040, p = .842), percent time spent in the perimeter 

(F1, 32 = .026, p = .873), time spent in the interior of the arena (F1, 32 = .071, p = .791), or 

percent time spent in the interior (F1, 32 = .053, p = .819). 
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Water Maze Acquisition (Days 1-6) 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Latency to escape the water maze across 6 days of acquisition. Values are expressed as mean ± standard 

error. All mice learned the location of the platform by Day 6, as indicated by the main effect of Day (p < .001), as well 

as latencies of <10 seconds. Females had lower latencies when compared to males (p = .029). 

 

The interaction of Day x Genotype x Sex on latency to reach the platform was not 

significant, F(3.151, 113.429) = 673, p = .577. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(14) = 56.312, p < .001, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .630). The interaction of 

Genotype x Sex on latency to reach the platform was not significant, F(1, 36) = 1.509, p = 

.227. , and neither was the interaction of Sex x Day (F3.151, 113.429 = 2.217, p = .087) or 

Genotype x Day, (F3.151, 113.429 = 2.006, p = .114).  The main effect of genotype was not 

significant, F(1, 36) = 3.192, p = .082. However, there was a main effect of Day (F3.151, 113.429 = 

76.036, p < .001), and a main effect of Sex (F1, 36 = 5.199, p = .029) such that males were 

slower to reach the platform.  
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Water Maze Probe Trial (Day 7) 

Two-way ANOVAs were conducted to examine the effects of Genotype and Sex on the 

amount of time spent in the platform or cue Zones, platform or cue Quadrants, in addition to 

latency to first reach the platform and cue Quadrants and Zones. There was no significant 

interactive effect of Sex x Genotype on time in the platform Zone, F(1, 58) = 3.51, p = .066, 

nor was there a main effect of Sex (F1, 58 = .093, p = .762) or Genotype (F1, 58 = 3.404, p = .070 

). For time spent in the cue Zone, there was not a significant Sex x Genotype interaction F(1, 

60) = 3.13, p = .082, however, the main effect of Sex was significant, F(1, 60) = 12.609, p = 

.001, such that females spent more time in this zone when compared to males. There was no 

main effect of Genotype (F1, 60 = 3.094, p = .084).  

There was no significant interactive effect of Sex x Genotype on time spent in the 

platform Quadrant (F1, 60 = 2.617, p = .111) or the cue Quadrant (F1, 60 = 1.719, p = .195). 

However, for time in the platform Quadrant, there was a main effect of Sex, F(1, 60) = 5.470, p 

= .023, such that males spent more time in this Quadrant. There was no main effect of 

Genotype (F1, 60 = 2.977, p = .090). For time in the cue Quadrant, there was a main effect of 

Sex (F1, 60 = 8.463, p = .005) and a main effect of Genotype (F1, 60 = 5.636, p = .021), such that 

wildtypes spent more time in this quadrant than did heterozygotes, and females spent more 

time in this quadrant than males.  

There was no significant interaction for Sex x Genotype for latency to first reach the 

platform Zone (F1, 58 = .349, p = .557), nor was there for latency to first reach the cue Zone (F1, 

60 = .084, p = .773).  However, for latency to the platform Zone, there was a significant main 

effect of Genotype (F1, 58 = 4.168, p = .046) such that wildtypes took longer to enter the 

platform Zone. There was no main effect of Sex (F1, 58 = 1.454, p = .233). For latency to the 

cue Zone, there was a significant main effect of Sex (F1, 60 = 4.863, p = .031), showing that 
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males took longer to enter this zone. There was no main effect of Genotype (F1, 60 = .008, p = 

.930). 

 

 

 

 

 

 

 

 

 

Figure 2.4. Spatial bias scores across Sex and Genotype, based on Quadrant. Values are expressed as mean ± standard 

error. Values above 0 indicate bias toward a spatial strategy, while values below 0 indicate bias toward a stimulus-

response strategy. There was no interaction, but there were main effects of Sex (p = .004) and Genotype (p = .023), such 

that males and heterozygotes showed higher scores (more spatial bias) when compared to females and wildtypes. 

 

When looking at the spatial bias scores, if we base this calculation on time spent in the 

cue or platform Quadrants, there is no significant interaction for Sex x Genotype (F1, 60 = 2.809, 

p = .099). However, the main effects for both Sex (F1, 60 = 8.968, p = .004) and Genotype (F1, 60 

= 5.463, p = .023) were significant, such that wildtypes and females showed a lower spatial 

bias score. 

 

 

 

 

 



42  

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Spatial bias scores across Sex and Genotype, based on Zone. Values are expressed as mean ± standard error, 

and values above 0 indicate bias toward a spatial strategy, while values below 0 indicate bias toward a stimulus-

response strategy. There was a significant interaction of Sex x Genotype (p = .011), with heterozygosity increasing the 

spatial bias score in females, but not in males. There were also main effects of Sex (p = .002) and Genotype (p = .021), 

such that males and heterozygotes showed higher scores (more spatial bias) when compared to females and wildtypes. 

 

If we base the spatial bias score on time spent in the cue or platform Zones, there is a 

significant interaction for Sex x Genotype (F1, 60 = 6.939, p = .011). Additionally, main effects 

of Sex (F1, 60 = 10.548, p = .002) and Genotype (F1, 60 = 5.603, p = .021) were both significant, 

such that wildtypes and females showed a lower spatial bias score.  

Discussion 

 In the current experiments, we assessed whether munc 13-1 heterozygosity would 

impair performance in a dual-solution water maze test, or reveal anxiolytic-like behavior in the 

open field test. In the open field, we predicted that heterozygotes would show less thigmotaxis 

(adherence to the walls of the arena) and ambulation. Contrary to our hypotheses, genotype did 

not alter behavior for measures of velocity, distance travelled, time/percent time spent in the 

perimeter, or time/percent time spent in the interior of the arena. In other words, there was no 
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indication that genotype influenced anxiety-like behavior in the open field.  

 For the dual-solution water maze, all mice showed that they were able to learn the 

location of the hidden platform, as evidenced by latencies of <10 seconds to reach the platform 

by Day 6 of training and by the significant main effect of day. During acquisition, the 

interaction of day, sex, and genotype was not significant. Additionally, there was no interactive 

effect of genotype and sex on performance, and no main effect of genotype. However, there 

was a main effect of sex such that males took longer to reach the platform. 

 For the probe trial, females spent more time in the cue Zone, and both females and 

wildtypes spent more time in the cue Quadrant when compared to males or heterozygotes. 

Females also displayed a lower latency to enter the cue Zone, showing that they were quicker 

to approach the new cue location than males were. This suggests that female mice and wildtype 

mice display more of a bias toward using a stimulus-response (or striatal-based) strategy when 

learning the location of the hidden platform. That is, they were more likely to search for the 

intramaze cue and swim to its location, relying on it to determine where the platform was. The 

spatial bias scores also reflect this tendency for females and wildtypes to use a cued strategy, as 

scores were lower for both of these groups when based on either Quadrant or Zone. This is in 

line with previous dual-solution water maze studies that show intact female rats exhibit a bias 

toward a cued strategy (Blokland, Rutten, & Prickaerts, 2006; Daniel & Lee, 2004; Hawley, 

Grissom, Barratt, Conrad, & Dohanich, 2012), but will begin to show bias toward a spatial 

strategy if estradiol (Daniel & Lee, 2004) or nicotine (Kanit et al., 1998) are present. This is 

possibly due to estradiol’s ability to increase hippocampal activation and decrease striatal 

activation (Pleil, Glenn, & Williams, 2011).  

Conversely, males spent more time (and percent time) in the platform Quadrant than 

did females.  The spatial bias scores were higher for males as well, whether based on Zone or 



44  

Quadrant, supporting the idea that males were more inclined to use a spatial strategy when 

navigating the water maze. This is supported by a large body of research highlighting a male 

spatial advantage/bias (Blokland et al., 2006; Hawley et al., 2012; Perrot-Sinal, Kostenuik, 

Ossenkopp, & Kavaliers, 1996). Heterozygotes and males were faster to enter the platform 

Zone, indicating that they were faster to approach the old platform location.  

Overall, we were not able to support our hypothesis that genotype would influence 

learning the location of a hidden platform in the water maze, as heterozygotes did not have 

different latencies to escape to the platform during acquisition. Although all mice learned the 

location of the hidden platform by Day 6 of acquisition, females acquired this information 

faster than males did. Our probe trial data suggest that females did so by utilizing the stimulus-

response strategy when navigating the water maze. Female mice were faster to enter the cue 

Zone, and females and wildtype mice were more likely to spend time in the cue Quadrant or 

Zone. Genotype did exert an effect on which search strategy was used during acquisition, with 

heterozygotes showing bias toward a spatial/hippocampal method. 
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Chapter Three: Determine Whether Munc 13-1 Reduction Increases Voluntary 

Ethanol Consumption 

Ethanol is lipid-soluble and has a very small molecular structure that is capable of 

binding to many targets, thus exerting depressant effects throughout the central nervous system 

(Geil et al., 2014).  Although its exact mechanisms of action are unclear, ethanol has effects on 

virtually every neurotransmitter system in the brain, including acetylcholine, serotonin, 

dopamine, norepinephrine, glutamate, and γ-aminobutyric acid (GABA) (Carmichael & Israel, 

1975), reviewed in (Phillips & Shent, 1996). Its interaction with the glutamatergic system is 

particularly well-characterized and is of particular interest in the current study, given that 

excitatory neurons lacking munc 13-1 undergo a drastic decrease in neurotransmission. 

As mentioned in Chapter 1, Glutamate is the primary excitatory neurotransmitter in the 

mammalian central nervous system.  The interaction between ethanol and glutamate has been 

widely studied, and reveals that acute administration leads to NMDA receptor (NMDAR) 

antagonism, preventing activity at the ionotropic channels (Dodd et al., 2000); (Ron & Wang, 

2009) and reducing the excitatory post-synaptic effects of the neurotransmitter (Tsai & Coyle, 

1998); (Nie, Yuan, Madamba, & Siggins, 1993). This antagonism is thought to be responsible 

for the physiological responses associated with intoxication (Lovinger, White, & Weight, 

1989); reviewed in (Woodward, 2000). While acute administration has antagonistic effects, 

chronic administration leads to a compensatory up-regulation of NMDA receptors, increasing 

the number of available binding sites in the synapse and facilitating receptor function. The 

sensitivity of NMDA receptors to ethanol varies according to brain region (Simson, Criswell, 

& Breese, 1993) and is largely influenced by the composition of the NMDA subunits 

(Masood, Wu, Brauneis, & Weight, 1994); (Chu, Anantharam, & Treistman, 1995). 

 For the current study, the effect that glutamate receptor antagonists have on ethanol 
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consumption is of particular interest. In a study that exposed rats to the potent NMDA receptor 

antagonist 2-amino-5 phosphonovalerate (AP5), ethanol preference was diminished over time 

(Lin & Hubbard, 1995). Another study looked at the ethanol consumption of alcohol-

preferring rats both pre- and post-treatment with various drugs that reduce NMDAR activity: 

LY274614 (competitive antagonist), MK 801 (non-competitive antagonist), (+)-HA-966,  or 1-

aminocyclopropane-1-carboxylic acid (ACPC). The latter two drugs are antagonists at the 

NMDA glycine site, and were included because glycine binding enhances glutamate’s ability 

to activate the receptor. Treatment with all of these drugs resulted in a 30-64% decrease in 

ethanol consumption compared to baseline, with the competitive NMDAR antagonist 

LY274614 producing the most dramatic effect (McMillen, Joyner, Parmar, Tyer, & Williams, 

2004).  This decrease in ethanol preference after NMDAR antagonism may be explained, at 

least in part, because these drugs produce ethanol-like effects (such as relaxation of muscles, 

sedation, and anxiolysis) (Turski, Klockgether, Sontag, Herrling, & Watkins, 1987; Xie & 

Commissaris, 1992). In line with these findings, animals that show a low response to NMDAR 

antagonists also tend to show an increase in alcohol self-administration (John H. Krystal et al., 

2003). 

