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ABSTRACT 

Gioia, Dominic A. 

MUNC13 PROTEINS REGULATE STRAIN-DEPENDENT EFFECTS OF 

ETHANOL-MEDIATED INHIBITION OF SYNAPTIC VESICLE RECYCLING 

 

Dissertation under the direction of Brian A. McCool, Ph.D., Tenured Professor of 

Physiology and Pharmacology 

 

 Alcoholism is a chronically relapsing disorder characterized by an inability 

to remain abstinent from alcohol for prolonged periods of time.  One of the major 

factors contributing to relapse is the development of profound anxiety during 

abstinence.  Our lab has previously demonstrated that chronic exposure to 

alcohol and subsequent withdrawal leads to long-term adaptations in 

glutamatergic transmission within the basolateral amygdala (BLA).  We have also 

demonstrated that this hyperexcitable state contributes to the expression of 

withdrawal related anxiogenesis and can be ameliorated by glutamatergic 

antagonists.  However, it remains unclear how acute exposure to alcohol 

produces long-term changes in BLA glutamatergic transmission.  

 In these studies we have compared BLA physiology and plasticity in 

inbred strains with differential sensitivity to alcohol/anxiety interactions.  

Specifically, DBA/2J mice (D2) are sensitive to acute ethanol anxiolysis and 
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withdrawal related anxiogenesis, while C57BL/6J mice (B6) are insensitive to 

both.  Therefore, we hypothesized that strain-dependent differences in 

glutamatergic transmission could confer differential sensitivity to the acute effects 

of alcohol on glutamatergic synapses.  In order to test this hypothesis, we 

examined strain-dependent differences in glutamatergic function at baseline and 

in the presence of alcohol using patch-clamp electrophysiology.  We 

subsequently used western blotting and genetic databases to identify a potential 

target, Munc13 proteins.  Finally, we used genetic manipulations to confirm the 

role of Munc13 proteins in mediating acute effects of alcohol.   

 Initial studies found that glutamatergic transmission was more robust in D2 

relative to B6 synapses due to a higher ratio of Munc13-2:Munc13-1 isoform 

expression in the BLA of B6 mice.  We later found that these strains were 

differentially sensitive to a novel effect of ethanol on synaptic vesicle recycling 

and short-term plasticity, such that, D2 mice were sensitive to ethanol mediated 

inhibition of synaptic vesicle recycling, and post-tetanic potentiation, while B6 

mice were insensitive to both effects.  Finally, we used a short-hairpin RNA 

(shRNA) to knockdown the expression of Munc13-2 proteins in the insensitive B6 

strain, and successfully phenocopied the ethanol sensitivity of D2 synapses.  

Together, these finding suggest that acute ethanol exposure inhibits 

glutamatergic function through Munc13-1 proteins, potentially leading to rebound 

hyperexcitation during withdrawal.  
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CHAPTER I 

INTRODUCTION 

 

Alcohol Use Disorders 

Alcohol is the most commonly used substance in the United States with 

88% of people over the age of 18 reporting that they have previously consumed 

alcohol (SAMHSA, 2014).  A majority of people drink alcohol in moderation while 

approximately 7% consume alcohol excessively and meet the criteria for an 

alcohol use disorder (AUD) as described in the DSM-5 (SAMHSA, 2014).  

Although there appears to be some beneficial health effects associated with 

consuming moderate amounts of alcohol (Baum-Baicker, 1985, Rimm et al., 

1996), there are significant negative consequences associated with excessive 

intake.  For example, excessive alcohol consumption is responsible for an 

average of 88,000 deaths per year in the United States (Centers for Disease 

Control and Prevention).  Additionally, excessive alcohol consumption imposes a 

substantial economic burden, in the United States alone, approximately 249 

billion dollars were spent on alcohol related causes in 2010 (Sacks et al., 2015).  

This figure includes medical expenses, lost productivity at work, legal fees 

associated with alcohol related crimes and incarceration.  Furthermore, alcohol 

abuse imposes and unquantifiable burden on social and personal relationships.  

Despite the high prevalence of AUDs, and the many negative 

consequences of excessive alcohol use, less than 10% of adults with AUDs 
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receive treatment (SAMHSA, 2014).  This is problematic considering that relapse 

rates are significantly higher in people who do not seek treatment compared to 

those who do (Moos and Moos, 2006).  Furthermore, relapse rates are extremely 

high in people who do seek treatment with between 40-75% of people relapsing 

within the first year (Miller et al., 2001, Moos and Moos, 2006).  Clearly, further 

investigation into the mechanisms involved in relapse would be beneficial for the 

treatment of AUDs. 

One of the major barriers preventing successful treatment outcomes lies in 

the fact that AUDs are extremely heterogeneous in nature.  First of all, ethanol is 

a promiscuous molecule which produces effects through interactions with a wide 

variety of receptors, ion channels and lipid membranes.  Secondly, genetic 

diversity within the population leads to variations in the way that ethanol interacts 

with these various targets.  Accordingly, alcohol related pathology is different 

between individuals and will likely require individualized treatment in order to 

reduce relapse rates.  Recently, progress has been made towards understanding 

the role of genotype in mediating the efficacy of treatment for AUDs.  For 

example, the FDA approved medication Naltrexone has been shown to be more 

efficacious in people with a mutation in the OPRM1 gene, which encodes the mu 

opioid receptor (Oslin et la., 2003, Anton et al., 2008).  Additionally, efficacy of 

another FDA approved medication, Acamprosate, has been linked to a mutation 

in the GRIN2B gene which encodes the NR2 subunit of the NMDA receptor 

(Karpyak et al., 2014).  Furthermore, an anticonvulsant drug, Topiramate, which 

has been shown to reduce alcohol drinking in alcohol dependent patients 
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(Johnson and Ait-Daoud, 2010) is more efficacious in people with a mutation in 

the GRIK1 gene which encodes the kainate type 1 receptor (Kranzler et al., 

2014).  These studies suggest that the effective treatment of AUDs will require a 

better understanding of how genotype influences the pathology related to alcohol 

abuse.  

Although initial consumption of alcohol is largely driven by the positively 

reinforcing properties of intoxication, progressive adaptations within the limbic 

system during chronic abuse produce a shift in consumption towards the 

negatively reinforcing properties of alcohol (Koob and Le Moal, 2001, Wise and 

Koob, 2014).  During acute withdrawal from alcohol a large portion of people 

develop a negative affective state consisting of high levels of anxiety and 

depression (Hershon, 1973).  Indeed, people with AUDs are significantly more 

likely to have comorbid anxiety and depressive disorders than the general 

population (Schneider et al., 2001, Conway et al., 2006, Leckman et al., 1983, 

Boyd et al., 1984).  Furthermore, this negative affective state contributes greatly 

to the high relapse rate in alcoholic patients (Dawson et al., 2007, Simioni et al., 

2012).  Therefore, it is important to understand how alcohol interacts with 

emotional brain circuitry to produce these negative affective states and to 

determine how differences in genotype confer sensitivity or resiliency to the 

development of these comorbid disorders. 

In order to further understand how alcohol interacts with anxiety related 

brain regions we have conducted studies using two inbred mouse strains with 

known differences in the acute anxiolytic effects of alcohol and the development 
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of anxiety-like behavior following chronic alcohol exposure.  We have previously 

shown that the DBA/2J (D2) strain is sensitive to both the acute anxiolytic effects 

of alcohol intoxication and the development of withdrawal related anxiety, while 

the C57BL/6J (B6) strain is resistant to both of these effects (McCool and 

Chappell, 2015).  Therefore, we hypothesized that these strains would be 

differentially sensitive to the acute effects of alcohol in the basolateral amygdala 

(BLA), a brain region known to contribute to withdrawal related anxiety (Lack et 

al., 2007).  Our aim was to identify the cellular mechanism(s) that contributes to 

this differential sensitivity in order to identify a potential target for novel 

pharmacotherapies that may be effective in treating people who experience 

withdrawal related anxiety. 

 

Basolateral Amygdala 

The amygdala is a major limbic brain region in the temporal lobe that is 

composed of several (>10) interconnected sub nuclei that can be distinguished 

through physiological and morphological characteristics (Sah et al., 2003).  The 

basolateral amygdala (BLA) receives afferent inputs from all of the different 

sensory related brain nuclei as well as a number of executive brain regions 

(McDonald, 1998).  The BLA is primarily made up of two neuronal cell types: 

large glutamatergic pyramidal cells make up the majority of local neurons (~80-

90%) while smaller GABAergic interneurons are spread throughout the BLA and 

also form clusters around the periphery of the BLA (McDonald, 1982).  
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Network activity within the BLA is balanced between excitatory and 

inhibitory transmission allowing for bidirectional modulation of activity and 

emotional flexibility.  During certain pathological conditions, or in response to 

drugs of abuse, this balance is shifted to either net excitation or net inhibition. 

These shifts in excitatory/inhibitory function impair behavioral flexibility in 

response to changes in environmental stimuli.  The studies contained in this 

thesis examine excitatory signaling within the BLA so I will focus my introduction 

towards the role of glutamatergic signaling in the BLA. 

Glutamatergic transmission within the BLA occurs through activation of 

fast acting ionotropic receptors (AMPARs, NMDARs and kainate receptors) and 

more slowly acting metabotropic glutamate receptors (mGluRs).  Kainate 

receptors are primarily located in synapses from cortical projections that enter 

the BLA through the external capsule (Li and Rogawski, 1998) and therefore, do 

not contribute significantly to synaptic transmission from the medial inputs that 

are the focus of this thesis.  Conversely, AMPARs are responsible for the 

majority of postsynaptic glutamatergic transmission within medial inputs to the 

BLA (Li and Rogawski, 1998), and are useful for the studies in this thesis to 

measure the output of presynaptic terminals.  Additionally, NMDARs are located 

on both pre- and postsynaptic compartments and are important for producing 

long-lasting adaptations (plasticity) in glutamatergic signaling.  NMDARs 

contribute to calcium influx into presynaptic terminals during repetitive stimulation 

to facilitate synaptic vesicle release and the induction of long-term presynaptic 

plasticity (Fourcaudot et al., 2008).  Furthermore, mGluRs are located on both 
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pre- and postsynaptic compartments and can produce excitatory or inhibitory 

influences depending on which intracellular signaling cascade they activate.  The 

role of these different signaling cascades will be discussed later on in this thesis 

in regard to their modulation of ongoing activity and short-term plasticity. 