When we look at antagonists that target the AMPA or KA receptors, we find similar 

results. A study looked at the effects of the novel kainate receptor antagonist, LY466195, on 

ethanol preference in both Sprague-Dawley and Long-Evans rats. Results indicated that 

although pre-treatment with LY466195 at 10 mg/kg did not decrease ethanol preference in 

Sprague-Dawley rats, such a decrease was seen in Long-Evans rats (Van Nest, Hernandez, 

Kranzler, Pierce, & Schmidt, 2017). In a study that enhanced AMPA receptor activity using 

the selective allosteric modulator aniracetam, alcohol-reinforced responses were significantly 

increased in an operant self-administration paradigm. The researchers then administered the 
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AMPA receptor antagonist 6,7-Dinitroquinoxaline-2,3-dione (DNQX), and found that this 

blocked the aniracetam-induced increase in ethanol self-administration (Cannady, Fisher, 

Durant, Besheer, & Hodge, 2013). These results suggest that glutamate activity at the AMPA 

receptor may play a large role in facilitating ethanol consumption and seeking.  

Regardless of which glutamate receptor type is antagonized, the result seems to be the 

same: this leads to a decrease in ethanol consumption. As we predict that our mice have an 

inherent decrease in glutamate transmission, this should lead to antagonism of the NMDA, 

AMPA, and KA receptors alike. Although acute administration of glutamate receptor 

antagonists appears to have a suppressive effect on ethanol intake, it’s possible that munc 13-1 

heterozygotes have been experiencing this antagonism for their entire lives, and have likely 

found a way to compensate for this loss, whether by upregulation of glutamate receptors or 

increases in the other isoforms of munc 13, including munc 13-2. Additionally, chronic 

ethanol consumption leads to a compensatory upregulation of glutamate receptors and increase 

in receptor signaling, so munc mice that have consumed ethanol over longer periods of time 

may show even more evidence of neuroadaptation. 

The name for the pre-synaptic protein “unc-13” is derived from the word 

“uncoordinated”, which was the term used to describe a mutant form of the Caenorhabditis 

elegans nematode that did not display the smooth movements that its wildtype brothers did 

(Brenner, 1974). The Drosophila melanogaster version of this protein has been identified and 

dubbed “dunc-13”, and the mammalian homolog is “munc-13”. Munc 13-1 is one subclass of 

this protein family and is expressed solely in the nervous system (Brose, Hofmann, Hata, & 

Südhof, 1995). It is an active zone protein found broadly throughout the brain, and serves as a 

key component in the maturation of vesicles in the axon terminal. Specifically, it is vital for 

vesicle fusion with the membrane wall during the release of transmitter at the synapse. In 
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glutamatergic hippocampal neurons from mice that are deficient in munc 13-1, it was 

discovered that although the synapses are structurally sound, vesicle release is greatly 

decreased (Iris Augustin et al., 1999a). 

The role of the munc 13-1 pre-synaptic protein in alcohol-related behaviors has been 

little-studied, but holds promise for researchers modeling AUDs.  In a previous study that 

utilized Drosophila heterozygous for dunc 13-1, changes to ethanol related behaviors were 

observed. Compared to wildtype, flies that lacked dunc 13-1 were more attracted to alcoholic 

substances. However, introduction of the rat munc 13-1 gene in vivo suppressed the affinity for 

ethanol, suggesting that munc 13-1 acts as a powerful mediator of the glutamatergic effects of 

alcohol at the synaptic level (Das et al., 2013). As a follow-up to that study, we are assessing 

for changes to ethanol consumption in a mammalian model, using mice that are deficient in 

munc 13-1. 

Modeling human patterns of ethanol consumption in rodents can be difficult, as most 

do not prefer the taste of alcohol, and will not willingly consume enough to become 

intoxicated (McBride & Li, 1998). Forced consumption paradigms do a poor job of replicating 

the typical method of drinking to intoxication in humans. Allowing the animal to monitor its 

own ethanol consumption by using a voluntary consumption paradigm is akin to how a human 

would perceive his or her choice of whether or not to drink, and is thus a more ethologically 

relevant way to study AUDs (Samson & Czachowski, 2003). Additionally, voluntarily 

drinking on the mouse’s part allows researchers to avoid putting undue stress on the animal in 

the form of forced feeding. 

There are a variety of paradigms that model different types of alcohol consumption. 

Some paradigms tend to produce binge-like patterns of drinking, which is defined by the 

National Institute of Alcohol Abuse and Alcoholism as a pattern of drinking that produces 
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blood ethanol concentrations (BECs) greater than 0.08% (80 mg/dl) (NIAAA, 2004). The 

typical amount of alcohol required to produce this level of BEC amounts to approximately 5 

and 4 drinks (in a 2-hour period) for the average adult male and female, respectively. One such 

model of binge drinking in rodents is the Drinking in the Dark (DID) paradigm, used in the 

current study. Using this method, an alcoholic solution is offered to mice at the beginning of 

their lights-off (or “dark”) period, and it has been shown that certain strains of mouse will 

voluntarily drink to a blood ethanol content of 100 mg/dL or above (J. Rhodes et al., 2007).  

The ability to model intentional drinking of large amounts of ethanol in a mammalian model is 

key to understanding how reduced munc 13-1 function may play a role in human binge alcohol 

consumption. This binge drinking paradigm provides mice with the opportunity to voluntarily 

drink to intoxication, thus mimicking the method by which many humans with AUDs imbibe.  

While the DID procedure is used to model binge drinking, the 2-bottle choice (2BC) 

procedure is considered to be a chronic consumption paradigm (Matson & Grahame, 2013). 

Using this paradigm, mice are offered unlimited access to two bottles in their home cages: one 

containing water and another containing an alcohol solution. Consumption of both water and 

the alcohol solution is measured over time, allowing for the monitoring of both alcohol intake 

and how that relates proportionally to total liquid intake. Although the 2BC paradigm allows 

for constant access to alcohol, it does not encourage the ingestion of large amounts of alcohol 

in a small amount of time in the way that the DID procedure does (Ehringer, Hoft, & 

Zunhammer, 2009). In this way, it provides for a chronic model of voluntary ethanol 

consumption, allowing for the animal to drink as much or as little as it wants, and spread out 

over as much time as it prefers. Solutions containing quinine (bitter) or saccharin (sweet) can 

also be included in place of ethanol, in order to ensure that an increase in the amount of 

ethanol consumed is not simply a response to novelty taste (Yuri A Blednov, Mayfield, 
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Belknap, & Harris, 2012).  

We sought to examine whether munc 13-1 heterozygosity would lead to changes in 

ethanol-related behaviors in mice, as it did in the previous study that utilized heterozygous 

flies. In order to increase sensitivity of our assessment, we included both a binge and a chronic 

consumption paradigm. In addition to the two paradigms used, we also included two different 

background strains of mouse. Based on their assessment of ethanol consumption among 

various strains of mouse, Rhodes et al. (2007) found that C57BL mice showed the highest 

levels of consumption. 129S1 mice showed the second-lowest consumption. Thus, our 

heterozygotes were backcrossed with mice of both strains, so that we could look at ethanol 

consumption in both a high-drinking and a low-drinking strain, in an effort to avoid ceiling 

and/or floor effects.  

Method 

Animals 

All experimental procedures were conducted in accordance with the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health. The University of 

Houston Institutional Animal Care and Use Committee approved the relevant animal protocol 

(#16-018). To create litters of mice that contain munc 13-1 heterozygotes, heterozygous 

C57BL/6J sires were crossed with wildtype C57BL/6J or 129S1/SvlmJ dams. All mice used in 

the study were bred in-house and acclimated to a reverse light/dark cycle (lights off at 9:00/on 

at 21:00). Mice were weaned at 21 days of age, and group housed with litter mates. Mice were 

between eight and twelve weeks of age at the beginning of the study. Mice had ad libitum 

access to mouse chow for the duration of the experiment, and animals in the 2BC group had ad 

libitum access to water as well. Plain water was not available for the DID animals for 2 to 4 

hours per day once testing began (described below).  
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Ethanol Exposure  

Drinking in the Dark 

Adult C57BL/6J mice (n = 85, with 44 males/41 females) and 129S1/SvlmJ mice (n = 

74, with 38 males/36 females) were exposed to 20% ethanol using the four-day Drinking in the 

Dark (DID) paradigm (Rhodes et al., 2007) for six consecutive weeks. First, mice were 

habituated to being singly-housed and drinking water from a metal-tipped bottle for 7 days. 

Then, the four-day procedure began. For the first 3 days, the water bottle was temporarily 

removed from the animal’s cage and replaced with an identical bottle containing a solution of 

20% ethanol in water.  This occurred at 3 hours after lights-off.  The ethanol solution was left 

in the cage for 2 hours, after which it was removed and replaced with the water bottle again.  

The amount of ethanol solution consumed by each animal was recorded.  On the fourth day of 

DID, the same 2 hours of exposure occurred, and the amount of intake was recorded. 

However, on this day, the bottle containing ethanol was given to the animals for an additional 

2 hours, giving the mice 4 total hours of ethanol exposure for the day.  After the second round 

of exposure, the amount of ethanol solution consumed was once again recorded. The mice then 

had three ethanol-free days before the four-day procedure started again. This process was 

repeated for 6 consecutive weeks. The mice had access to a liquid in their cage at all hours of 

the day, and the period during which a mouse was without plain water did not exceed 4 hours 

in a given day. Body weights were recorded once a week. The mean intake is expressed as 

grams of ethanol per kilogram of body weight consumed (g/kg), per 4-hour session. 

BEC Analysis 

  At the end of the last 4-hour ethanol session (Week 6, end of day 4), blood was 

collected from the saphenous vein for determination of blood ethanol content (BEC). Blood 

was collected in heparinized glass capillary tubes, and then centrifuged at 10,000 rpm for 5 
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minutes in 1.5 mL micro-centrifuge tubes. The blood plasma that collected on the top of the 

sample was withdrawn and stored at −20°C for later analysis. Samples were then processed 

using an Analox AM-1 model alcohol analyzer (Analox Instruments, Lunenburg, MA) and 

BEC was recorded as mg/dL. 

Two-bottle Choice 

Adult C57BL/6J mice (n = 63, with 24 males/39 females) and 129S1/SvlmJ mice (n = 

52, with 35 males/17 females) were exposed to ethanol via the chronic voluntary consumption 

paradigm “two-bottle choice” (2BC). Each mouse’s cage contained two 60 ml plastic bottles 

with stainless steel tips, and a holder for the bottles that placed them side-by-side. First, mice 

were habituated to being singly-housed and drinking water from the bottles for 7 days. Then, 

the 2BC procedure began. One of the two bottles always contained plain water, while the other 

bottle contained ethanol in water. The ethanol concentration progressed from 3%, 6%, 10%, 

14%, and then 20% over time. Each concentration was presented to the mice for 4 days, after 

which the next highest concentration was used. The bottle positions were switched (from left 

to right, or vice versa) every second day, and around the same time of day (13:00). On each of 

the measurement days, the bottles were emptied, cleaned, and refilled with the appropriate 

liquid (water or ethanol solution). Each mouse was weighed weekly. The mean intake is 

expressed as grams of ethanol per kilogram of body weight consumed (g/kg), per day, as well 

as a preference score between ethanol intake and water intake (calculated as mL ethanol 

intake/mL total fluid intake). 