In this thesis I discuss some novel presynaptic effects of alcohol which 

can ultimately regulate the excitation of pyramidal cells within the BLA.  These 

pyramidal cells send vast projections throughout the brain as well as to other sub 

nuclei within the amygdala.  Through these projections, the BLA regulates 

emotional states associated with both negative and positive environmental 

stimuli.  I will briefly describe the role of the BLA in the expression of anxiety, and 

its role in learning the associations between environmental stimuli and aversive 

and rewarding outcomes.  Importantly, these behaviors may be modulated by the 

presynaptic effects of ethanol discussed in this thesis. 

Anxiety 

The circuitry involved in anxiety is relatively conserved across mammalian 

species (Janak and Tye, 2015) which provides validity for the use of animal 

models in studying the effects of alcohol in anxiety related brain regions.  In 

humans, and in mice, the BLA has been shown to be important for the 

expression of conditioned and unconditioned anxiety (Etkin and Wagner, 2007, 

Etkin et al., 2009, Felix-Ortiz et al., 2016).  Initial studies using crude lesions of 

the amygdala identified the crucial role of this brain region in the expression of 

fear and anxiety (Weiskrantz, 1956).  Further studies examined the effects of 
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microinjecting different drugs into the BLA on anxiety-like behaviors.  These 

studies generally found that drugs which increased excitation within the BLA 

produced anxiogenic effects (Aroniadou-Anderjaska et al., 2012, Sanders and 

Shekhar, 1995) while drugs that reduced excitation in the BLA produced 

anxiolytic effects (Molosh et al., 2013, Strauss et al., 2013).  Furthermore, studies 

using functional neuroimaging have found that BLA connectivity is altered in 

people with generalized anxiety disorder (Etkin et al., 2009).  Over the years, 

researchers have gained precise control over individual cell types within specific 

brain regions and have exquisitely mapped anxiety related circuitry in rodents 

(Tovote et al., 2015).  Initial studies found that direct optogenetic stimulation of 

BLA glutamatergic cell bodies produced anxiogenic effects in mice (Tye et al., 

2011) which is consistent with the afore mentioned microinjection studies.  

However, given the diverse projections of the BLA, and its role in both positive 

and negative associations, further experiments were required to understand 

which pathways were involved in these effects.  Recently, studies have found 

that optogenetic activation of excitatory projections from the BLA to the mPFC 

(Felix-Ortiz, et al., 2016) and the ventral hippocampus produced anxiogenic 

effects (Felix-Ortiz et al., 2013, Felix-Ortiz and Tye, 2014).  Conversely, 

optogenetic activation of BLA projections to the lateral subdivision of the central 

amygdala (CeL) produced feedforward inhibition onto neurons within the medial 

subdivision of the central amygdala (CeM) resulting in anxiolysis, while inhibition 

of this pathway produced anxiogenic effects (Tye et al., 2011).  This is not too 

surprising considering that the CeM exerts control over the autonomic aspects of 
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anxiety (increased heart rate and blood pressure) through projections to the 

parabrachial nucleus and dorsal vagal complex (Veening et al., 1984).  

Furthermore, activation of excitatory projections from BLA pyramidal cells to the 

anterodorsal BNST (adBNST) produced anxiolytic effects through downstream 

modulation of the lateral hypothalamus, parabrachial nucleus and ventral 

tegmental area (Kim et al., 2013).  Together these studies expose a more 

intricate bidirectional regulation of anxiety-like behaviors through glutamatergic 

projections of the BLA. Furthermore, these studies highlight the importance of 

examining individual circuits with more refined technology when considering the 

behavioral implications of neuronal manipulations. 

Fear Conditioning 

The BLA is also critically involved in the development of fear memories 

and the ability to extinguish these memories when they are no longer relevant.  

Accordingly, BLA pathology is associated with the development of post-traumatic 

stress disorder (PTSD), a disorder that is characterized in part by the inability to 

extinguish associations between stimuli that were previously associated with 

danger but are no longer predictive of immediate threats.  Although PTSD is a 

complex disease that involves an extensive network of brain regions, the two 

most commonly studied regions are the BLA and the mPFC.  

Ascending projections from the BLA to the prelimbic mPFC are critical for 

the learned association of environmental stimuli with aversive outcomes.  These 

ascending projections become strengthened during fear conditioning.  Research 
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has shown that BLA responsive prelimbic neurons exhibit enhanced burst firing 

in the presence of fear conditioned stimuli (Laviolette et al., 2005, Baeg et al., 

2001, Senn et al., 2014).  This plasticity promotes high-frequency oscillatory 

activity between the BLA and prelimbic mPFC, which has been shown to be 

positively correlated with the expression of fear related behaviors (Burgos-Robles 

et al., 2009, Karalis et al., 2016).  Importantly, inactivation of either the BLA or 

the prelimbic mPFC blocks the expression of learned fears (Anglada-Figueroa 

and Quirk, 2005, Sierra-Mercado et al., 2011).  

Conversely, descending projections from the infralimbic mPFC to the 

amygdala are important for the extinction of fear memories.  Previous studies 

have found that the extinction of fear responses is associated with increased 

infralimbic activity which leads to inhibition of BLA pyramidal cells (Milad and 

Quirk, 2002).  During extinction trials, projections from the infralimbic mPFC to 

the amygdala increase their firing rate between 4-12 Hz to signal safety in the 

environment (Likhtik et al., 2015).  Importantly, inactivation of the infralimbic 

mPFC or the BLA blocks the extinction of fear memories (Sierra-Mercado et al., 

2011), suggesting that plasticity within this circuit is integral for extinction 

learning.  In people with PTSD and animals with problems extinguishing fear 

responses, infralimbic activity remains low (Bremner et al., 1999, Milad and 

Quirk, 2002), thus allowing BLA pyramidal cells to continue firing at high rates.  

Therefore, it is important for cells within the infralimbic mPFC to be able to 

increase their firing frequency to successfully extinguish learned fears.  
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Importantly, PTSD is highly comorbid with AUDs (Jacobsen et al., 2001) 

suggesting that the circuitry involved with PTSD may also be disrupted by 

chronic alcohol abuse.  Accordingly, chronic alcohol exposure has been shown to 

impair the extinction of fear memories (Holmes et al., 2012).  Furthermore, 

withdrawal from alcohol enhances the acquisition of fear learning in D2 but not 

B6 mice (Tipps et al., 2015), which suggests that alcohol may produce unique 

adaptations in the BLA/mPFC circuitry in these strain.  Considering that the 

development of burst activity in the prelimbic mPFC is associated with the 

acquisition of fear memories (Laviolette et al., 2005), it is likely that mechanisms 

related to burst firing are facilitated by alcohol withdrawal in D2 but not B6 mice.  

The experiments in this thesis in fact identify the ethanol sensitive Munc13-1 

proteins as being important for regulating burst-like spontaneous activity in the 

BLA. Given that Munc13 isoforms are differentially expressed in D2 and B6 mice, 

this may provide a mechanism for strain-dependent differences in sensitivity to 

withdrawal related effects on fear learning. 

Reward Learning 

The BLA is also important for learning stimulus reward associations 

(Hamann et al., 1999, Davis and Whalen, 2001, Zald, 2003, Stuber et al., 2011) 

through circuitry involving the nucleus accumbens (Cador et al., 1989).  During 

presentation of reward associated cues, BLA pyramidal cells increase their firing 

rate which stimulates dopamine efflux into the nucleus accumbens (Jones et al., 

2010).  Interestingly, success in reward learning is proportional to the number of 

cells in the lateral amygdala that increased their firing frequency in response to 
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reward predictive cues (Tye et al., 2008).  Unlike fear conditioning, BLA lesioned 

animals do not have problems acquiring Pavlovian appetitive conditioning, but do 

have problems adjusting behavior in response to devalued rewards (Balleine et 

al., 2003).  

Furthermore, lesions of the amygdala impair the development of 

conditioned place preference (CPP) for alcohol (Gremel and Cunningham, 2008).  

Importantly, the development of CPP produces functional plasticity in the BLA 

that involves increased presynaptic release probability and an increase in BLA 

pyramidal cell firing frequency (Rademacher et al., 2010).  Interestingly, D2 mice 

develop CPP for alcohol following 8 days of conditioning while B6 mice do not 

(Cunningham et al., 1992).  This may suggest that repeated exposure to alcohol 

produces presynaptic plasticity uniquely in the BLA of D2 mice which then 

facilitates the learning of reward predicting contextual stimuli.  

 

Presynaptic Terminal Function 

Synaptic Vesicle Cycle  

All of the afore mentioned BLA-dependent behaviors, which are all highly 

comorbid with AUDs, require transitions between low and high frequency firing 

rates from neurons that are presynaptic to BLA pyramidal cells. Accordingly, 

these behaviors are largely influenced by the ability of neurons to release 

vesicles at varying rates.  The efficiency of the synaptic vesicle cycle plays a 

major role in the short-term plasticity that allows neurons to communicate at 
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different frequencies.  Therefore, disruption of this process could potentially 

contribute to many of the behaviors associated with the pathology of AUDs.  A 

pictorial representation of the synaptic vesicle cycle is presented in figure 1 at the 

end of the introduction.  

The synaptic vesicle cycle involves an intricate cascade of interactions 

that begins with the maturation and filling of synaptic vesicles with 

neurotransmitters.  Subsequently, synaptic vesicles become tethered to the 

plasma membrane, primed for release and then undergo a fusion reaction with 

the plasma membrane resulting in the controlled release of neurotransmitters.  

This cycle is able to repeat itself when new synaptic vesicles are formed from 

endocytic processes that bring vesicular membranes and proteins back into the 

presynaptic terminal.  Each step along this process is required for neurons to 

communicate efficiently, while subtle variations in these processes contribute to 

the widely heterogeneous presynaptic secretory phenotypes of different cell 

types in the CNS.  Recent technical advancements in total internal reflection 

fluorescence microscopy (TIRFM) and superresolution microscopy have allowed 

researchers to follow individual vesicles along the entirety of the vesicle cycle.  