A separate group of C57BL (n = 25, with 15 males/10 females) and 129S1 (n = 25, 

with 14 males/11 females) mice were given access to control tastants in place of ethanol in the 

second home cage bottle. While one of the bottles always contained plain water, the second 

bottle contained water that was flavored with either saccharin (sweet) or quinine (bitter) to test 
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for taste/novelty preference. These tastants were provided in series as follows: 0.03% 

saccharin, 0.06% saccharin, 0.03 mM quinine, and 0.06 mM quinine. Each tastant 

concentration was given to the mice for 4 days, and bottle positions were alternated every 

other day (Lim et al., 2012). Consumption is expressed as a preference score between 

saccharin/quinine intake and water intake (calculated as mL saccharin or quinine solution 

intake/mL total fluid intake).  

Statistical Analyses 

Mixed model ANOVAs (Genotype x Sex x Week) were used to analyze ethanol 

consumption for the DID paradigm. For the 2BC paradigm, mixed model ANOVAs (Genotype 

x Sex x Concentration) were used. Paired-samples t tests were used where appropriate. Two-

way ANOVAs (Sex x Genotype) were used to compare the means of the BEC data for each 

strain. Independent samples t-tests were also used to compare the BEC between strains. All 

statistics were run using the statistical software SPSS. For all statistical analyses, a p value of 

less than 0.05 was deemed significant. 
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Results 

Drinking in the Dark 
 
C57BL Mice 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 3.1. Ethanol consumption of C57BL mice over 6 weeks, using the DID paradigm. Values are presented as mean 

± standard error. The interaction between Week, Genotype, and Sex was not significant, but there were main 

effects of Week (p = .014) and of Sex (p < .001), such that females consumed more than males and ethanol 

consumption decreased over time. Consumption on Week 4 was significantly less than Week 3 (p = .028), and 

consumption on Week 6 was significantly less than Week 5 (p = .021. 

 

The interaction of Week, Genotype, and Sex on alcohol consumption was not 

significant, F(4.194, 335.527) = 1.20, p = .310. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(14) = 38.49, p < .001, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .84). The interactions of Sex x 

Week (F4.194, 335.527= 1.654, p = .157), Genotype x Week (F4.194, 335.527= .503, p = .742),  and 

Sex x Genotype (F1, 80 = .379, p = .540) were also not significant. There was no main effect of 
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Genotype (F1, 80 = .007, p = .934). However, there was a significant main effect of Week, 

F(4.19, 335.53) = 2.886, p = .014, and of Sex, F(1, 80) = 26.973, p < .001, such that females 

drank more than males did.   

Following up on the main effect of week, paired samples t tests indicated that overall 

consumption on Week 4 was lower than on Week 3 (t84 = 2.240, p = .028), and consumption 

on Week 6 was lower than on Week 5 (t84 = 2.345, p = .021).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.2. Ethanol consumption of C57BL mice averaged over 6 weeks, using the DID paradigm. Values are 

presented as mean ± standard error. Female mice drank more than males did (p < .001).  
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129S1 Mice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.3. Ethanol consumption of 129S1 mice over 6 weeks, using the DID paradigm. Values are presented as mean 

± standard error. The interaction between Week, Genotype, and Sex was not significant, but the interaction 

between Sex x Week was (p = .001). Females drank more than males did at Week 5 (p = .013) and Week 6 (p = .008).  

 
 

The interaction of Week, Genotype, and Sex on alcohol consumption was not 

significant, F(4.325, 324.365) = 0.62, p = .66. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(14) = 26.84, p = .02, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .87). However, the interaction 

of Sex x Week was significant, F(4.325, 324.365) = 4.733, p = .001. The interactions of 

Genotype x Week (F4.325, 324.365 = .722, p = .588), and Sex x Genotype (F1, 75 = .191, p = .663) 

were not significant. There was also no main effect of Week (F4.325, 324.365 = 1.787, p = .126), 

Genotype (F1, 75 = .708, p = .403), or Sex (F1, 75 = .519, p = .474).   

Following up on the interaction of Sex x Week, independent samples t-tests revealed that there 
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was a significant difference between sexes only at Week 5 (t65.146 = -2.556, p = .013) and at 

Week 6 (t76.390 = -2.713, p = .008), such that females drank more than males. Levene’s test 

indicated that the variances for ethanol consumption were not equal, so degrees of freedom 

have been adjusted using the Welch-Satterthwaite method. 

Drinking in the Dark – Comparison Between Strains 

 

 

 

 

 

 

 

 

 

Figure 3.4. Comparison between mouse strains in the DID paradigm, based on ethanol consumption averaged across 

weeks. Values are presented as mean ± standard error. C57BL mice drank significantly more than 129S1 mice did (p = 

.042).  

 

 According to an independent-samples t test, there was a significant difference between 

the two strains, with C57BL mice consuming more ethanol solution than 129S1 mice, t(162) = 

2.052, p = .042, when intake was averaged across weeks. 
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BEC Analysis 
 
  

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Comparison of BEC levels post-DID. a) C57BL mice, and b) 129S1 mice. Values are presented as mean ± 

standard error. C57BL mice had higher overall BEC levels than 129S1 mice did (p = .037).  

 

For the C57BL mice, the interaction of Sex x Genotype was not significant, according 

to a two-way ANOVA, F(1, 73) = .014, p = .907. There were no main effects of Sex (F1, 73 = 

.591, p = .445) or Genotype (F1, 73 = .000, p = .983). For the 129S1 mice, the interaction of Sex 

x Genotype was not significant, according to a two-way ANOVA, F(1, 60) = 1.685, p = .199. 

There were no main effects of Sex (F1, 60 = 1.401, p = .241) or Genotype (F1, 60 = .003, p = 

.955).  

According to an independent-samples t test, there was a significant difference between 

the two strains, with C57BL mice having a higher BEC than 129S1 mice, t(139) = 2.111, p = 

.037. 
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Two-bottle Choice 
 
C57BL Mice 
 
Ethanol Consumption 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.6. Ethanol consumption of C57BL mice across Genotype, Sex, and Concentration (using the two-bottle choice 

paradigm). Values are presented as mean ± standard error. Mice drank more of the 10% concentration than the 6% 

(p < .001) or the 14% (p < .001), and females drank more than males did (p = .036).  

 
 

The interaction of Concentration, Genotype, and Sex on alcohol consumption was not 

significant, F(2.964, 171.925) = .245, p = .863. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(9) = 39.29, p = .02, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .74). The interactions of Sex x 

Concentration (F2.964, 171.925 = 1.965, p = .122), Genotype x Concentration (F2.964, 171.925 = 

1.068, p = .364), and Sex x Genotype (F1, 58 = .002, p = .965) were also not significant. There 

was no main effect of Genotype (F1, 58 = .135, p = .715). However, there was a significant 
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main effect of Concentration, F(2.964, 171.925) = 37.141, p < .001, and of Sex, F(1, 58) = 

4.611, p = .036, such that females drank more than males did. 

To follow up on the main effect of Concentration, paired samples t tests indicated that 

the mice drank significantly more of the 10% solution when compared to 6% (t62 = -7.105, p < 

.001) or to 14% (t62 = 8.190, p < .001).  

Ethanol Preference 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Preference scores for various Concentrations of ethanol in C57BL mice. Values are presented as mean ± 

standard error. As mice were choosing between ethanol and water, a preference score of 50% would have 

indicated no preference between the bottles, and the 50% line is indicated on the graph. Mice showed the highest 

preference scores for 3% and 10% ethanol, but none of the mice showed preference for any of the ethanol 

Concentrations offered. 

 

The interaction of Concentration, Genotype, and Sex on ethanol preference was not 

significant, F(2.924, 169.588) = .215, p = .881. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(9) = 44.431, p < .001, therefore degrees of freedom were 
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corrected using Greenhouse-Geisser estimates of sphericity (ε = .731). The interactions of Sex 

x Concentration (F2.924, 169.588= .152, p = .924), Genotype x Concentration (F2.924, 169.588= .880, 

p = .451), and Sex x Genotype (F1, 58 = .494, p = .485) were also not significant. There was no 

main effect of Genotype (F1, 58 = .008, p = .928) or Sex (F1, 58 = .786, p = .379). However, there 

was a significant main effect of Concentration, F(2.924, 169.588) = 57.233, p < .001. 

To follow up on the main effect of Concentration, paired samples t tests indicated that 

the mice showed significantly greater preference for the 3% ethanol solution when compared 

to 6% (t62 = 4.756, p < .001), and greater preference for 10% when compared to 6% (t62 = -

4.882, p < .001) or 14% (t61 = 9.188, p < .001). Additionally, mice showed greater preference 

for 14% when compared to 20% (t61 = 2.790, p = .007).  

Tastant Preference 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Preference scores for the tastants saccharin (sweet) and quinine (bitter) in C57BL mice. Values are 

presented as mean ± standard error. As mice were choosing between a tastant solution and water, a preference 

score of 50% would have indicated no preference between the bottles, and the 50% line is indicated on the graph. 

Mice preferred .06% saccharin significantly more than any other solution offered.  
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The interaction of Concentration, Genotype, and Sex on tastant preference was not 

significant, F(1.611, 32.229) = .356, p = .657. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(5) = 25.043, p < .001, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .537). The interactions of Sex 

x Concentration (F1.611, 32.229 = .536, p = .553), Genotype x Concentration (F1.611, 32.229 = .140, p 

= .826), and Sex x Genotype (F1, 20 = .092, p = .765) were also not significant. There was no 

main effect of Genotype (F1, 20 = .010, p = .923) or Sex (F1, 20 = .255, p = .619). However, there 

was a significant main effect of Concentration, F(1.611, 32.229) = 197.273, p < .001. 

To follow up on the main effect of Concentration, paired samples t tests indicated that 

the mice significantly preferred the .06% saccharin solution when compared to 3% saccharin 

(t24 = -2.426, p = .023), .03 mM quinine (t23 = 17.144, p < .001),  or .06 mM quinine (t23 = 

17.749, p < .001).  

129S1 Mice 
 
Ethanol Consumption 
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Figure 3.9. Ethanol consumption of 129S1 mice across Genotype, Sex, and Concentration (using the two-bottle choice 

paradigm). Values are presented as mean ± standard error. Mice drank more of the 14% concentration than the 10% 

(p = .001), and females drank more than males did (p = .005).  

 

The interaction of Concentration, Genotype, and Sex on alcohol consumption was not 

significant, F(3.247, 149.345) = 0.677, p = .58. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(9) = 30.26, p < .001, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .81). The interactions of Sex x 

Dose (F3.247, 149.345 = 1.786, p = .148), Genotype x Concentration (F3.247, 149.345 = .260, p = .868), 

and Sex x Genotype (F1, 46 = .412, p = .524) were also not significant. There was no main 

effect of Genotype, F(1, 46) = 1.476, p = .231. However, there was a significant main effect of 

Concentration, F(3.247, 149.345) = 35.184, p < .001, and of Sex, F(1, 46) = 8.800, p = .005, 

such that females drank more than males did. 

To follow up on the main effect of Concentration, paired samples t tests indicated that 

the mice drank significantly more of the 14% solution when compared to 10% (t49 = -3.478, p 

= .001).  

According to an independent-samples t test, there was a significant difference between 

consumption of two strains, with 129S1 consuming more ethanol overall than C57BL mice, 

t(113) = -4.108, p < .001. 
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Ethanol Preference 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Preference scores for various Concentrations of ethanol in 129S1 mice. Values are presented as mean ± 

standard error. As mice were choosing between ethanol and water, a preference score of 50% would have 

indicated no preference between the bottles, and the 50% line is indicated on the graph. Mice showed the highest 

preference scores for 3% and 6% ethanol, but none of the mice showed preference for any of the ethanol 

Concentrations offered. 