Furthermore, mutagenesis studies have allowed exquisite evaluation of how 

different protein-protein interactions are involved at each stage.  The work 

presented in this thesis discusses presynaptic effects of ethanol in the context of 

disruption of synaptic recycling which potentially includes all phases of the 

synaptic vesicle cycle.  Although Munc13 proteins are predominantly thought of 

as vesicle priming proteins, they also have important roles in maintaining the 
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active zone for vesicle docking and facilitating the action of SNARE complexes 

during the vesicle fusion reaction.  Therefore, it is important to understand the 

mechanisms involved in each phase of the vesicle cycle. However, the average 

presynaptic terminal contains well over a hundred unique proteins (Wilhelm et al., 

2014) so I will focus my introduction around the proteins that directly interact with 

Munc13 proteins. 

Vesicle Docking 

Before a synaptic vesicle can be released it must first dock to the 

presynaptic active zone (PAZ).  The PAZ is a scaffolding complex that is 

important for the organization of presynaptic proteins into appropriate positions 

allowing for efficient stimulus secretion coupling.  Munc13-1 proteins are integral 

for the formation of the PAZ through a variety of interactions within its N-terminal 

region.  Munc13-1 acts as a hub in the PAZ by maintaining interactions with 

several multi-domain scaffolding proteins including RIM1, Bassoon, Aczonin, 

Piccolo and cast1/elks2 (Wang et al., 2009).  Synaptic vesicles are considered to 

be docked when they are positioned within 30nm of the plasma membrane at the 

PAZ as measured through electron microscopy (EM) or TIRFM (Verhage & 

Sorensen, 2008). 

An EM study found that knockout (KO) of Munc18-1 proteins prevented 

vesicle docking at the active zone, while viral rescue of Munc18-1 produced 

normal vesicle docking (Gulyas-Kovacs et al., 2007).  This study also found that 

Munc18-1 binding to syntaxin-1 was essential for vesicle docking, as rescue of 
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Munc18-1 KO cells with a syntaxin-1 binding deficient Munc18-1 variant only 

restored about 20% of vesicle docking.  Furthermore, EM studies using KO of 

syntaxin-1 found a 10-fold reduction in the number of docked vesicles (Toonen et 

al., 2006).  Although this appears to suggest that some vesicle docking can occur 

through Munc18-1 independently of syntaxin-1 interactions, studies using TIRFM 

have identified that this form of docking is transient (<1s) and does not lead to 

fusion capable vesicles (Toonen et al., 2006).  Therefore, vesicles can briefly 

interact with Munc18-1 in the absence of syntaxin-1; however, syntaxin-1 is 

required for complete capture of the vesicles.  The precise mechanism behind 

vesicle docking remains unclear, however, further studies have suggested that 

vesicle associated Rab3A proteins may provide the link between Munc18-

1/syntaxin-1 heterodimers embedded in the plasma membrane and the synaptic 

vesicle (Fischer von Mollard et al., 1990, van Weering et al., 2007). 

Vesicle Priming 

After vesicles are docked at the plasma membrane they must undergo a 

priming process that renders the synaptic vesicles fusion competent in response 

to intracellular calcium influx.  There are three different types of priming that can 

occur within presynaptic terminals which alters synaptic vesicle release 

probability. These different priming steps are referred to as molecular priming, 

positional priming and superpriming.  

Firstly, molecular priming is a prerequisite for fusion at glutamatergic 

terminals (Varoqueaux et al., 2002) and involves an interaction between the C-
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terminal Munc homology domain (MHD) of Munc13 proteins and Munc18-

1/syntaxin1 heterodimers.  Prior to vesicle priming, Munc18-1 proteins exert a 

powerful inhibitory control of syntaxin-1 through interactions with the N-peptide 

SNARE motif and Habc domains of syntaxin-1 (Dulubova et al., 2007). This 

inhibitory interaction clamps syntaxin-1 in a closed configuration which blocks the 

SNARE binding motif of syntaxin-1 (Ma et al., 2011) and promotes vesicle 

docking (Dawidowski & Cafiso, 2016).  During molecular priming, the MHD of 

Munc13 proteins interacts with these complexes to facilitate a conformational 

change in syntaxin-1 to its open configuration which exposes its SNARE binding 

motif, subsequently allowing for interactions with other SNARE complex proteins 

(Ma et al., 2011).  

Secondly, positional priming occurs selectively in vesicles primed by the 

Munc13-1 isoform or the ubMunc13-2 splice variant.  This positional priming 

occurs through interactions between the N-terminal C2A domain of Munc13-

1/ubMunc13-2 with RIM1 proteins (Andrews-Zwilling et al., 2006).  RIM1 proteins 

are tethered to voltage gated calcium channels (VGCCs) which ensures that 

vesicles that undergo positional priming are located in close proximity to the 

calcium sources required to release them (Kittel and Heckmann, 2016).  Vesicles 

primed through bMunc13-2 (the isoform manipulated in this thesis) or Munc13-

3/4 isoforms, lack this N-terminal C2A domain; and these proteins therefore 

target vesicles further away from VGCCs and thus have lower release probability 

(Andrews-Zwilling et al., 2006). 
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Lastly, superpriming increases the intrinsic calcium sensitivity of primed 

vesicles, presumably through DAG and calcium-dependent phospholipid binding 

to the C1 and C2B domains of Munc13 proteins respectively (Lee et al., 2013).  

These interactions increase the membrane association of Munc13 proteins and 

decrease the energy barrier for the initiation of vesicle fusion (Basu et al., 2007). 

These interactions are thought to produce tensile forces on the plasma 

membrane thus lowering the force required for membrane fusion (Shin et al., 

2010). Furthermore, this process facilitates the formation of SNARE complexes 

and increases the number of SNARE complexes formed between a single 

synaptic vesicle and the plasma membrane, thus facilitating fusion (Lee et al., 

2013). 

Vesicle Fusion 

Fusion of synaptic vesicles with the plasma membrane is a highly 

regulated process that fundamentally involves the formation of soluble NSF 

attachment protein receptors (SNARE complexes) between synaptic vesicles and 

the plasma membrane.  There are three SNARE proteins that make up the core 

machinery, two of the proteins (SNAP-25 and Syntaxin-1) are associated with the 

plasma membrane and are referred to as target SNARES, while one 

(Synaptobrevin) is associated with the vesicular membrane and is referred to as 

a vesicle-SNARE (Sollner et al., 1993).  Each SNARE protein contains a coiled 

coil domain (SNAP-25 contains two) of about 65 residues, with high sequence 

similarity. These SNARE domains interact with each other to form a stable four-

stranded SNARE complex (Weimbs et al., 1997).  Initially, these domains interact 
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at sites distal to the plasma membrane and then undergo a “zippering” action 

(Fiebig et al., 1999) that pulls the vesicle in close approximation (<4nm) with the 

plasma membrane (Rizo and Xu, 2015).  The zippering action of these domains 

releases energy that is required for the fusion reaction (Weber et al., 1998).  

Interestingly, titration studies using inhibitory peptides against SNARE complex 

proteins have found that the energy released from the formation of at least 3 

SNARE complexes are required for the fusion of each synaptic vesicle 

(Mohrmann et al., 2010), however, other studies have suggested that upwards of 

15 complexes per vesicle may be required (Montecucco et al., 2005).  Finally, 

upon the generation of an action potential, calcium enters the presynaptic 

terminal through VGCCs and binds to synaptotagmin proteins.  Upon calcium 

binding, synaptotagmin associates with the plasma membrane and exerts tensile 

forces that provide the final amount of energy required to overcome the 

electrostatic repulsion that prevents random vesicle fusion (Martens et al., 2007).  

After vesicle fusion, SNARE complexes are disassembled by NSF proteins and 

SNAPs (Mayer et al., 1996) in a process that replenishes the individual 

components of the SNARE complex within the presynaptic terminal. 

Endocytosis 

Endocytosis at the plasma membrane is essential for the replenishment of 

synaptic vesicles in the presynaptic terminal and for maintaining the morphology 

of the synaptic compartment (Royle and Lagnado, 2003).  There are two major 

forms of endocytosis that can operate under different conditions, but also in 

parallel with each other: clathrin mediated endocytosis, and bulk endocytosis.  
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Clathrin mediated endocytosis (CME) can be observed in studies using 

EM as a dark proteinaceous coating around the entirety of the endocytic vesicle.  

During CME, single synaptic vesicles are retrieved from the plasma membrane 

after vesicle fusion.  During the first stage of CME, a cytosolic adaptor protein 

complex (AP-2) binds to the C2 domains of synaptotagmin-1 proteins, which are 

embedded in the plasma membrane as a result of exocytosis.  Interactions 

between synaptotagmin-1 and AP-2 produce acceptor sites that promote the 

binding of clathrin proteins (Zhang et al., 1994).  After clathrin proteins have fully 

coated the plasma membrane over a surface area the size of a synaptic vesicle, 

tensile forces cause invagination the plasma membrane forming a clathrin coated 

pit.  Dynamin proteins then cleave the membrane allowing the newly formed 

synaptic vesicle to move about the terminal (Brodsky et al., 2001).  Finally, the 

clathrin coat is removed by Auxilin and Hsc-70 proteins (Morgan et al., 2001) 

allowing the vesicles to be refilled with neurotransmitters and re-enter the 

recycling pool. 

In the presence of intense stimulation a second form of endocytosis, bulk 

endocytosis, occurs to minimize the buildup of lipids and proteins at the plasma 

membrane.  During bulk endocytosis large sections of the plasma membrane are 

retrieved into the presynaptic terminal to form a bulk endosome.  This endosome 

can then bud off into multiple synaptic vesicles through clathrin-dependent 

mechanisms (Takei et al., 1996).  This process is important during high 

frequency activity because accumulation of proteins in the active zone can lead 
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to inactivation of release sites and subsequent inhibition of synaptic vesicle 

release (Haucke et al., 2011). 

 

Presynaptic Plasticity 

Activity-dependent modulation of the synaptic vesicle cycle underlies the 

expression of presynaptic plasticity.  In this thesis I demonstrate that repetitive 

stimulation of medial inputs to the BLA produces both short-term depression and 

post-tetanic potentiation.  Importantly, these two forms of presynaptic plasticity 

are regulated in part by Munc13 proteins.  

Short-term depression occurs during repetitive stimulation when synaptic 

vesicle recycling rates are insufficient to meet release demands (Neher and 

Sakaba, 2008).  Accordingly, short-term depression is more prominent during 

high frequency stimulation.  There are several signaling molecules that can 

facilitate vesicle recycling rates and prolong the induction of short-term 

depression including: diacylglycerol (DAG), calcium and calmodulin.  After the 

cessation of repetitive stimulation, these signaling molecules continue to act for 

10s of seconds, in the absence of high release demand, leading to the 

expression of post-tetanic potentiation (PTP). 