 

The interaction of Concentration, Genotype, and Sex on ethanol preference was not 

significant, F(2.423, 109.047) = 1.705, p = .180. Mauchly’s test indicated that the assumption 

of sphericity had been violated, χ2(9) = 71.978, p < .001, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .606). The interactions of Sex 

x Concentration (F2.423, 109.047= .200, p = .858), Genotype x Concentration (F2.423, 109.047= .975, 

p = .394), and Sex x Genotype (F1, 45 = .098, p = .756) were also not significant. There was no 

main effect of Genotype (F1, 45 = 1.104, p = .299) or Sex (F1, 45 = 1.917, p = .173). However, 

there was a significant main effect of Concentration, F(2.423, 109.047) = 36.435, p < .001. 
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To follow up on the main effect of Concentration, paired samples t tests indicated that 

the mice showed significantly greater preference for the 6% ethanol solution when compared 

to 3% (t51 = -3.581, p = .001), greater preference for 6% when compared to 10% (t49 = 9.281, p 

< .001), and greater preference for 10% when compared to 14% (t48 = 2.199, p = .033). There 

were no significant differences between preferences scores for 14% when compared to 20% 

(t50 = .139, p = .890).  

Tastant Preference 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Preference scores for the tastants saccharin (sweet) and quinine (bitter) in 129S1 mice. Values are 

presented as mean ± standard error. As mice were choosing between a tastant solution and water, a preference 

score of 50% would have indicated no preference between the bottles, and the 50% line is indicated on the graph. 

Mice preferred .06% saccharin significantly more than any other solution offered.  

 

The interaction of Concentration, Genotype, and Sex on tastant consumption was not 

significant, F(1.824, 38.299) = 0.508, p = .589. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(5) = 31.723, p < .001, therefore degrees of freedom were 
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corrected using Greenhouse-Geisser estimates of sphericity (ε = .608). The interactions of Sex 

x Concentration (F1.824, 38.299 = .203, p = .797), Genotype x Concentration (F1.824, 38.299 = .777, p 

= .456), and Sex x Genotype (F1, 21 = 2.777, p = .111) were also not significant. There was no 

main effect of Genotype (F1, 21 = .645, p = .431) or Sex (F1, 21 = .718, p = .406). However, there 

was a significant main effect of Concentration, F(1.824, 38.299) = 207.307, p < .001 . 

To follow up on the main effect of Concentration, paired samples t tests indicated that 

the mice drank significantly more of the .06% saccharin solution when compared to 3% 

saccharin (t24 = -2.463, p = .021), .03 mM quinine (t24 = 19.787, p < .001),  or .06 mM quinine 

(t24 = 20.154, p < .001).  

Discussion 

 This study assessed ethanol consumption in munc 13-1 heterozygotes, using both a 

chronic and binge drinking paradigm. The drinking in the dark (DID) paradigm encourages 

binge-like drinking, due to the limited exposure mice have to a relatively high concentration of 

ethanol (Thiele & Navarro, 2014). On the other hand, two-bottle choice (2BC) allows mice to 

access a variety of ethanol concentrations, with each concentration being offered 24 hours a 

day for 4 days. Since access to the solution is not limited, mice learn that they can choose to 

drink or abstain as they please throughout the day.  

We included mice of a high-drinking background strain (C57BL), and a low-drinking 

background strain (129S1), as determined by (Rhodes et al., 2007). Rhodes et al. utilized the 

DID paradigm to examine drinking in various strains of mouse and found that C57BL mice 

showed the highest level of ethanol consumption. 129S1 mice showed the second-lowest level 

of ethanol consumption. Consistent with this, our C57BL mice drank more than our 129S1 

mice using the DID paradigm (and C57BL mice had higher BECs post-DID as well). 

However, this pattern was not the same in the 2BC paradigm, and we found that our 129S1 
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mice drank more ethanol overall when compared to C57BL. Given that these two paradigms 

elicit very different drinking patterns, it could be that 129S1 mice are not prone to binge 

drinking, but might be inclined to consume more ethanol with chronic exposure.  

Female mice consume more ethanol solution than male mice do (Naomi Yoneyama, 

John C. Crabbe, Matthew M. Ford, Andrea Murillo, & Deborah A. Finn, 2008). Consistent 

with this, we found that our females drank more than males did in both DID and 2BC. 

However, we were not able to support our hypothesis that munc 13-1 heterozygotes would 

voluntarily consume more ethanol than wildtypes. This study was not able to replicate 

previous findings showing that C57BL mice will prefer ethanol solutions when offered 

alongside water (Bachmanov, Tordoff, & Beauchamp, 1996; He, Nebert, Vasiliou, Zhu, & 

Shertzer, 1997). Although these mice consumed nearly 5 g/kg per day of the 10% ethanol 

solution, they never showed a preference for ethanol over water. When it comes to the 

saccharin and quinine tastants, both strains of mouse preferred the .06% concentration of 

saccharin significantly more than any other solution offered. Additionally, both strains showed 

no preference for the quinine solutions, and consumed very little in comparison to saccharin. 

This is in line with previous studies that examined these tastants in mice (Lim, Zou, Janak, & 

Messing, 2012). 

Overall, the results of these studies do not show that munc 13-1 heterozygous mice 

consume more ethanol than wildtype mice do. However, we were able to replicate previous 

studies that show females consume more ethanol than males, and also that rodents prefer the 

taste of sweet (saccharin) solutions over bitter (quinine) ones. Munc 13-1 heterozygotes have 

possibly been experiencing an inherent reduction in munc 13-1 for their entire lives, and it 

seems likely that neuroadaptation has occurred, whether by upregulation of pre-synaptic 

potassium channels, which could increase the firing rate of a neuron, or by upregulation of the 
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synapses that rely on munc 13-2 for neurotransmission. Perhaps compensatory mechanisms 

have kicked in, and effectively rendered the heterozygotes normal in regard to ethanol 

consumption. It’s also possible that an effect that was found in the invertebrate Drosophila 

does not carry over to a mammalian model.  
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Chapter Four: Determine Whether Reduced Munc 13-1 Alters Ethanol Tolerance 

 Diverse strains of mouse have been shown to exhibit different degrees of behavioral 

response following ethanol administration. These differences in response suggest an inherent, 

or genetic, variance in sensitivity to ethanol, which can also be described as an initial tolerance 

(H. Kalant, LeBlanc, & Gibbins, 1971). Genetic variance can lead to changes in the way an 

animal’s body absorbs, distributes, metabolizes, and excretes a drug, which naturally affects 

the amount of time and the degree to which ethanol comes in contact with its cellular targets. 

Performance on a test designed to examine the intoxicating effects of alcohol over time will be 

dependent upon not only the animal’s inherent sensitivity to the drug, but also the rapid 

development of tolerance that occurs after exposure. Acute functional tolerance is described as 

the phenomenon of quick (within-session) adaptation to ethanol intoxication following a single 

dose (Tabakoff & Ritzmann, 1979). Essentially, the central nervous system shows decreased 

responsiveness to the effects of ethanol over time, following one dose of alcohol. Evidence for 

this phenomenon can be found in the fact that, after injection of ethanol, rodents will show 

greater behavioral impairment if tested during the rising part of the blood ethanol content 

(BEC) curve rather than at a similar concentration during the descending part of the curve (H. 

Kalant et al., 1971). Acute functional tolerance is also influenced by genetics, and can vary 

across strains of mouse (E J Gallaher, Jones, Belknap, & Crabbe, 1996).  

 Post-synaptically, ethanol modulates the functionality of a variety of neurotransmitter 

receptors, including those for serotonin, GABA, and glutamate (Diamond & Gordon, 1997). 

The interaction between ethanol and glutamate has been widely studied, and reveals that acute 

administration leads to NMDA receptor (NMDAR) antagonism, preventing activity at the 

ionotropic channels (Dodd et al., 2000; Ron & Wang, 2009) and reducing the excitatory post-

synaptic effects of the neurotransmitter (Nie et al., 1993; Tsai & Coyle, 1998). This 
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antagonism is thought to be responsible for the physiological responses associated with 

intoxication (Lovinger et al., 1989); reviewed by Woodward (2000). 

 Insufficient or incomplete glutamate transmission can also lead to marked 

physiological effects. Blockade of the NMDA receptor-channel complex by any currently-

identified (at the time of publication) competitive, non-competitive, or glycine site antagonists 

results in disturbances to motor coordination (Carter, 1995). Many specific studies have 

elucidated this point further.  For example, transgenic mice deficient in the glutamate receptor 

channel 𝛿𝛿2 subunit showed a decrease in motor coordination ability, as shown by ataxia during 

locomotion and an increase in the number of foot slips in a runway task (Kashiwabuchi et al., 

1995).  

Mice that are heterozygous for munc 13-1 are possibly experiencing reduced 

glutamatergic neurotransmission (Iris Augustin et al., 1999b; Varoqueaux et al., 2002). In 

wildtype mice, ethanol has the effect of reducing glutamate transmission and antagonizing its 

receptors. Additionally, ethanol is known to bind to munc 13-1, reducing its functionality. 

Taken together, we would expect heterozygous mice exposed to ethanol to show very low 

amounts of glutamate transmission. However, these mice must show some form of adaptation 

in the face of this loss of glutamate function, given that they largely appear and behave like 

“normal” mice. We know that heterozygous mice perform normally in the open field test (see 

Chapter 2) and voluntarily consume the same amount of ethanol as wildtypes do (see Chapter 

3). This adaptation could be in the form of homeostatic upregulation of receptors, which we 

know occurs after prolonged NMDA receptor antagonism. It could also be in the form of an 

increase in another munc isoform (-2) or pre-synaptic protein channels, which might be able to 

compensate for a loss of munc 13-1.  In this sense, heterozygotes may be mechanistically 

resistant to the effects of acute alcohol administration, when compared to wildtypes. All 
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animals in this experiment will be ethanol-naïve prior to injection, but the heterozygotes 

should not behave as intoxicated after injection, due to having very little functional difference 

on the glutamate system as a result of ethanol exposure. Essentially, we predict that munc 13-1 

regulates the initial sensitivity to the intoxicating effects of alcohol and could be a genetic 

factor that contributes to a low level of response and susceptibility for alcohol use disorders. In 

a previous study, reducing unc 13 in Drosophila melanogaster led to a decrease in sensitivity 

to the sedating effects of ethanol. We wanted to investigate whether an effect found in flies 

would carry over to a mammalian model (Xu et al., 2018).  

The accelerating rotarod (ARR) test is commonly used to assess motor coordination 

and balance in rodents (Deacon, 2013; Rustay, Wahlsten, & Crabbe, 2003b). Mice must keep 

their balance while walking on a rotating dowel that is accelerating at a constant rate, or else 

they fall off of the rod. Performance is measured as the time (latency) in seconds it takes for 

the mouse to fall. Poor rotarod performance is associated with impaired motor coordination 

and is considered to be not only a reliable marker of behavioral intoxication, but one of the 

first markers displayed by intoxicated animals (J. C. Crabbe, Metten, P., Cameron, A.J., and 

Wahlsten, D., 2005).  

In the present study, mice were injected intraperitoneally with a dose of either 0.5 or 

1.5 g/kg of ethanol. Many central nervous system depressants (including ethanol) show 

biphasic effects on tests of locomotion and motor coordination. Lower doses of the drug may 

produce stimulating effects, while higher doses lead to sedation and a decrement in 

performance (Rustay et al., 2003b). Therefore, we tested 2 doses of ethanol. Moreover, the 

ethanol was injected, to enable standardization of dose. Mice were tested for behavioral 

intoxication at 10, 30, and 60 minutes post-injection, using both the rotarod and a behavioral 

scale of intoxication. A difference in initial ethanol tolerance would present itself as one 
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genotype of mouse showing poorer performance on the rotarod task during the first trial after 

injection (at 10 minutes), as this injection is the very first exposure to ethanol. Genotypic 

changes in acute functional tolerance would be evident if one genotype of mouse showed 

better performance than the other on the third trial after injection (at 60 minutes), as the mice 

have had time to adapt to the ethanol effects, at both the behavioral and cellular level. 

We predicted that mice heterozygous for munc 13-1 would perform better (have longer 

latencies to fall) than wildtype mice on the accelerating rotarod at 10, 30, and 60 minutes. 

Additionally, we expected that heterozygotes would be scored as less intoxicated using the 

behavioral scale at all three time points. We also predicted a main effect of dose, such that 

mice that received the lower dose would show less intoxication than mice that received the 

higher dose.  

Method 

Pilot Testing 

 In order to determine the doses of ethanol and the rotarod acceleration rate that would 

be appropriate to use in the current study, we first performed pilot testing with a group of male 

mice (n = 13) that were separate from the mice used in the experiment. We injected mice with 

ethanol i.p. at doses of either 0.5, 1.0, 1.5, 2.25, or 3.0 g/kg and gave them one trial on the 

rotarod at 10 minutes post-injection. Mice injected with 2.25 and 3.0 g/kg were too intoxicated 

and/or ataxic to perform the test (they were unable to stand or walk on the rotating bar), so 

those doses were eliminated from testing. For the remaining three doses, mice were able to 

perform the task and walk on the bar. Therefore, we chose 0.5 and 1.5 g/kg to serve as our 

“low” and “high” doses, respectively.  

 In choosing an acceleration speed and rate, we aimed to select a setting that would 

allow mice to achieve high levels of performance while sober (ie. higher latency to fall off of 
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the bar), while not being so easy as to be insensitive to performance changes due to 

intoxication. We tried the following combinations: 5 rotations per minute (rpm)-30 rpm over 

180 seconds, 10 rpm-45 rpm over 300 seconds, and 10 rpm-45 rpm over 180 seconds. After 

trying these combinations of trial lengths and speeds, we decided to set the bar to accelerate 

from 10 rpm to 45 rpm over the course of 180 seconds. This setting was easy enough to allow 

sober mice to stay on the bar for nearly the entire trial with practice, while still being difficult 

enough to provide a challenge to motor coordination (as evidenced by the fact that mice were 

not ever able to achieve perfect performance).  

Animals 

All experimental procedures were conducted in accordance with the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health. The University of 

Houston Institutional Animal Care and Use Committee approved the relevant animal protocol 

(#16-018). Forty-six male mice (munc 13-1 heterozygotes and wildtypes crossed with a 

C57BL/6J background) were bred in-house and acclimated to a reverse light/dark cycle (lights 

off at 9:00/on at 21:00). Mice were weaned at 21 days of age, and group housed with 2-5 mice 

per cage. Mice had ad libitum access to mouse chow and water, and began testing between 

eight and twelve weeks of age. Mice were randomly assigned to the “low dose” or the “high 

dose” group, and tested blind with respect to genotype. Therefore, the between-subjects 

variables were Genotype (Heterozygote or Wildtype) and Dose (0.5 or 1.5 g/kg). The within-

subjects variable was Trial, as mice were given 12 trials on the rotarod over 4 consecutive 

days. 

Injection of Ethanol  

 Methods are adapted from Linsenbardt et al. (2009). 190 proof ethanol was diluted in 

0.9% saline to form a 20% ethanol solution. This ethanol solution was then pushed through a 
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sterile syringe filter (0.2 µm pore size), and then administered by intraperitoneal (i.p.) injection 

in a volume of 0.2 ml per 10 g of body weight at a dose of either 0.5 or 1.5 g/kg. 

Accelerating rotarod 

Methods are adapted from (Deacon, 2013). A commercially available rotarod from 

Ugo Basile (Varese, Italy) was used (model #47650). This rotarod contains a rotating bar 3 cm 

in diameter, which is machined with grooves on it to provide grip. Six dividers make for five 

lanes (each lane being 5.7 cm wide), enabling five mice to walk on the rotarod simultaneously. 

The distance to fall from the rod is 16 cm. The starting speed was set to 10 rotations per 

minute (rpm), and the rod accelerated to a maximum of 45 rpm over the course of 180 

seconds.  While on the rod, beneath each mouse was a stainless steel trip-box, which served to 

contain mouse waste during the test, as well as to automatically record the latency to fall for 

each mouse. When a mouse falls off the rod, the number of seconds that passed since the 

beginning of the trial is recorded by magnetic touch of the trip-box to the base of the rotarod 

machine. If the mouse fell off before 5 seconds had passed, this was considered to be due to 

erroneous placement by the researcher, and the trial was not recorded.  

Mice underwent twelve trials in total, over the course of four consecutive days (three 

trials per day). The first two days simply served as practice days to help the mice become 

acclimated to using the machine. On the third day, mice received an injection of isotonic 

saline, and then latency to fall from the rotarod was recorded at ten, thirty, and sixty minutes 

post-injection. Saline injection could be thought of as a 0.0 g/kg “dose” of ethanol, and 

performance on this day could be considered a baseline for which to compare to performance 

after ethanol administration. On the fourth and final day of testing, mice were injected with 

either a low (0.5 g/kg) or high (1.5 g/kg) dose of ethanol. At ten, thirty, and sixty minutes post-

injection, mice were rated on the Majchrowicz 6-point behavioral intoxication scale 
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(Majchrowicz, 1975), as shown in Table 4.1, and also given a trial on the rotarod.  

To determine whether there were differences in initial ethanol sensitivity based on 

genotype or dose, we first calculated a difference score. This difference score compares 

performance on Saline Day Trial 3 (where mice showed the highest mean latency to fall off of 

the rotarod) to Ethanol Day Trial 1 (which serves as a test for initial sensitivity to a dose of 

ethanol). To calculate this, we subtracted each mouse’s Saline Trial 3 latency from its Ethanol 

Trial 1 latency. 

 
Table 4.1 
Behavioral Intoxication Scale 
 

Description of Behavior   Score 
Normal mouse   0 

Hypoactive    1 

Ataxia   2 

Ataxia + dragging abdomen and/or delayed righting reflex   3 

Absent righting reflex 
 
Absent eye blink reflex 

  4 

5 

Modified from Majchrowicz (1975).    

 

BEC Analysis 

  At sixty minutes post-injection, blood was collected from the saphenous vein for 

determination of blood ethanol content (BEC). Sixty minutes was chosen as the time point 

because this is when mice show peak BEC levels after i.p. injection of ethanol (Livy, Parnell, 

& West, 2003). Additionally, it was unknown if needle puncture to the saphenous vein in the 

leg would hinder the mice’s ability to perform on the rotarod, so we chose not to collect blood 

prior to completion of all three trials of the test. Blood was collected in heparinized glass 

capillary tubes, and then centrifuged at 10,000 rpm for 5 minutes in 1.5 mL micro-centrifuge 
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tubes. The blood plasma that collected on the top of the sample was withdrawn and stored at 

−20°C for later analysis. Samples were then processed using an Analox AM-1 model alcohol 

analyzer (Analox Instruments, Lunenburg, MA) and BEC was recorded as mg/dL. 

Statistical Analyses 

Mixed model ANOVAs were used to analyze rotarod performance for interactive 

effects of Trial x Genotype x Dose, as well as Trial x Genotype and Trial x Dose. Two way 

ANOVAs were conducted to determine the effect of Genotype x Dose on both Difference 

Scores and BEC. The Majchrowicz assessment of behavioral intoxication was measured on a 

scale from 0-5; given the ordinal nature of the data, the median was chosen as the measure of 

central tendency (Manikandan, 2011), and independent samples Mann-Whitney U tests were 

used to compare the medians. Paired-samples T tests were used when comparing Trial 1 to 

Trial 3 in order to determine changes to performance over time. All statistics were run using 

the statistical software SPSS. For all statistical analyses, a p value of less than 0.05 was 

deemed significant. 
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Results 

Rotarod 

Practice Days 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Rotarod latency across the two practice days. Values are presented as mean ± standard error. Mice 

significantly improved performance across trials on both days (p < .001). 

  

To compare rotarod performance across the two practice days, we used a mixed model 

ANOVA. The Trial x Genotype interaction was not significant, F(3.288, 193.972) = .221, p = 

.897, and neither was the main effect of Genotype. However, Trial was a significant factor in 

rotarod latency, F(3.288, 193.972) = 36.682, p < .001. Mauchly’s test indicated that the 

assumption of sphericity had been violated, χ2(14) = 99.244, p < .001, therefore degrees of 

freedom were corrected using Greenhouse-Geisser estimates of sphericity (ε = .658). 

 Within each practice day, we compared the first and third trials to look for performance 

improvement over time. Paired-samples T tests indicated that for both days, mice showed 

improvement in performance over trials. For Practice Day 1, latency on Trial 3 was 
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significantly higher than latency on Trial 1, t(42) = -7.13, p < .001. The same goes for Practice 

Day 2, t(42) = -4.483, p < .001. 

 

Rotarod Performance Following Injection 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Rotarod latency following the three “doses” of ethanol. Values are presented as mean ± standard error.  

  

When looking at all three “doses” of ethanol, the interaction of Dose x Genotype x 

Trial was not significant, according to a mixed model ANOVA, F(3.754, 228.964) = 1.499, p 

= .206. However, the Trial x Dose interaction (F3.754, 228.964 = 24.182, p < .001), Trial alone 

(F1.877, 228.964 = 39.120, p < .001), and Dose alone (F2, 122 = 35.124, p < .001) were significant. 
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Figure 4.3. Rotarod latency across trials after saline injection (a 0.0 g/kg “dose” of ethanol). Values are presented as 

mean ± standard error. Mice significantly improved performance from Trial 1 at 10 mins to the Trial 3 at 60 mins 

(p = .018). 

 

Much like in the case of the practice days, we see additional improvement over time 

within the saline injection day. First, we ran a mixed model ANOVA to look for a Genotype x 

Trial interaction, but it was not significant, F(1.570, 69.090) = .325, p = .671. Main effect of 

Genotype was also not significant, F(1, 44) = .716, p = .402. Main effect of Trial alone was 

significant, F(1.570, 69.090) = 3.971, p = .032. Mauchly’s test indicated that the assumption of 

sphericity had been violated, χ2(2) = 13.75, p = .001, therefore degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity (ε = .785). We then compared the 

first and third Trial to look for changes in performance over time. A paired-samples t test 

indicated that latency on Trial 3 (at 60 mins) was significantly higher than latency on Trial 1 
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(at 10 mins), t(45) = -2.45, p = .018.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Rotarod latency across trials after injection of a 0.5 g/kg Dose of ethanol. Values are presented as mean ± 

standard error. Latency was not significantly different between Trial 1 and Trial 3. 

 

For the group of mice that received the 0.5 g/kg ethanol dose, the interaction of Trial x 

Genotype on latency to fall from the rotarod was significant, according to a mixed model 

ANOVA, F(2, 38) = 4.059, p = .025. However, there was no significant effect of Trial alone, 

F(2, 38) = 1.988, p = .151, nor was there a significant effect of Genotype alone F(1, 19) = 

.039, p = .846.   Independent samples t tests indicated that there was no difference between 

genotypes on performance at Trial 1 (t17.057 = 1.398, p = .180), Trial 2 (t17.057 = 1.320, p = 

.204), or Trial 3 (t19 = -1.626, p = .120).  
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Figure 4.5. Rotarod latency across trials after injection of a 1.5 g/kg Dose of ethanol. Values are presented as mean ± 

standard error. Mice significantly improved performance from Trial 1 at 10 mins to Trial 3 at 60 mins (p < .001). 

 

For the group of mice that received the 1.5 g/kg ethanol dose, the interaction of Trial x 

Genotype on latency to fall from the rotarod was not significant, according to a mixed model 

ANOVA, F(2, 46) = .478, p = .623. There was no significant main effect of Genotype on 

rotarod latency, F(1, 23) = 1.430, p = .244. However, there was a significant main effect of 

Trial on rotarod latency, F(2, 46) = 47.976, p < .001. Therefore, we compared the first and 

third Trial to look for changes to performance over time. A paired-samples t test indicated that 

latency on Trial 3 (at 60 mins) was significantly higher than latency on Trial 1 (at 10 mins), 

t(24) = -9.94, p < .001.  