Glutamate released during repetitive stimulation can activate presynaptic 

excitatory G-protein coupled receptors (GPCRs).  Activation of Gq-coupled 

GPCRs stimulates phospholipase C (PLC) activation, subsequently PLC cleaves 

phosphatidylinositol 4,5-bisphosphate (PIP2) from the plasma membrane into 
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diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3).  Furthermore, 

activation of Gs-coupled GPCRs activates adenylyl cyclase which catalyzes the 

conversion of adenosine triphosphate (ATP) into cyclic AMP (cAMP).  

Subsequently, cAMP activates an exchange protein (EPAC) which then activates 

PLC leading to the production of DAG.  DAG, produced through either of these 

pathways, can then facilitate the activity-dependent refilling of the RRP by 

binding to the C1 domain of Munc13 proteins to accelerating vesicle priming 

rates (Betz et al., 1998, Rhee et al., 2002).  

Furthermore, during repetitive stimulation calcium accumulates in the 

presynaptic terminal through continuous activation of VGCCs, and calcium 

induced calcium release from intraterminal stores (Albrecht et al., 2001).  This 

residual calcium increases release probability by increasing the likelihood of 

binding to synaptotagmin proteins.  Additionally, accumulation of intraterminal 

calcium has been shown to increase the concentration of PIP2 in the plasma 

membrane (Eberhard and Holtz, 1991).  This allows for calcium to participate in a 

secondary form of potentiation that involves Munc13 proteins.  In this pathway, 

calcium binds to the C2B domain of Munc13 proteins and produces a 

conformational change that allows for the recruitment of PIP2 within the plasma 

membrane to the C2B domain of Munc13 proteins (Shin et al., 2010).  This 

calcium-dependent recruitment of PIP2 has been proposed to increase tensile 

forces on the plasma membrane by pulling it towards the PAZ.  These tensile 

forces stretch the plasma membrane and reduce the energy required for vesicle 

fusion in a manner that is thought to be similar to how synaptotagmin promotes 
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vesicle fusion (Martens et al., 2007).  Importantly, mutations of the C2B domain 

that inhibit calcium binding to Munc13 proteins blocks this effects and enhances 

short-term depression during repetitive stimulation (Shin et al., 2010).  

Furthermore, the accumulation of calcium leads to the activation of 

calmodulin which can then bind to Munc13 proteins. Although Munc13 isoforms 

have small variations in their calmodulin binding domains (Junge et al., 2004), 

each isoform has been shown to be positively modulated by calmodulin and 

contribute to synaptic vesicle replenishment during repetitive activation and 

short-term synaptic plasticity to varying degrees (Lipstein et al., 2013).  Studies 

using a calmodulin insensitive variant of Munc13 show accelerated rundown 

during 10 Hz stimulation and reduced PTP with no effect on initial release 

probability (Junge et al., 2004).  This suggests that calmodulin does not play a 

major role in basal release but becomes important during periods of elevated 

activity when calcium accumulates inside of presynaptic terminals and activates 

calmodulin. 

 

Munc13 Proteins  

Clearly Munc13 proteins contribute significantly to both basal presynaptic 

function as well as activity-dependent plasticity in an isoform-dependent manner.  

The Munc13 gene family encodes large multi-domain proteins ~190-240 kDa 

(Brose et al., 1995, Augustin et al., 1999), that are essential for the release of 

synaptic vesicles throughout the brain and other secretory vesicles throughout 
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the body (Varoqueaux et al., 2002, Yuan et al., 2008, Zhu et al., 2008).  There 

are 4 different isoforms in the Munc13 family, named Munc13-(1-4) as well as 2 

unique splice variants of the Munc13-2 isoform: one that is exclusively expressed 

in the brain (bMunc13-2) and one that is ubiquitously expressed in the brain and 

throughout the body (ubMunc13-2).  Each isoform exhibits different regional 

expression providing unique presynaptic characteristics in different brain regions.  

Studies using in situ hybridization have found that Munc13-1 is the dominant 

isoform with mRNA expressed throughout the central nervous system (CNS), 

with each brain region expressing at least one of the other isoforms (Augustin et 

al., 1999).  Munc13-2 is highly expressed in rostral brain regions including the 

amygdala, prefrontal cortex, hippocampus and striatum, while Munc13-3 is 

preferentially expressed in caudal brain regions including the cerebellum, 

brainstem, and pons (Augustin et al., 1999) and Munc13-4 is primarily expressed 

in non-neuronal cells in the brain and the lungs (Koch et al., 2000).  This 

coexpression of multiple isoforms in a single brain region allows for competition 

over synaptic vesicle priming and fine tuning of presynaptic function.  

Different Munc13 isoforms express highly conserved C-terminal regions 

that are indispensable for synaptic transmission.  Each isoform contains 2 Munc 

homology domains (MHD) near their C-terminal end (Koch et al., 2000).  These 

MHDs support the main “molecular priming” function of Munc13 proteins through 

interactions with Munc18-1/Syntaxin-1 heterodimers (See vesicle priming 

section) (Richmond et al., 2001, Stevens et al., 2005, Ma et al., 2011, Yang et 

al., 2015).  Knockout of these proteins leads to a complete arrest of 
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glutamatergic synaptic vesicle release in mice (Varoqueaux et al., 2002) 

drosophila (Aravamudan et al., 1999) and c. elegens (Richmond et al., 1999) 

suggesting that this important priming function is evolutionarily conserved.  

Vesicle priming can be rescued through expression of a fragment of Munc13 

proteins containing the MHDs (Basu et al., 2005) or through expression of a 

constitutively open form of syntaxin1 (Richmond et al., 2001). Together these 

studies provide further evidence that MHDs regulate vesicle priming through 

facilitation of syntaxin-1 opening. 

KO of Munc13-1 in hippocampal cells leads to a 90% reduction in 

glutamate release suggesting that a small percentage of glutamate release is 

independent of Munc13-1 (Augustin et al., 1999).  The remaining release of 

glutamatergic vesicles can be abolished by knocking out both Munc13-1 and 

Munc13-2 simultaneously (Rosenmund et al., 2002).  Together, these results 

suggest that both Munc13-1 and Munc13-2 contribute to the release of 

glutamatergic synaptic vesicles within the same brain region.  Furthermore, 

studies in the calyx of held have found that these isoforms compete for available 

vesicles within a single terminal (Chen, et al., 2013).  Accordingly, Munc13-2 and 

Munc13-3 isoforms limit the ability of Munc13-1 mediated release and inhibit the 

activity-dependent refilling of the RRP (Ashery et al., 2000). 

The major difference between Munc13 isoforms lies in their highly 

divergent N-terminal sequences which confers unique properties to vesicles 

primed by different isoforms, allowing for precise control over presynaptic 

function.  Munc13-1 and ubMunc13-2 proteins contain a C2A domain in their N-
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terminal region that supports an interaction with RIM1α (Lu et al., 2006).  This 

C2A domain is absent in bMunc13-2 and Munc13-3/4 (Betz et al., 2001) and 

leads to differential positioning of synaptic vesicles in the presynaptic terminal.  

RIM1α interacts with Munc13-1 and with N/P/Q type VGCCs (Kaeser et al., 

2011), thus providing a scaffold that places Munc13-1 primed vesicles in close 

proximity to calcium entry sites that initiate vesicle fusion (Andrews-Zwilling et al., 

2006).  Specifically, RIM1α KO cells have a loss of vesicles that are docked 

within 30nm of the PAZ (Weimer et al., 2006), while vesicles in these cells 

remained associated with the plasma membrane at sites more distal to the PAZ.  

Furthermore, RIM proteins interact strongly with vesicle-bound Rab3A proteins; 

this interaction has also been shown to be important for positioning vesicles near 

the PAZ.  Studies using knockout of Rab3A proteins found that synaptic vesicles 

were redistributed to intersynaptic regions distal from the PAZ (Nonet et al., 

1997).  This further suggests that the RIM/Rab3/Munc13-1 tripartite complex is 

important for positioning vesicles near the PAZ.  Together, these studies highlight 

an important structural and function difference between Munc13-1 and bMunc13-

2 isoforms which contributes to the view that bMunc13-2 acts as a negative 

modulator of release through competition with Munc13-1 in presynaptic 

terminals. 

Additionally, DAG, and its functional analog phorbol esters, bind to the C1 

domain of all Munc13 isoforms, except for Munc13-4, (Ahmed et al., 1992) to 

facilitate membrane association and participate in various forms of plasticity 

(Brose et al., 2004).  In addition to its role in short-term plasticity as discussed in 
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the previous section, Munc13-1 has been shown to bind alcohol in its C1 domain 

(Das et al., 2013).  The binding of alcohol to the C1 domain of Munc13-1 proteins 

is thought to displace DAG from the C1 domain; suggesting that alcohol binding 

may alter DAG-dependent interactions with Munc13-1.  Importantly, these 

predictions are fully consistent with the results presented in this thesis. 

Relatively less is understood about the function of the C2C domain which 

is present in all isoforms of Munc13 proteins. The C2C domain is predicted to 

bind phospholipids considering its high sequence similarity with other 

phospholipid binding domains (Rizo and Sudhof 1998).  Furthermore, a recent 

study suggests that the C2C domain acts in concert with the C1 and C2B 

domains to facilitate vesicle docking and then fusion after the assembly of 

SNARE complexes (Liu et al., 2016). 

 

Presynaptic Effects of Alcohol 

The alcohol binding site on Munc13-1 suggests that numerous presynaptic 

processes can be modulated by ethanol.  Indeed, there have been a number of 

reports showing that acute ethanol facilitates neurotransmitter release from 

GABAergic synapses (reviewed in Weiner and Valenzuela, 2006, Kelm et al., 

2011).  Within the BLA, acute ethanol exposure facilitates presynaptic GABA 

release (Zhu and Lovinger, 2006) through modulation of GABAB receptors at 

synapses of local interneurons (Silberman et al., 2009).  Interestingly, ethanol 

has been demonstrated to inhibit presynaptic function of glutamatergic synapses 
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in a number of brain regions, however, the mechanisms underlying these effects 

are still unresolved (Siggins et al., 2005) and potentially mediated through 

Munc13-1 proteins.  