Difference Score for Initial Ethanol Sensitivity 
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Figure 4.6. Comparison of difference scores across Doses and Genotypes. The difference score represents changes to 

performance after first ethanol exposure. This score is calculated as latency at Trial 1 after ethanol injection minus 

latency at Trial 3 after saline injection (when mice showed the highest mean latencies). Values are presented as mean ± 

standard error. Mice that received the 1.5 g/kg Dose of ethanol showed poorer performance (ie. lower latencies) 

when compared to mice that received the 0.5 g/kg Dose (p < .001). 

 

  For these difference scores, we ran a two-way ANOVA for Genotype x Dose, which 

revealed that this interaction was not significant, F(1, 42) = .007, p = .936. The main effect of 

Genotype was also not significant, F(1, 42) = 1.992, p = .166. However, main effect of Dose 

was significant, F(1, 42) = 33.052, p < .001, with mice that received the 1.5 g/kg Dose 

performing worse on Ethanol Day Trial 1 than mice that received 0.5 g/kg. Levene’s test 

showed that the variances in latency between groups were not equal, so degrees of freedom 

have been adjusted using the Welch-Satterthwaite method.  
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Behavioral Intoxication Scale Scores 

Behavioral intoxication score (as measured by the Majchrowicz scale) was ordinally 

scaled; thus, independent samples Mann-Whitney U tests were used to compare the medians. 

There were no differences in Majchrowicz scores between Genotypes, at either 10 mins (U = 

246, p = .787), 30 minutes (U = 237, p = .581), or at 60 minutes (U = 249.5, p = .789). 

BEC Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Comparison of BEC across Doses and Genotypes. Values are presented as mean ± standard error. Mice 

that received the 1.5 g/kg Dose of ethanol showed higher BECs when compared to mice that received the 0.5 g/kg 

Dose (p < .001). 

 

To determine if there were differences in BEC, we ran a two-way ANOVA for 

Genotype x Dose, which revealed that this interaction was not significant, F(1, 33) = .159, p = 

.693. Main effect of Genotype was also not significant, F(1, 33) = .042, p = .839. However, 

main effect of Dose was significant, F(1, 33) = 213.676, p < .001, with mice that received the 
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1.5 g/kg dose showing a higher BEC than mice that received 0.5 g/kg. Levene’s test showed 

that the variances in latency between groups were not equal, so degrees of freedom have been 

adjusted using the Welch-Satterthwaite method.  

Discussion 

We initially predicted that, compared to wildtypes, heterozygotes would have better 

rotarod performance following ethanol injection because they have been adjusting to reduced 

glutamate function since birth. We used a test of motor coordination (the accelerating rotarod) 

to assess behavioral intoxication following i.p. injection of ethanol in both heterozygous and 

wildtype male C57BL mice. We initially predicted that here would be a main effect of 

Genotype such that mice heterozygous for munc 13-1 would show less behavioral intoxication 

(assessed via the Majchrowicz scale and the rotarod) after being injected with alcohol at 

concentrations of 0.5 or 1.5 g/kg. We also hypothesized that there would also be a main effect 

of Dose, such that mice that received the 0.5 g/kg dose would show less behavioral 

intoxication than mice that received the 1.5 g/kg dose.  

Our results show that rotarod performance improved over the two practice days. These 

days served an important role in training the mice to perform the task, because in order to 

determine if the mice were impaired by ethanol exposure, we needed to first establish that the 

mice could perform well on the task. Peak performance across trials emerged on the third day, 

following saline injection, and then dropped off sharply after ethanol injection for mice that 

received the 1.5 g/kg dose. Mice that received the 1.5 g/kg dose were significantly more 

impaired at Trial 1 of the Ethanol day when compared to mice that received 0.5 g/kg, as the 

difference scores between groups were significantly different. However, contrary to our 

hypothesis, we did not find evidence for genotypic differences to initial ethanol tolerance, as 

heterozygous mice did not perform differently from wildtypes on this first trial after ethanol 
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injection. 

We were also not able to support our hypothesis that there would be genotypic 

differences in acute functional tolerance (AFT), given that heterozygotes and wildtypes 

showed similar performance on Trial 3 after ethanol injection. Additionally, we did not detect 

genotypic differences in Majchrowicz scores or BEC following ethanol injection.  

Clearly, the dose of ethanol had an effect on rotarod performance, as evidenced by the 

difference scores (subtracting performance on Saline Trial 3 from Ethanol Trial 1). We chose 

to include two doses in order to account for possible biphasic effects of ethanol on the rotarod 

test. Although it appears that other mouse studies have been able to utilize higher ethanol 

doses (Yuri A. Blednov et al., 2017; Rustay, Wahlsten, & Crabbe, 2003a), pilot testing 

revealed that the mice used in this experiment could not consistently stay on the rotarod for >5 

seconds at doses above 1.5 g/kg.  

Overall, the results from this study do not support the idea that heterozygosity for munc 

13-1 results in changes to either initial ethanol tolerance, or to acute functional tolerance 

following a single injection of ethanol. It is possible that mutant mice exhibit neuroadaptation 

in the face of reduced glutamate function, such as upregulation of glutamate receptors, or of 

other pre-synaptic proteins (such as munc 13-2 or potassium/calcium channels) that can step in 

and compensate for the absence of 13-1. Regardless of how homeostasis was achieved, 

reduction of munc 13-1 did not result in any motor impairment, either before or after ethanol 

exposure.  
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Chapter 5: Determine Whether Reduced Munc 13-1 Alters Hippocampal Neurogenesis 

Although ethanol exerts its effects on many areas of the brain, it does seem to differentially 

affect some areas more than others, with the hippocampus being one of them (Mechtcheriakov et 

al., 2007). Hippocampal neurogenesis refers to the birth and survival of new neurons in the 

dentate gyrus (DG). As described in Chapter 1, neural stem cells are located in the subgranular 

zone of the DG,  and their progeny emanate outward through the granule layer as they mature 

and incorporate into the hippocampal structure (G. L. Ming & H. Song, 2011). There are many 

external factors that can regulate this neural plasticity. Exercise has been shown to increase 

neurogenesis by increasing the number of surviving progenitor cells (Leasure & Jones, 2008; 

Van Praag, Christie, Sejnowski, & Gage, 1999). Environmental enrichment (Kempermann, 

Kuhn, & Gage, 1997) and hippocampal-based learning (Elizabeth Gould, Anna Beylin, Patima 

Tanapat, Alison Reeves, & Tracey J. Shors, 1999) have been shown to have similar pro-

neurogenic effects.  

At the cellular level, there are also many events that can regulate neurogenesis, such as 

glutamate receptor antagonism. For example, NMDA receptors have a pronounced role in 

regulating the birth and survival of newly formed neurons. NMDA receptor antagonism leads 

to an increase in neurogenesis and cell proliferation in the dentate gyrus of the hippocampus 

(Cameron et al., 1995). Conversely, NMDA receptor activation prevents the proliferation of 

neural stem cells (Cameron et al., 1995). Administration of the AMPA receptor potentiator 

(LY451646), which enhances activity of the AMPA receptor, increased progenitor cell 

proliferation in a dose-dependent manner (Bai, Bergeron, & Nelson, 2003). Taken together, 

these studies highlight the idea that a decrease in glutamate receptor activity, regardless of 

which receptor type is affected, regulates hippocampal neurogenesis. Given that munc 13-1 

heterozygotes may be experiencing decreased glutamate transmission it stands to reason that 
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all glutamate receptors would be antagonized equally, and we should expect to see an increase 

in the level of newly formed cells in the DG. Additionally, ethanol exposure decreases 

glutamate transmission and antagonizes NMDA receptors (Dodd et al., 2000). 

On the other hand, many studies that examined the effects of ethanol exposure have 

found that it decreases the level of hippocampal neurogenesis (F. T. Crews, Mdzinarishvili, 

Kim, He, & Nixon, 2006; Kimberly Nixon & Crews, 2002; K. Nixon, Kim, Potts, He, & 

Crews, 2008). However, the aforementioned studies utilized paradigms that force the animals 

to consume ethanol via intragastric gavage, and often at large, near-lethal doses (J. C. Crabbe, 

Harris, & Koob, 2011). Models that utilize lower doses of ethanol or voluntary consumption 

paradigms may not show similar results. In the current study, even though the drinking in the 

dark (DID) paradigm encourages binge-like drinking patterns, mice were still able to regulate 

their own ethanol consumption within the exposure periods. Furthermore, studies that used a 

voluntary consumption paradigm but found decreases to neural cell proliferation or survival 

claim that there was a moderate intake of ethanol. However, the daily consumption could be as 

high as 14 g/kg (Campbell et al., 2014) to 26 g/kg (Fulton T Crews, Nixon, & Wilkie, 2004). 

In the current study, C57BL mice approached but never surpassed an intake of 5 g/kg per day 

(see Chapter 3). These basic differences between the methods of administration and the levels 

of ethanol consumed could account for the disparity in research findings regarding whether 

ethanol exposure increases or decreases hippocampal neurogenesis. Given that the mice used 

in the current experiment were exposed to ethanol at doses of ≤ 5 g/kg per day via a voluntary 

consumption paradigm, we expected to see results more in line with Åberg et al. (2005), who 

used a free-choice model of consumption and showed intake at ~6 g/kg per day. This study 

found that moderate ethanol consumption increased the number of proliferating cells in the 

DG, and that these cells survived and developed a neural phenotype. This study also showed 
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that cell proliferation rates returned to normal after 3 days of ethanol abstinence, suggesting 

ethanol was the cause of this increase in neurogenesis. 

Doublecortin (DCX) is known for its role as a transient marker of proliferating cells 

and newly-generated neurons, especially in the hippocampus of the adult mammalian brain 

(Brown et al., 2003). For the current study, mice from the drinking in the dark (DID) study 

(Chapter 3) were included because although it is a binge-drinking paradigm, in that there are 

discrete bouts of drinking a high concentration of ethanol, we did carry this experiment out to 

six weeks in duration. After six weeks of binge ethanol exposure (for 4 days per week), we 

would expect to see cellular changes associated with long-term binge-like ethanol use. 

Additionally, we expected mice to show greater consumption of ethanol in the DID paradigm 

(compared to 2BC), given that the consumption of large amounts of a high ethanol 

concentration is encouraged using this method. We wanted to ensure that the brains we used 

for the current experiment were exposed to at least a moderate amount of ethanol over time.   

We hypothesized that there would be a main effect of genotype such that munc 13-1 

heterozygotes would have more DCX+ cells in the dentate gyrus, regardless of alcohol 

exposure. We also predicted there would be a main effect of alcohol exposure, with mice 

exposed to alcohol showing greater expression of DCX than those that were not.  

Method 
Animals 

C57BL adult mice (N = 56) of both sexes and genotypes were included in the current 

study. For ethanol-exposed mice, the brains were taken from the animals who underwent 6 

weeks of the drinking in the dark (DID) binge consumption paradigm (see Chapter 3). Control 

mice were age-matched, but ethanol-naïve. With the independent variables of Sex (male or 

female), Genotype (heterozygote or wildtype), and Group (ethanol-exposed or control), this 
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gave us 8 groups of animals. There was an n = 7 for each of these groups. 

All experimental procedures were conducted in accordance with the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health. The University of 

Houston Institutional Animal Care and Use Committee approved the relevant animal protocol 

(#16-018).  

Tissue Processing 
 

First, animals were overdosed with anesthetic cocktail until they were rendered 

unresponsive to tail pinch and foot pinch. Then, mice were intracardially perfused with .09% 

saline followed by 4% paraformaldehyde until the upper body was stiff. Brains were 

removed from the skull, post-fixed in 4% paraformaldehyde overnight, and stored in 30% 

sucrose in phosphate buffer. They were then cut into 50 µm coronal sections using a freezing 

sliding microtome (Leica, IL, USA). Tissue slices were placed in cryoprotectant solution and 

stored at -20º C in 96-well microtiter plates. Tissue sections containing the dentate gyrus 

(DG) of the hippocampal formation were collected in a 1:4 series. The free-floating tissue 

sections were washed in Tris-buffered saline (TBS) three times at 10 minutes each. The 

sections were then quenched in 3% H2O2 in TBS to block endogenous peroxidase activity, 

followed by an additional three 10 minute washes in TBS. Then the tissue sections were 

placed in a blocking solution (TBS containing donkey serum and Triton-X) for 1 hour, to 

reduce non-specific binding. Following blocking, the sections were then incubated in TBS 

containing a primary antibody against doublecortin (goat anti-DCX: Santa Cruz 

Biotechnology, CA, USA, 1:100) for 72 hours in a cold room. The sections were then 

washed twice for 15 minutes each, and then blocked in TBS containing donkey serum and 

Triton-X again for 15 minutes, after which they were incubated with secondary antibody 

(biotinylated donkey anti-goat, Jackson ImmunoResearch, PA, USA, 1:250) overnight at 
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room temperature. The tissue was then rinsed three times for 10 minutes in TBS, incubated 

in an ABC solution (Vector Labs, CA, USA) for 1 hour, and rinsed an additional three more 

times. DCX+ cells were visualized using diaminobenzidine (DAB), and the tissue went 

through a final four rinses in TBS. Tissue sections were then mounted on gelatin coated 

slides and coverslipped using Permount (Fisher Scientific) as the mounting medium. 

Stereology 
 

The populations of DCX+ cells in the DG were estimated using the optical 

fractionator method applied via an automated stereology system (Stereo Investigator, 

MicroBrightField, VT, USA). All slides were coded to ensure the researcher was blind to 

condition. Using a Nikon Eclipse 80i upright microscope, the region of interest was traced 

using the 10x objective, and cells were counted within two-dimensional counting frames 

using the 40x objective. The average mounted section thickness was approximately 37 µm. 

Thus, top and bottom guard zones were set at 5 µm each, for an optical dissector height of 27 

µm. DCX+ cells were counted in every 3rd section in a single hemisphere beginning at 

Bregma -0.96 and ending at Bregma -3.58, using a counting frame size of 80 x 80 µm and a 

grid size of 200 x 200 µm. 

Statistical Analyses 
 

Factorial 2 x 2 x 2 ANOVA (Genotype x Sex x Group) was used to analyze 

population counts for DCX+ cells. Group (EtOH or Control) indicates whether the animal had 

exposure to ethanol via the drinking in the dark (DID) paradigm or not. Bivariate Pearson 

correlations were used to assess the relationships between amount of ethanol consumed in the 

DID procedure and the number of DCX+ cells in the DG. All statistics were run using SPSS. 

For all statistical analyses, a p value of less than 0.05 was deemed significant.  
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Results 
 

Population of DCX+ Cells in the Dentate Gyrus 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

 

Figure 5.1. Population estimates of DCX+ cells in the dentate gyrus of the hippocampus, across Genotype, Sex, and 

Group. There was a significant main effect of Group (p < .001) and Sex (p < .001), with animals who were ethanol-

exposed and females showing higher population estimates. 

 

According to a three-way ANOVA, the interaction of Genotype x Sex x Group was not 

significant, F(1, 48) = .550, p = .462. Genotype x Group was also not significant (F1, 48 = .198, 

p = .658), and neither was Sex x Group (F1, 48 = 3.860, p = .055) or Genotype x Sex (F1, 48 = 

.002, p = .967). There was also no significant main effect of Genotype (F1, 48 = 3.664, p = 

.062). However, main effects of Sex (F1, 48 = 15.024, p < .001) and Group (F1, 48 = 31.951, p < 

.001) were significant, such that females and animals who were exposed to ethanol had higher 

DCX+ population estimates.  
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Figure 5.2. DCX in the dentate gyrus across Sex, Genotype, and Group (control or ethanol-treated). Females and mice 

who were ethanol exposed showed higher DCX+ cell population estimates. 

 

Correlation Between Ethanol Consumption and DCX+ Population 
 
 The correlation between the cumulative amount of ethanol consumed in the DID 

paradigm and the number of DCX+ cells in the DG was not significant (r = .205, n = 28, p = 

.296. This did not change when we looked at the genotypes separately. For heterozygotes, the 

correlation was not significant (r = .220, n = 14, p = .449), and it was not significant for 

wildtypes either (r = .260, n = 14, p = .369). 

 Because C57BL mice drank less ethanol at later weeks compared to earlier weeks 

during the DID test (see Chapter 3), we also assessed for a correlation between the amount of 
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ethanol consumed during Week 6 and the number of DCX+ cells. This did not reveal any 

significant correlation either, (r = .155, n = 28, p = .431). These relationships were also not 

significant when looking at only heterozygotes (r = .080, n = 14, p = .787), or wildtypes (r = 

.189, n = 14, p = .517). 

Discussion 

In the current study, we hypothesized that mice exposed to ethanol would show higher 

rates of hippocampal neurogenesis than control mice. This hypothesis was supported by our 

data, with a significant overall effect of group (ethanol vs. control). This finding is in line with 

the results of the Åberg et al. (2005) study, which also utilized a voluntary consumption model 

and showed similar consumption to the mice from our drinking in the dark (DID) experiment. 

One possible explanation for this effect is that mice were experiencing a loss of granule cell 

neurons in response to ethanol consumption, and the increase in neurogenesis is compensatory. 

Our lab has previously shown that binge ethanol exposure damages the hippocampus and leads 

to a decrease in DG volume as well as granule neuron number (Maynard & Leasure, 2013). 

We were also able to show that female mice displayed higher levels of DCX expression when 

compared to males. This is in line with other findings showing higher levels of DCX in 

ethanol-exposed female rats when compared to males (Brummelte & Galea, 2010). 

Contrary to our hypothesis, munc 13-1 heterozygotes did not express a significantly 

different level of DCX+ cells in the DG when compared to wildtypes. Although these mice 

should be experiencing antagonism of all glutamatergic receptors, which would (in theory) 

increase neurogenesis, it is possible that compensatory mechanisms have prevented this from 

occurring. If mice have upregulated the amount of glutamate receptors available, which is 

known to occur after chronic NDMA receptor antagonism (Follesa & Ticku, 1996), additional 

receptors may be able to step in and compensate for loss of neurotransmission.  
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There was no significant correlation between levels of DCX+ cells in the DG and the 

cumulative ethanol consumed over the course of 6 weeks of DID. Consumption in the DID 

paradigm declined over the weeks, and mice showed the lowest levels of consumption at Week 

6, which is the time period closest to when animals were euthanized and the brains extracted 

for examination. Animals were consuming more ethanol during earlier weeks and less during 

later weeks, so we also looked for a relationship between ethanol consumption during Week 6 

and DCX levels, but there was no significant correlation. These data suggest that ethanol did 

not affect hippocampal neurogenesis in a dose-dependent manner.  

Taken together, our results do not support the idea that munc 13-1 heterozygosity 

regulates adult hippocampal neurogenesis in mice. However, sex and ethanol exposure both 

exert effects on the number of proliferating cells found in the mouse hippocampus. 
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Chapter 6: Overall Conclusions 

Alcohol use disorder runs in families, and genetics certainly influence one’s likelihood 

of developing an AUD. Due to the large influence of genetics on AUD susceptibility, it is 

important to identify which genes might be responsible for various ethanol-related behaviors. 

The purpose of the current set of studies was to examine unc 13-1 heterozygosity in a 

mammalian model, and especially in regard to certain ethanol-related behaviors. Specifically, 

this group of experiments assessed anxiety-related behavior, motor coordination, 

hippocampal/striatal-based memory systems, voluntary ethanol consumption, initial tolerance 

and acute functional tolerance to ethanol, and the number of newly-created neurons in the 

dentate gyrus of the hippocampus.  

Genetics plays a large role in the behavior of humans and animals. Because we are 

utilizing a transgenic mouse line (munc 13-1 knockdowns), it is important to characterize 

some of the ways in which these mutants might behave differently from wildtype mice of the 

same strain. The effect of sex on these behaviors was examined alongside genotype, since both 

male and female mice were included in a majority of the experiments. 

 

Aim 1: Assess affect and cognitive function in munc 13-1 heterozygotes. (Chapter 2) 

The hypothesis that munc 13-1 heterozygotes would perform differently than wildtype 

mice in measures of baseline anxiety was not supported in this study. Regardless of genotype, 

mice spent the same amount of time in the perimeter and interior of the arena and had similar 

distances travelled and velocities. These results suggest that reduced munc 13-1 did not have 

an effect on the open field measure of anxiety behavior. It is advantageous to establish this 

before interpreting the results of Aim 2, because higher levels of anxiety are associated with 

increased ethanol consumption and could account for some of the genotype-based difference 
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in drinking (had we found one). We also predicted that heterozygotes would show slower 

acquisition in the MWM. This was not supported by our data, with mutant mice taking the 

same amount of time to reach the platform when compared to wildtypes during 6 days of 

acquisition. Again, it is helpful to determine that there was not a detectable difference in 

learning based on genotype, as drinking ethanol is a learned behavior in rodents, and this could 

have affected our outcome measures when looking at how much the mice consumed. We did 

find that female mice were able to learn the location of the platform faster than male mice 

were, indicating that there is a sex-based difference in the strategy used to navigate the maze. 

Mice had access to both a hippocampal-based and a striatal-based strategy in order to learn the 

location of the hidden platform. Being male altered the ability of mice to adequately utilize 

either of these strategies within the first few days of acquisition, when compared to females. 

Backing up the idea that the sexes navigated the maze using different strategies, in the 

probe trial, both females and wildtype mice showed a tendency to spend time near the new cue 

location, as opposed to the old platform location. This indicates that these groups of mice were 

using a striatal-dependent stimulus-response strategy in order to find the hidden platform. 

Conversely, males and heterozygotes were more likely to swim near the old platform location, 

which is indicative of a hippocampal-based or spatial strategy.  

In the MWM study, heterozygosity is associated with bias toward a spatial strategy 

when navigating the maze.  Since there were two strategies available for the mice to use 

(spatial and cued), testing in this dual-solution water maze should be able to detect dysfunction 

in either the hippocampus or the striatum. Our heterozygous mice are likely experiencing 

disrupted glutamate transmission, and both the hippocampus and the dorsal striatum are 

sensitive to changes in glutamate release. As previously mentioned, glutamate receptors play 

an important role in hippocampal long-term potentiation, and especially spatial learning 
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(Richter-Levin, Errington, Maegawa, & Bliss, 1994). The striatum receives glutamatergic 

inputs from many brain regions, including the cortex, hippocampus, amygdala, and thalamus, 

and is heavily involved in stimulus-response learning (Yager, Garcia, Wunsch, & Ferguson, 

2015). Munc 13-1 heterozygosity may have differential effects on these two areas of the brain, 

with a greater reduction of glutamate transmission in the striatum than in the hippocampus, as 

this mutation biased mice toward a more hippocampal-based strategy. Further supporting this 

idea, previous research indicates that intrahippocampal injections of glutamate after training 

led to place learning, while intracaudate-putamen injections led to response learning in rats 

(Mark G. Packard, 1999).  

 

Aim 2: Determine whether munc 13-1 reduction increases voluntary ethanol consumption. 