Studies have found that ethanol can reduce glutamate release probability 

in the hippocampus (Hendricson et al., 2004), the crayfish neuromuscular 

junction (Strawn and Cooper, 2002), the nucleus accumbens (Steffensen et al., 

2000) and the BLA (Robinson et al., 2016), while increasing release probability in 

the CeA, but only after chronic exposure to alcohol (Roberto et al., 2004).  Others 

have found that ethanol decreases miniature or asynchronous EPSC frequency 

in spinal motor neurons (Ziskind-Conhaim et al., 2003) and the hippocampus 

(Hendricson et al., 2004).  Additionally, acute ethanol exposure has been shown 

to decrease lateral amygdala firing in vivo (Feng et al., 2007).  A few 

mechanisms have been implicated in these presynaptic effects including: acute 

inhibition of N/P/Q-type VGCCs (Maldve et al., 2004), modulation of GABAB 

receptors (Steffensen et al., 2000), generation of endocannabinoids (Robinson et 

al., 2016), and reduction in the number of release sites (Strawn and Cooper, 

2002).  However, these mechanisms frequently do not account for the entirety of 

alcohol mediated effects on presynaptic transmission suggesting that other 

unknown mechanisms are likely involved.  The following studies presented in this 

thesis identify a novel mechanism of acute ethanol action, whereby alcohol 

disrupts synaptic vesicle recycling through a Munc13-1 dependent mechanism.  
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Conclusion 

In conclusion, treatment of AUDs will require a better understanding of 

how different genotypes alter the pathology induced by chronic alcohol 

consumption.  It will be particularly important to understand the mechanisms 

involved in producing allostatic adaptations in anxiety related brain regions due to 

the fact that withdrawal related anxiety is a significant factor contributing to 

relapse in people with AUDs.  Investigation of the mechanisms involved in this 

plasticity will be aided by the use of different inbred mouse strains with different 

sensitivities to the development of withdrawal related anxiety.  Considering that 

presynaptic plasticity in medial inputs to the BLA is associated with the 

development of withdrawal related anxiety, it will be important to identify 

mechanisms within the presynaptic terminal that are both sensitive to alcohol and 

involved in presynaptic plasticity.  Considering that Munc13 proteins fit this 

profile, they are likely candidates for mediating this plasticity. Accordingly, the 

studies included in this thesis will examine the role of Munc13 proteins in 

mediating the effects of ethanol in the medial inputs to the BLA. 
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Figure 1 

 

Figure 1. Schematic of synaptic vesicle cycle: A) Munc18-1/syntaxin1 mediates 

synaptic vesicle docking through interactions with synaptobrevin. B) Munc13 

proteins are activated by DAG and then bind to Munc18-1/Syntaxin1 

heterodimers to facilitate conformational changes in syntaxin-1 which promote 

SNARE complex formation. C) Trans-SNARE complexes form between 2 

SNARE domains contributed by SNAP25 and one SNARE domain from 

synaptobrevin and syntaxin-1. D) Calcium influx through VGCCs initiates vesicle 

fusion through activation of Synaptotagmin proteins. 

A B 

C D 
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Abstract 

C57BL/6J (B6) and DBA/2J (D2) mice are well-known to differentially 

express a number of behavioral phenotypes including anxiety-like behavior, fear 

conditioning, and drug self-administration.  However, the cellular mechanisms 

contributing to these differences remain unclear. Given the basolateral amygdala 

(BLA) contributes to these behaviors, we characterized strain-dependent 

differences in pre- and postsynaptic function in BLA neurons by integrating 

electrophysiological, biochemical, and genetic approaches to identify specific 

molecular mechanisms. We found that D2 glutamatergic synapses expressed 

enhanced release probability, and lower sensitivity to both the inhibitory effects of 

low extracellular calcium and facilitation by phorbol esters.  Furthermore, 

repetitive stimulation of BLA afferents at low (2Hz) or high (40Hz) frequencies 

revealed that B6 terminals, relative to D2 terminals, were more sensitive to 

synaptic fatigue principally due to reduced vesicle recycling rates. Additionally, 

B6 synapses exhibited more robust augmentation of spontaneous release 

following repetitive stimulation relative to the D2 strain.  In silico analysis of the 

inheritance of synaptic physiology from an array of BXD recombinant inbred 

strains (Jansen et al 2011) identified a segment on chromosome 4 containing the 

gene encoding Munc13-2, which has calcium/phorbol ester binding domainss 

and controls presynaptic function. We subsequently found that B6 mice express 

substantially higher levels of Munc13-2 compared to the D2 strain while 

expression of several release related proteins, including Munc13-1, were 

equivalent. We then knocked-down the expression of Munc13-2 in B6 mice using 



 
 

53 
 

a short-hairpin RNA and found this recapitulated the presynaptic phenotype of 

D2 BLA synapses.  

 

Significance Statement 

DBA/2J and C57BL/6J mice have been employed to understand the 

genetic mechanisms controlling behaviors related to a number of psychiatric 

illnesses.  However, the fundamental neurobiological mechanisms producing 

these behavioral characteristics remain unresolved.  Here we identify a critical 

family of presynaptic proteins differentially expressed by these strains that control 

strain-dependent synaptic physiology.  This family of proteins regulates 

excitation/secretion coupling, vesicle recycling and short-term plasticity 

throughout the CNS.  Thus, differential inheritance of proteins like Munc13-2 has 

broad implications for genetic control over a wide variety of pathological 

behaviors.  Importantly, these proteins also contain a large number of modulatory 

sites making them attractive potential targets for the development of novel 

neuropharmaceutical treatments. 

 

Introduction 

Inbred mouse strains have been widely used to model a number of 

psychiatric disorders as they provide a stable genetic background to test the 

cellular and behavioral effects of neuropharmaceutical drugs.  Comparison of 
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multiple inbred strains and cross-breeding between these strains allows for 

powerful correlative gene x behavior analysis (Brigman et al., 2009) which 

potentially identifies candidate genes regulating specific behaviors.  Additionally, 

recent advances in the ability of researchers to precisely manipulate the 

expression of specific genes, including gene knockouts (Milner et al., 2013), RNA 

interference (Maiya et al., 2012), or gene overexpression (Kanatsou et al., 2016), 

allows for a greater understanding of how specific genes contribute to 

pathological conditions. 

The DBA/2J (D2) and C57BL/6J (B6) mouse strains exhibit unique 

behavioral phenotypes that have been used to investigate the neurobiological 

mechanisms associated with affective disorders.  For example, these strains 

express unique anxiety-like and depressive-like behaviors (Voikar et al., 2005, 

Dubois et al., 2006, Lad et al., 2010) as well as distinct responses to 

environmental stressors (Hwang et al., 1999, Tarricone et al., 1995, Przewlocka 

et al., 1988).  Additionally, D2 and B6 mice show differences in the ability to 

assign emotional valence to positive and aversive stimuli (Waddell et al., 2004, 

Orsini et al., 2005).  These strains also self-administer abused drugs at different 

rates (Gill et al., 1996), display unique drug-seeking phenotypes (Orsini et al., 

2008, Elmer et al., 2010), and exhibit distinct vulnerabilities to chronic drug 

exposure (McCool & Chappell 2015).  Strain-specific differences in synaptic 

function in these strains (Dubois et al., 2006; Mozhui et al., 2010) highlight 

potential synaptic mechanisms underlying many of these unique behavioral 

phenotypes.  These strains can thus provide insight into the genetic mechanisms 
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controlling the neurophysiology mechanisms related to the high comorbidity of 

substance abuse and affective disorders (Agnew-Blais and Danese 2016, Grant 

et al., 2016). 

The amygdala regulates many of the unique behaviors distinguishing D2 

and B6 strains.  The lateral/basolateral amygdala (BLA) is the main input nucleus 

to the amygdala and receives highly processed sensory and executive 

information from cortical and subcortical regions.  The BLA consists primarily of 

glutamatergic pyramidal cells (~90%) which send efferent projections to 

downstream anxiety- and reward-related brain regions integral for emotional 

learning.  Decades of research have established that increasing BLA pyramidal 

activity produces anxiety-like behaviors (Sanders & Shekhar 1991, Sajdyk et al., 

1999b) while inhibiting pyramidal cell output produces anxiolytic-like effects 

(Pesold & Treit 1995, Sanders & Shekhar 1995, Sajdyk et al., 1999a) presumably 

through downstream modulation of the extended amygdala.  More recent work 

has shown that regulation of BLA terminal fields in the nucleus accumbens can 

also robustly modulate reward-seeking behaviors (Stuber et al., 2011).  Synaptic 

mechanisms regulating BLA pyramidal cell output within these strains could 

provide valuable information about neurophysiological mechanisms controlling a 

wide array of ‘psychiatric disorders’ and aid in the development of novel 

medications.  

Previous studies have found that presynaptic plasticity in BLA 

glutamatergic synapses occurs in response to environmental stressors (Adamec 

et al., 2001) and is critical for the development of fear and anxiety-like behaviors. 
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Plasticity in medial prefrontal cortical (mPFC) projections to the BLA are 

necessary for fear learning and extinction (Tsvetkov et al., 2002, Arruda-

Carvalho & Clem 2014, Cho et al., 2013); and presynaptic plasticity at medial 

inputs to the BLA following chronic ethanol may facilitate withdrawal-associated 

anxiogenesis (Christian et al., 2013). Together, these studies highlight the 

importance of understanding presynaptic signaling in the BLA and suggest that 

this signaling may be particularly important for the development of pathological 

fear/anxiety.  In the present study, we characterize unique glutamatergic synaptic 

phenotypes in B6 and D2 mice and identify the Munc13 family of vesicle priming 

proteins as potent regulators of presynaptic release and short term plasticity 

within BLA circuitry.  Our results suggest that differential expression of Munc13 

isoforms may contribute to the different behavioral phenotypes observed in D2 

and B6 mice. 

 

Materials and Methods  

Animals: 5 week old male C57BL/6J and DBA/2J mice were obtained from The 

Jackson Laboratories (Bar Harbor, ME) and given access to food and water ad 

libitum.  Mice were group housed for 1-2 weeks in a facility maintained by 

institutional animal resource personnel with housing conditions consistent with 

the NIH Guidelines for the Care and Use of Laboratory Animals (68-74oF, 30-

70% relative humidity) prior to the experiments.  All experimental procedures 

were reviewed and approved by the WFUSM Animal Care and Use Committee. 
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Electrophysiology Methods:  

Slice Preparation.  Animals were anesthetized with isoflurane and decapitated. 