(Chapter 3) 

The purpose of these experiments was to follow up on the previous work of Joydip Das 

et al. (2013), wherein dunc-13 deficient Drosophila melanogaster showed higher ethanol 

preference when compared to wildtype flies. In order to do this, we assessed whether increased 

ethanol consumption or preference is also present in a mammalian model of unc-13 

heterozygosity, using two different voluntary ethanol consumption paradigms. Drinking in the 

Dark (DID) encourages binge-like consumption, and 2-bottle choice (2BC) assesses for 

chronic ethanol intake and ethanol preference. For these experiments, we also included both a 

low-drinking (129S1/SvImJ) and a high-drinking (C57BL/6) strain of mouse, in case munc 13-

1 heterozygosity were to interact with innate ethanol preferences. We hypothesized that there 

would be a main effect of genotype such that munc 13-1 heterozygous mice would voluntarily 

consume more ethanol than wildtypes would, using both the DID and 2-bottle choice 

paradigms. We also estimated that there would be a main effect of strain, such that C57BL 
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mice would drink more ethanol solution than 129S1 mice would.  

Females drank more than males in both consumption paradigms. These results are 

supported by previous research indicating that female mice tend to show higher intake of 

alcoholic substances (Naomi Yoneyama et al., 2008). However, we were not able to support 

our hypothesis that there would be a genotype-based difference in ethanol consumption. 

Regardless of the paradigm used, mutants and wildtypes drank similar amounts of ethanol, 

suggesting that heterozygosity had no effect on the propensity to consume alcoholic 

substances.  

Supporting our hypothesis that there would be a main effect of strain, our C57BL mice 

drank significantly more ethanol than did 129S1 mice in the DID paradigm, replicating the 

differences in strain found by Rhodes et al. (2007) using this method. However, we found a 

different pattern of drinking when using the 2BC paradigm. In this experiment, 129S1 mice 

consumed more ethanol than our C57BL mice did. This could be due to the fact that 2BC 

offered a variety of ethanol concentrations to each mouse, while DID only ever offers a 20% 

solution. Additionally, DID and 2BC elicit different drinking patterns in rodents, and it could 

be that 129S1 mice are not inclined toward binge drinking in a limited-access model but will 

consume more when ethanol is offered around the clock. 

We were not able to replicate previous findings that C57BL mice will prefer ethanol 

over water in a two-bottle free-access paradigm (Bachmanov et al., 1996; He et al., 1997), for 

any concentration of ethanol used. C57BL consumption approached 5 g/kg per day, but mice 

still were either indifferent to ethanol, or showed preference for plain water instead. Both 

strains of mouse displayed a marked preference for saccharin solutions over water, and a 

definite preference for water over quinine solutions, which is in line with previous results from 

other labs (Lim et al., 2012).  
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Overall, the results of these studies do not indicate that heterozygous mice consume 

more ethanol. However, we were able to replicate the sex effect that previous researchers have 

found, and also that rodents prefer the taste of sweet (saccharin) solutions over bitter (quinine) 

ones. In response to a possible reduction in glutamate release, perhaps compensatory 

mechanisms have kicked in, and effectively rendered the heterozygotes normal in regard to 

ethanol consumption. Regardless, we were not able to elicit results similar to those found in 

the invertebrate Drosophila. 

 

Aim 3: Determine whether reduced munc 13-1 alters ethanol tolerance. (Chapter 4) 

In mice that have had reduced glutamate function since birth, neuroadaptation is 

necessary for normal functioning. The release of transmitter at excitatory synapses is reduced 

in neurons lacking munc 13-1 (Iris Augustin et al., 1999b), and yet our mice appear to walk, 

feed, groom, and generally behave like normal mice. Adaptation in response to low glutamate 

levels should theoretically share many of the same biological characteristics of adaptation to 

ethanol use, since ethanol decreases glutamate transmission and antagonizes glutamatergic 

receptor targets. Additionally, Drosophila that lack unc 13 show a resistance to sedation 

following ethanol exposure (Xu et al., 2018). With this in mind, we sought to test the idea that 

heterozygous mice would be resistant to the acute effects of ethanol, using a test of motor 

coordination (the accelerating rotarod). Specifically, we assessed whether there were changes 

to innate tolerance or acute functional tolerance in the munc 13-1 heterozygotes when 

compared to wildtype of the same strain. 

We predicted that there would be a main effect of dose, and that mice receiving the 0.5 

g/kg dose would show less behavioral intoxication than mice receiving the 1.5 g/kg dose. We 

were able to support this hypothesis, as mice who received the higher ethanol dose were 
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markedly more impaired after injection when compared to mice who received the lower dose.  

We trained the mice to use the rotarod while ethanol-naïve and found no differences 

between genotype in baseline measures of motor coordination. We hypothesized that there 

would be a main effect of genotype such that munc 13-1 knockout mice would show less 

behavioral intoxication (assessed via the Majchrowicz scale and latency to fall on the rotarod) 

after being injected with alcohol at concentrations of 0.5 or 1.5 g/kg. Contrary to our 

hypotheses, both genotypes performed similarly at both the 10 minute and the 60 minute time 

points post-injection, indicating similar patterns of initial tolerance and acute functional 

tolerance. There were also no significant differences between genotype for the behavioral 

intoxication scale or assessment of blood ethanol levels.  

Taken together, these results support the idea that adaptation to ethanol use is 

fundamentally different from adaptation to reduced glutamate transmission. Of course, ethanol 

exerts its effects on a number of neurotransmitter systems and a variety of brain regions, and 

tolerance would involve more than just changes to the glutamatergic system. Still, we aimed to 

assess for a glutamate-mediated reduction in intoxication behavior using this mouse model, but 

ultimately did not find it.  

 

Aim 4: Determine whether reduced munc 13-1 results in altered hippocampal neurogenesis 

(Chapter 5) 

Doublecortin (DCX) is a commonly-used marker of proliferating cells and newly-

generated neurons (Brown et al., 2003). Glutamate receptor antagonism has pro-neurogenic 

effects, while enhancing glutamate receptor function reduces the rate of neurogenesis (Bai et 

al., 2003; Cameron et al., 1995). Mice heterozygous for munc 13-1 are very likely 

experiencing a decrease in glutamate transmission, and therefore less NMDA stimulation. 
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With this in mind, we hypothesized that mutant mice would show higher rates of neurogenesis 

in the dentate gyrus (DG) of the hippocampus when compared to wildtypes. We were not able 

to support this hypothesis, as mutant and wildtype mice displayed similar numbers of DCX+ 

cells in the DG, regardless of exposure to ethanol or sex. However, we found evidence that 

female mice displayed higher levels of DCX expression when compared to males. This is in 

line with other findings showing higher levels of DCX in ethanol-exposed female rats when 

compared to males (Brummelte & Galea, 2010). 

There is a discrepancy in the literature regarding whether ethanol increases or 

decreases hippocampal neurogenesis. We ultimately based our hypothesis on a previous study 

that had the most similar consumption levels and administration methods to our DID 

experiment (Åberg et al., 2005), and proposed that ethanol exposure would increase the 

number of DCX+ cells available. Our data supported this hypothesis, and mice who were 

exposed to ethanol had significantly higher DCX+ population estimates than those who were 

ethanol-naïve. It is possible that mice were experiencing a loss of neurons in the granule cell 

layer of the hippocampus in response to ethanol, and the increase in neurogenesis is 

compensatory. Our lab has previously shown that binge ethanol consumption damages the 

hippocampus and leads to a decrease in granule neuron number (Maynard & Leasure, 2013). 

Perhaps the increase in DCX+ levels following ethanol exposure was a response to this neuron 

loss, and an attempt to increase the number of cells in the DG. 

 

Limitations 

 We were not able to replicate the findings of previous studies that show C57BL mice 

display a preference for ethanol in a 2 bottle choice paradigm. It is unknown why this is. We 

used the same water source for both dilution of ethanol and for the water bottles, so the 
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influence of water on taste should not have been a factor. The same ethanol source was used 

throughout the experiment and did not differ between voluntary consumption paradigms or 

cohorts of mice. Mice were all housed in the same room within the animal facility, and 

experienced day-to-day disturbances such as cage changes or food refills together. 

Additionally, in our tests of voluntary ethanol consumption, our C57BL mice 

consumed less ethanol and our 129S1 mice consumed more ethanol than has been shown 

before (Rhodes et al., 2007). One possible explanation for the relative increase in 129S1 

consumption is that these mice are a hybrid of 129S1 x C57BL. The original breeder studs that 

were gifted to us were of the C57BL background strain. In order to induce munc 13-1 

heterozygosity into 129S1 mice for the voluntary consumption experiments, we backcrossed 

our breeder studs with 129S1 dams, producing mice who are 50% of each background strain. 

To check for the desired phenotype (reduced ethanol consumption), we started the DID 

procedure with a group of these mice. In initial testing, we did see lower drinking in the 129S1 

hybrids than in our C57BL mice, and thus decided to continue breeding the mice this way. 

However, as our N grew, it became apparent that the 129s were drinking more than previous 

studies have demonstrated.  

 

Future Directions 

In Chapter 5, we found that mice who were exposed to ethanol had higher levels of 

DCX+ cells in the dentate gyrus, indicating a greater rate of neurogenesis. Ethanol antagonizes 

glutamate receptors, which in turn increases the rate of cell proliferation in the dentate gyrus. 

However, there may be another explanation for this effect. Our lab has previously shown that 

binge ethanol exposure causes enduring damage to the hippocampus and decreases the volume 

of the DG, as well as the number of cells in the granule cell layer in female rats (Maynard & 
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Leasure, 2013). Thus, ethanol-driven increase in newborn cells may be a compensatory 

mechanism. Future studies should examine whether long-term voluntary consumption 

paradigms lead to a decrease in granule neuron populations, and whether this decrease is 

correlated with an increase in neurogenesis. 

Munc 13-1 heterozygosity as it relates to striatal function also warrants further 

investigation. In Chapter 2, we demonstrated that heterozygotes showed more spatial bias 

when compared to wildtype mice when navigating the water maze. This genotype-based 

reliance on the hippocampus could be due to striatal dysfunction and should be examined 

further in this mouse model. This can be done by utilizing other tests that offer a choice 

between two strategies (spatial vs. cued) when learning the location of a salient object.  

If we suppose that the pool of readily releasable glutamate is reduced in heterozygous 

mice, it would be interesting to look for pre-synaptic upregulation of potassium/calcium 

channels that would change the pattern of action potential firing. For instance, the opening of 

BK (big potassium) channels allow a neuron to fire more often, by speeding up the process by 

which a cell becomes repolarized after an action potential (Giacomo, Chiara, H., Paola, & 

Enrico, 2004; Hermann, Sitdikova, & Weiger, 2015). This could be one method of 

compensation by which heterozygotes are able to maintain normal function. 

Another method by which heterozygotes may be compensating for a lack of munc 13-1 

is by upregulating munc 13-2. It is possible that the multiple isoforms of the munc protein (-1, 

-2, and -3) are somewhat redundant, and when one is depleted, another can step in and rescue 

function in a subpopulation of neurons. It has been established that munc 13-1 and 13-2 are co-

expressed in the rodent hippocampus, and the appearance of munc 13-3 is mostly concentrated 

in the caudal regions of the brain (Augustin, Betz, Herrmann, Jo, & Brose, 1999). For these 

reasons, it seems most likely that munc 13-2 would compensate when 13-1 is not available for 
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use. 

Final Comments 

 The research presented in this dissertation examined the behavior of munc 13-1 

heterozygotes. The role of this protein in mammalian behavior has not been well-

characterized, and we are among the first to show such results using this knockdown mouse 

model. The results show a clear effect of genotype on strategy used when navigating a dual-

solution water maze. However, we were not able to detect genotypic differences in any other 

experiment conducted. Overall, this suggests that munc 13-1 heterozygotes are more or less 

“normal” in regard to ethanol consumption, anxiety-related behavior, motor coordination, 

initial and acute functional tolerance to ethanol, and levels of neurogenesis in the 

hippocampus. 
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