Brains were quickly removed and incubated in an ice-cold sucrose modified 

artificial cerebral spinal fluid (aCSF) containing (in mM): 180 sucrose, 30 NaCl, 

4.5 KCl, 1 MgCl2·6H2O, 26 NaHCO3, 1.2 NaH2PO4, 0.10 ketamine, and 10 

glucose, equilibrated with 95% O2 and 5% CO2.  Coronal slices containing the 

BLA were obtained (300 μm) using a VT1200 S vibrating blade microtome (Leica, 

Buffalo Grove, IL) and were incubated for at least 1 h in room temperature 

(∼25°C), oxygenated standard aCSF containing (in mM): 126 NaCl, 3 KCl, 1.25 

NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose, before initiation of 

recordings, except for low calcium recordings where aCSF contained (in mM): 

126 NaCl, 3 KCl, 1.25 NaH2PO4, 3.5 MgSO4, 0.5 CaCl2, 26 NaHCO3, and 10 

glucose. 

Whole Cell Patch Clamp Recordings.  BLA slices were transferred to a 

submersion-type recording chamber and perfused with room temperature 

(∼25°C) aCSF (2.0 ml/min) for whole-cell voltage clamp recordings similar to 

previously published reports (Christian et al., 2013).  Data were acquired via 

Axopatch 700B (Molecular Devices, Foster City, CA) and analyzed offline via 

pClamp software (Molecular Devices, version 10.5) or miniature analysis 

software (Synaptosoft, Decatur, GA).  Inclusion criteria for presumptive principal 

neurons included high membrane capacitance (>100 pF) and low access 

resistance in the whole-cell configuration (<20 MΩ (Washburn et al., 1992)).  

Cells in which access resistance or capacitance changed ≥20% during the record 
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or with changes in resting membrane currents ≥100pA were excluded from 

analysis. Glutamatergic responses were pharmacologically isolated using 100μM 

picrotoxin (a GABAA antagonist) in the bath aCSF and were recorded with 

electrodes filled with an internal solution containing (in mM): 145 Cs-gluconate, 

10 EGTA, 5 NaCL, 1 MgCl2, 10 HEPES, 0.4 QX314, 1 CaCl22H2O, 4 Mg-ATP, 

and 0.4 Na3-GTP.  Osmolarity of internal solution was corrected to ~285mOsm 

with sucrose and pH was adjusted to~7.25 with D-Gluconic acid.  Synaptic 

responses were electrically evoked using concentric bipolar stimulating 

electrodes (FHC Inc, Bowdoin, ME) placed either within the stria terminalis 

(medial stimulation) or external capsule (lateral stimulation) as indicated.  

Optogenetic synaptic responses were evoked using a 473mm laser connected to 

a fiber optic cable; the naked end of the cable was placed just above the BLA.  

5msec laser pulses were used to activate channel rhodopsin found in PFC 

terminals; and pulse initiation and duration was controlled with 5V TTL delivered 

from the acquisition software.  BLA Miniature spontaneous EPSCs (mEPSCs) 

were recorded in the presence of 1µM tetrodotoxin (TTX).  In experiments 

examining s/mEPSCs, event amplitude and interevent interval (IEI) were 

measured for 350 consecutive events within each cell; and median values were 

used for statistical comparisons between groups.  Spontaneous event amplitudes 

below 5pA were rejected from the analysis based on the ability to differentiate 

these events from recording noise.  We additionally analyzed the distribution of 

IEIs in 25ms bins to determine if strain-dependent differences in median values 

were related to a higher proportion of events occurring in “bursts” (IEIs <25msec) 
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as they may summate to have more profound influence on the postsynaptic 

neuron compared to solitary sEPSCs.  Similar analyses were performed for the 

s/mEPSC distributions. 

Drug Preparation:  Stock solutions of phorbol 12,13-dibutyrate (PDBu, Sigma-

Aldrich, St. Louis MO), tetrodotoxin (TTX, Tocris Bioscience, Minneapolis MN), 

and 4-Aminopyridine (4-AP, Tocris) were dissolved in standard aCSF, aliquoted 

and stored at -20°C until use.  Picrotoxin (Tocris) and DNQX (Sigma-Aldrich) 

were prepared fresh daily and dissolved in DMSO then added to aCSF with final 

concentrations of DMSO in the perfusate <0.05%. 

Western Blotting:  Western blot methods are similar to those previously reported 

(Christian et al., 2013).  Each blot contained total BLA protein (one individual per 

lane) from D2 and B6 strains (n=8 individuals per group) or mPFC protein from 

shRNA Munc13-2 and scrambled control animals (n=4 individuals per group).  

shRNA Munc13-2 and scrambled control experiments with BLA tissue were 

performed in duplicate from unique cohorts.  Group specific expression was 

normalized to beta-actin levels within that sample and expressed as ‘percent 

control’ to facilitate comparisons across surgical cohorts.  BLA and mPFC protein 

was prepared from tissue dissected from coronal slices, disrupted with sonication 

as previously described (Christian et al., 2012; Christian et al., 2013), and 

quantified in triplicate using the BCA assay (Thermo-Fisher Scientific, Grand 

Island NY).  On any given blot, the same mass of total protein was loaded for 

each strain or experimental condition.  The specificity of individual antibodies was 

indicated by immunoreactive bands blocked by preincubation of antisera with 
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peptide antigens when available or when they occurred at the expected 

molecular weights: Munc13-1 (Synaptic Systems, Goettingen Germany, Cat 

#126 102), bMunc13-2 (Synaptic Systems, Cat # 126 203), Munc18-1 (Cell 

Signaling, Danvers MA, Cat # 8474), pMunc18-1 ser515 (Thermo Scientific Cat # 

PA14689), SNAP25 (Synaptic Systems Cat # 111 002), Syntaxin-1 (EMD 

Millipore/Thermo Scientific, Cat # AB5820), VAMP-1 (Abcam, Cambridge MA, 

Cat # ab3346), VAMP-2 (Abcam Cat # ab18014), VAMP-7 (Synaptic Systems 

Cat # 232 003).  Immuno-reactive bands were detected using standard 

chemiluminescent detection with an appropriate secondary antibody. 

Surgery: Mice were kept under continuous isoflurane anesthesia (4% for 

induction, 1.5% for maintenance) throughout the surgery which consisted of 

bilateral injection (1µl over 10 minutes per side) of an AAV containing shRNA 

targeted to Munc13-2 (AAV5-GFP-U6-mUNC13B-shRNA, Vector Biolabs, 

Malvern PA) or a scrambled control vector (AAV5-GFP-U6-scrmb-shRNA, Vector 

Biolabs).  Channel rhodopsin (rAAV5/CamKII-hChR2(H134R)-EYFP, from UNC 

GTC Vector Core, Chapel Hill NC) was co-injected in a subset of animals to 

confirm that terminals from mPFC projections to BLA were monosynaptic and 

glutamatergic. Mice were given 5mg/kg s.c. ketoprofen at the conclusion of the 

surgery for pain management.  The medial prefrontal cortex was targeted using a 

Neurostar Stereodrive (Neurostar, Tübengen, Germany) with the following 

coordinates 1.78 AP, ±0.33 ML, 2.35 DV relative to bregma.  Mice were pair 

housed following surgery and allowed 4-6 weeks to recover for virus expression 

prior to in vitro experiments.  
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In Silico Analysis: The GeneNetwork WebQTL database was queried to explore 

the inheritance pattern of candidate genes associated with presynaptic release 

characteristics in an array of BXD recombinant inbred mouse strains using the 

website www.genenetwork.org/webqtl/main.py.  We selected BXD mice and 

searched published phenotypes with the search terms “presynaptic 

electrophysiology”. We selected the record ID 13486 (Jansen et al 2011) and 

used the mapping tool to identify chromosomal regions with high likelihood ratio 

statistics (LRS) related to the synaptic phenotypes described in the results.  

Statistics:  All graphs are plotted as mean ± SEM of each group. Primary 

statistical analyses were conducted using 2-way ANOVA, 1-way ANOVA, or t-

tests (GraphPad, GraphPad Software Inc, La Jolla, CA) according to the 

experimental design as described, with posttests as appropriate.  Distributions of 

s/mEPSC interevent intervals and amplitudes were statistically analyzed by 

binning events into 25ms (interevent interval) and 5pA (amplitude) bins above the 

5pA cut-off for these analyses.  Specific bins were then compared across strains 

with individual t-tests.  The number of cells per group in each experiment are 

listed after each p-value in the format (n= D2/B6 or n=shRNA/Control). 

 

Results: 

Spontaneous and Miniature EPSC Frequency is Higher in BLA terminals of D2 

mice: To examine basal glutamatergic transmission in these strains we 

measured spontaneous excitatory postsynaptic currents (sEPSCs) in BLA 
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pyramidal cells using whole-cell patch-clamp electrophysiology (Fig. 1).  These 

recordings revealed that median interevent intervals (IEIs) were significantly 

shorter in D2 relative to B6 cells (t-test, p=0.0235, n=7/6) with no strain-

dependent differences in median event amplitudes (t-test, p=0.249, n=7/6), 

suggesting strain-dependent differences in presynaptic but not postsynaptic 

function.  Distribution analysis of sEPSC IEIs revealed that the enhanced 

frequency of sEPSCs in D2 cells is driven by a higher proportion of events 

occurring with short IEIs (Fig 1A, t-tests, 25ms p=0.0027, 100ms p=0.0345, 

n=7/6).  For distributions of sEPSC amplitudes (Fig. 1B), sEPSC amplitudes were 

not significantly different between the strains across the distribution (5-85pA, 5pA 

bins).  We next determined if circuit-dependent effects contributed to the 

differences in sEPSC frequency by including 1µM tetrodotoxin (TTX) into the 

aCSF to block action potentials.  Analysis of TTX-insensitive miniature sEPSCs 

(mEPSCs) showed that D2 mice maintained significantly shorter median IEIs (t-

test, p=0.0082, n=9/7) with no differences in the median event amplitude (t-test, 

p=0.9787, n=9/7) indicating that circuit-dependent effects did not contribute 

significantly to strain-dependent presynaptic differences.  Distribution analysis of 

these mEPSC IEIs showed that D2 cells maintained a significantly higher 

proportion of events occurring with IEIs ≤100msec (Fig. 1D, t-tests, 50msec 

p=0.014, 75ms p=0.045, 100ms p=0.008, n=9/7).  Similar analysis of the mEPSC 

event amplitude distributions (5pA bins) did not reveal any significant differences 

between strains (Fig. 1E).   
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Release probability is higher at two independent afferent pathways onto DBA 

BLA pyramidal cells: In order to examine potential mechanisms controlling 

s/mEPSC frequency, we measured paired-pulse ratios as a proxy for release 

probability at BLA glutamatergic inputs.  Considering that release probability is 

different across medial and lateral inputs to the BLA (Christian et al., 2013), we 

calculated paired-pulse ratios at both inputs using interstimulus intervals ranging 

from 25-500ms.  These experiments revealed that D2 cells exhibited significantly 

lower paired-pulse ratios at lateral inputs across all interstimulus intervals (Fig. 

2A, t-tests, 25ms p=0.0122 n=7/7, 50ms p=0.0372 n=7/7, 250ms p=0.0359 

n=8/7, 500ms p=0.0049 n=7/7) and at medial inputs during interstimulus intervals 

less than 500ms (Fig. 2B, t-tests, 25ms p=0.0195 n=8/8, 50ms p=0.0116 n=8/8, 

250ms p=0.0392 n=8/8, 500ms p=0.7499 n=8/8).  These results suggest that 

increased glutamatergic presynaptic function at D2 BLA synapses is input-

independent and likely due to strain-specific differences in release probability. 

Calcium sensitivity of miniature EPSC release is higher in the B6 strain: Release 

probability is determined by a number of factors in the presynaptic compartment 

that include both calcium-sensitive and calcium-insensitive processes.  To 

determine how these processes potentially contribute to presynaptic differences, 

we recorded TTX-insensitive mEPSCs in reduced extracellular calcium using a 

modified aCSF.  In these experiments slices were incubated in either standard 

aCSF (2mM Ca2+, 2mM Mg2+) or low calcium aCSF (0.5mM Ca2+, 3.5mM 

Mg2+) for at least 1 hour prior to recording in these same solutions.  Analysis of 

mEPSC median IEIs found that release from B6 terminals was inhibited by low 
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extracellular calcium (intervals increased) while D2 terminal release appeared 

insensitive (Fig. 3A, 2-way ANOVA, significant interaction p=0.0033, main effects 

of calcium concentration p=0.0313 and strain p<0.0001, bonferroni posttest: D2 

t=0.6607 p>0.05, B6 t=3.855 p<0.01, normal aCSF n=9/9, low calcium aCSF 

n=8/8).  Analysis of mEPSC IEI distributions revealed that low calcium 

specifically decreased the proportion of events occurring at short IEIs in B6 

terminals (Fig. 3C, t-tests, 0-25msec bin p=0.020, 26-50msec bin p=0.007, 51-

75msec p=0.106, 76-100msec bin p=0.0422, 101-125msec bin p=0.032, 126-

150msec bin p=0.008).  We found main effects of strain and calcium 

concentration on median mEPSC amplitude but no significant interaction 

suggesting only modest strain-dependent postsynaptic effects of low calcium 

incubation (Fig. 3D, 2-way ANOVA, significant main effects of calcium 

concentration p=0.0365 and strain p=0.0131, no significant interaction p=0.1128, 

Bonferroni’s post-test p<0.05 in B6 only).  Analysis of the amplitude distributions 

across 5pA bins likewise showed no significant impact of low extracellular 

calcium on D2 mEPSC amplitudes (Fig. 3E).  However, for B6 synapses, the 

treatment caused a shift in the amplitude distribution towards smaller events (Fig. 

3F) specifically by significantly decreasing the relative proportion of events in the 

11-15pA (65.9±3.5% of events in 2mM Ca2+ vs. 73.5±2.0% of events in 0.5mM 

Ca2+, t-test p=0.004) and 16-20pA bins (23.5±2.6% vs. 12.8±1.4%, p=0.035).  

While these data could suggest that contributions of calcium-permeable AMPA 

receptors expressed at B6 synapses might confound our IEI measures in this 

experiment, low extracellular calcium did not significantly alter mEPSC area at 
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either D2 (51.6±4.2pA·msec in 2mM Cao2+ vs 53.3±7.6pA·msec in 0.5mM 

Cao2+, p=0.85) or B6 synapses (55.2±3.1pA·msec vs 47.2±4.2pA·msec, 

p=0.13).  Similarly, low calcium decreased B6 median mEPSC amplitudes by 

only 17% while increasing median IEI by over 33% suggesting these may be 

distinct effects of low calcium. 

Bath application of phorbol esters significantly increases spontaneous release in 

B6 but not D2 cells: Calcium is a ubiquitous second messenger that is involved in 

the regulation of a wide variety of intracellular processes through interactions 

with different proteins and signaling molecules.  Given that the synaptic 

phenotypes in B6 and D2 neurons suggest a presynaptic mechanism, we took 

advantage of our whole-cell recording configuration to reduce the impact of the 

biophysical properties of AMPA receptors and postsynaptic signaling cascades in 

order to evaluate potential calcium-sensitive intraterminal proteins, including 

components of the SNARE complex and presynaptic protein kinases like PKC.  

We first measured sEPSCs during bath application of the phorbol ester PDBu 

-activator, diacylglycerol (DAG).  

We compared sEPSC IEI and amplitude recorded during a 5 minute baseline 

period followed by bath application of PDBu for 15 minutes.  Here we found that 

the interevent interval of sEPSCs decreased following exposure to 1µM PDBu B6 

cells but not D2 cells (Fig 4A. repeated measures 2-way ANOVA, main effects of 

PDBu exposure p=0.004 and strain p=0.02, interaction p=0.064).  Bonferroni 

posttest revealed that differences in sEPSC IEI were only significantly different 

following PDBu at B6 synapses (t=5.107, p<0.001); this suggests that this PDBu 
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treatment equalized sEPSC IEIs between D2 and B6 strains.  Analysis of sEPSC 

IEI distributions within strain showed that PDBu exposure did not significantly 

alter the distribution recorded from D2 cells (Fig. 4B) but significantly enhanced 

the proportion of events that occurred at short IEIs in B6 cells (Fig. 4E, within 

subject t-test; 0-25msec bin p=0.001, 26-50msec p=0.005, 51-75msec p=0.036, 

76-100msec p=0.011).  Median sEPSC amplitude was unaffected by phorbol 

ester treatment in both strains (Fig. 4D, repeated measures 2-way ANOVA, 

PDBu exposure p=0.617, strain p=0.278, interaction p=0.593).  This conclusion 

was supported by analysis of sEPSC amplitude distributions (Fig. 4C & F) which 

did not find any significant shift in the proportion of events at any of the amplitude 

bins in either strain. 

In order to determine if differences in PDBu sensitivity could reflect distinct 

presynaptic PKC activities in these mouse strains, rather than effects through 

other PDBu-sensitive targets, we used western blotting to compare levels of a 

PKC specific phosphorylation site on the Munc18-1 protein serine 515 (Sassa et 

al., 1996) as a proxy for presynaptic PKC function.  Notably, we found that there 

were no differences in either the total levels of Munc18-1 (Fig. 5C, t-test, 

p=0.214) or in the relative level of phosphorylation of serine 515 in Munc18-1 

(Fig. 5D, t-test, p=0.773) in these mouse strains.  This suggested to us that the 

calcium- and PDBu-sensitive presynaptic protein differentially expressed in B6 

and D2 glutamatergic terminals was not related to PKC.  

In silico identification of Munc13-2 and differential expression in B6 and D2 mice. 

B6 and D2 mice are the ‘founder’ strains for a vast number of BXD inbred mouse 
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strains.  These strains have been used extensively to identify potential genetic 

regulators of complex cellular and behavioral responses, particularly phenotypes 

related to drugs of abuse.  The WebQTL database 

(http://www.genenetwork.org/webqtl/main.py) is a repository for a large number 

of datasets describing the inheritance patterns of these phenotypes across many 

BXD inbred strains.  Of particular interest for us, a recent publication (Jansen et 

al., 2011) described the inheritance of hippocampal field EPSP characteristics 

across a large number of BXD strains and identified potential quantitative trait 

loci for various synaptic phenotypes.  Notably, regions within chromosome 4 

showed strong inheritance with respect to both spontaneous activity and 

oscillatory activity across multiple hippocampal subdivisions (38.9-44.2Mb).  

Although the list of genes found within these regions is extensive and 

overlapping, only one gene, Unc13B (43.1Mb), which encodes a protein 

(Munc13-2), binds both calcium and diacylglycerol/phorbol ester (Shin et al., 

2010), and is found in the chromosomal region overlapping these synaptic 

phenotypes.  Importantly, Munc13-2 also regulates release probability for a 

variety of glutamatergic synapses (Breustedt et al., 2010).  This suggested to us 

that the unique synaptic phenotype expressed by B6 and D2 mice might be 

inherited as differences in Munc13-2 expression and/or function. 

We subsequently probed BLA total protein for the expression of the 

Munc13 isoforms, Munc13-1 and bMunc13-2, which are the main Munc13 

isoforms expressed in the cortical-like brain regions.  These analyses revealed 

that the strains do not differ in the expression levels of the Munc13-1 isoform 
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(Fig. 5B, p=0.753, n=8/8), while bMunc13-2 expression is nearly 2 times higher in 

B6 cells compared to D2 (Fig. 5A, p=0.030, n=8/8).  Other components of the 

SNARE complex and vesicle fusion machinery were likewise not differentially 

expressed in these samples including SNAP25, Syntaxin 1, VAMP1/2/7 , and 

complexin 1/ 2 (Fig. 5 E-J).  This suggests that differential inheritance of Munc13-

2 levels could convey the distinct presynaptic terminal phenotypes. 

DBA cells can maintain release during longer stimulus trains than C57 cells:  In 

part, Munc13 proteins control presynaptic release via regulation of vesicle 

priming and refilling of the readily releasable pool of vesicles (RRP) during 

repetitive stimulation.  Both activities would directly influence release probability 

at glutamatergic synapses.  We reasoned that differences in Munc13-2 levels in 

B6 and D2 mice should produce marked differences in one or both of these 

activities during prolonged stimulation.  Considering that some synapses are 

capable of maintaining synaptic transmission during 2 Hz stimulation (Rizzoli and 

Betz 2005) while others fatigue due to slower refilling of synaptic vesicles relative 

to release demands (Tani et al., 2014), we chose to use a 2 Hz stimulation for 

our initial experiments.  In D2 cells 2 Hz stimulation of the medial BLA inputs 

produced an initially facilitating response that only decayed near the end of the 

15 min stimulation train (Fig. 6A).  In contrast, B6 cells exhibited a more 

pronounced synaptic fatigue compared to D2 cells (cumulative amplitude, Fig. 

6A, 2-Way ANOVA significant main effects of stimulation # p<0.0001 and strain 

p<0.0001 and a significant interaction p<0.0001; cumulative area Fig. 6B, 2way 

ANOVA significant main effects of stimulation # p<0.0001, strain p<0.0001, and 



 
 

69 
 

significant interaction p=0.046).  The rate at which synapses fatigue is controlled 

by both the size of the RRP and the rate at which this pool is replenished. Thus, 

these data suggest that either the size of the RRP or the refilling/repriming rate is 

enhanced in D2 glutamatergic synapses relative to B6.  In order to distinguish 

between these interpretations, we employed a high frequency (40 Hz) train which 

rapidly depletes the RRP allowing for measurement of both RRP and vesicle 

recycling rate.  Estimation of the RRP can be achieved through analysis of 

cumulative amplitude plots (Fig. 6C) during high frequency stimulation by 

extrapolating the Y-intercept from a linear fit to the steady state level achieved 

during the final 1 second of stimulation; and vesicle recycling can be assessed by 

subtracting the RRP size (in pA) from the cumulative amplitude total 

(Schneggenburger et al., 2002).  Using this analysis we found that D2 synapses 

maintained higher levels of recycling relative to B6 synapses without differences 

in the size of the RRP (in pA; Fig. 6E, 2-way ANOVA, main effects of strain 

p=0.0026 and pool p<0.0001, significant interaction p=0.0172, bonferroni 

posttests: RRP t=0.4982 p>0.05, recycling pool t=3.985 p<0.001). 

Post-tetanic potentiation of spontaneous EPSCs equalizes frequency between 

strains: In addition to vesicle priming, Munc13 proteins help determine both the 

direction (facilitation or depression) and magnitude of short-term plasticity in 

presynaptic terminals (Lipstein et al., 2012).  Here we measured a form of 

presynaptic short-term plasticity that occurs following repetitive stimulation and is 

referred to as augmentation or post-tetanic potentiation depending on the time 

course (Rosenmund et al., 2002).  This plasticity is usually attributed to the 
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accumulation of intra-terminal calcium/calmodulin and DAG which subsequently 

facilitate release probability (Lipstein et al., 2013) and can be measured as 

enhanced spontaneous release frequency immediately after stimulation (Eliot et 

al., 1994).  We thus recorded sEPSCs from each strain immediately following 40 

Hz stimulation of the medial BLA inputs.  Median sEPSC IEIs post-tetanus were 

no longer different between strains following 40 Hz stimulation of the medial 

inputs (t-test, p=0.7958).  Furthermore, there were no differences in median 

sEPSC amplitude following 2Hz stimulation (t-test, p=0.7190).  Analysis of IEI 

(Fig. 6F) and amplitude distributions (Fig. 6G) confirmed that strain-dependent 

differences were normalized post-tetanus.  These data together suggest that 

differential expression of Munc13-2 may be responsible for the distinct 

presynaptic phenotypes expressed by these strains. 

shRNA mediated knockdown of Munc13-2: In order to confirm that Munc13-2 

isoform levels contribute to the disparate physiological profile of B6 and D2 mice 

we used a short hairpin RNA (shRNA) to knockdown the expression of Munc13-

2.  We injected either Munc13-2 shRNA or a scrambled control virus bilaterally 

into the mPFC of B6 mice and allowed 4-6 weeks for the virus to disrupt Munc13-

2 expression in the mPFC-BLA terminals.  We chose to inject the virus into the 

mPFC because of the well-established role of prefrontal corticolimbic circuitry in 

fear/anxiety-like behaviors (Arruda-Carvalho and Clem 2014, Felix-Ortiz et al., 

2015), their substantial contribution to medial inputs into the BLA (Mcdonald et 

al., 1996, Sesack et al., 1989, Dobi et al., 2013), and because the Munc13-2 

isoform is predominantly expressed in frontal brain regions (Augustin et al., 
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1999).  Western blot analysis revealed that the shRNA Munc13-2 construct, but 

not the control scrambled virus, significantly decreased Munc13-2 in both the B6 

mPFC (t-test p=0.0043, n=4/4) as well as in the BLA (Fig. 7D, t-test p=0.0038, 

n=8/8).   

We next confirmed that the robust mPFC terminal fields to the BLA were 

represented in the electrically-evoked synaptic responses using co-injection of 

Channelrhodopsin in some animals (Fig. 7A & B).  These light-evoked responses 

were completely inhibited by perfusion of 1µM TTX (Fig. 7C).  1mM 4-AP, which 

presumably prolonged Channelrhodopsin-mediated presynaptic depolarization, 

re-established light evoked synaptic responses strongly suggesting the light-

evoked responses were monosynaptic.  The responses recorded in TTX/4AP 

were subsequently entirely inhibited by the AMPA/kainate glutamate ionotropic 

receptor antagonist DNQX (20µM, Fig. 7C).  We also found that light-evoked 

paired-pulse ratios were significantly lower in knockdown animals (Fig. 7E, 

p=0.0356, n=4/5) indicating that the manipulation increased release probability in 

BLA terminals.  Subsequent whole cell recordings of spontaneous events 

revealed that knockdown of mPFC Munc13-2 in B6 mice decreased median 

sEPSC IEIs relative to mice injected with a scrambled control vector (t-test, 

p=0.0003, n=11/14) while median sEPSC amplitudes were unaltered by the 

manipulation (t-test, p=0.195n=11/14).  Distribution analysis of sEPSCs IEI bins 

revealed a virus-dependent, significant difference in the proportion of events 

occurring at short interevent intervals (Fig. 7F, t-tests, 1-25msec bin p=0.0009, 

26-50msec bin p=0.0048, 51-75msec bin p=0.0200, n=11/14).  Analysis of 
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sEPSC amplitude distributions confirmed that manipulation of mPFC Munc13-2 

expression did not alter the relative amplitude contributions across the range of 

bin sizes in our recordings (Fig. 7G).   

Due to the relatively slow activation kinetics of this channel rhodopsin, we 

could not reliably evoke repeated synaptic events at interstimulus intervals 

<50ms.  Since these shorter intervals characterize the higher frequencies needed 

to deplete the readily releasable pool of synaptic vesicles, we used electrical 

stimulation to recruit afferent fibers including those that originate from the mPFC.  

At 40 Hz stimulation (Fig. 8A & B), we found that mPFC terminals from shRNA-

injected B6 mice expressed a higher recycling capacity than synapses from 

animals expressing control virus with no differences in the size of the RRP (Fig. 

8C, 2-way ANOVA, main effects of virus p=0.0163 and pool p<0.0001, interaction 

p=0.121; Bonferroni posttest: RRP t=0.7401 p>0.05, Recycling pool t=3.057 

p<0.05 n=5/5).  We then measured sEPSCs immediately following the 40 Hz 

stimulation and found that median sEPSC IEIs (t-test, p=0.6768, n=5/5) and 

median sEPSC amplitudes (t-test, p=0.0774, n=5/5) were not significantly 

different following the stimulation train in shRNA and control synapses.  This is to 

the post-tetanic ‘equalization’ of event frequency in naïve D2 and B6 synapses.  

Additionally there were no significant differences in either the IEI or amplitude 

distributions of these events (Fig 8D&E).  These results suggest that 

manipulation of a single protein, Munc13-2, was sufficient to produce a D2-like 

synaptic phenotype recorded from B6 BLA neurons.   
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Discussion: 

The D2 and B6 mouse strains are phenotypically different in a number of 

amygdala related behaviors important for substance abuse, stress and anxiety, 

and learning and memory. Given the role of BLA in these regulating these 

behaviors, we hypothesized that neurotransmission within the BLA would be 

different in D2 relative to B6 synapses.  Consistent with this, we found that the 

D2 strain exhibited enhanced excitatory signaling within the BLA relative to B6 

synapses.  This was the result of increased presynaptic function in D2 synapses, 

as measured by enhanced sEPSC/mEPSC frequency (Fig. 1) and increased 

release probability at two distinct afferent pathways (Fig. 2).  It is noteworthy that 

TTX had only modest effects on either event intervals or amplitudes producing 

modest decreases in the relative frequency of ‘burst-like’ events (IEIs <50msec, 

compare Fig. 1A & D) and larger EPSC amplitudes.  This is consistent with our 

previous work and suggests that the majority of sEPSCs recorded from BLA 

pyramidal neurons represent unitary-like synaptic events.  

Presynaptic function is dynamically regulated by a variety of molecular 

mechanisms including ion channels, presynaptic receptors, structural proteins 

and priming/release-related proteins (reviewed in Craig and Boudin 2001, Imig et 

al., 2014).  These mechanisms regulate basal release probability and dictate the 

direction and magnitude of synaptic plasticity in response to neuronal activity and 

second messenger signaling cascades.  Fundamentally, these mechanisms can 

be segregated based on their sensitivity to intra-terminal calcium concentration.  

We found that the miniature EPSCs in B6 terminals appeared more sensitive to 
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presynaptic inhibition by low extracellular calcium than D2 terminals (Fig. 3).  

This suggests that a calcium-sensitive mechanism, likely localized within the 

presynaptic terminal given the whole cell measurements, contributes to strain-

dependent differences in presynaptic function.  Proteins contributing to release 

probability include the synaptotagmins, Munc proteins, calmodulin (CaM), and 

protein kinase C (PKC).  Among these, only two, PKC and Munc13 proteins, are 

activated by the second messenger diacylglycerol and its mimetic, phorbol ester 

(PDBu).  Importantly, PDBu application enhanced spontaneous release rates 

more robustly in B6 than D2 cells (Fig. 4A.) and equalized the frequency of 

spontaneous release between strains suggesting that a DAG-dependent form of 

synaptic potentiation may be already engaged in D2 synapses.  Given the strong 

conservation of amino acid sequences in the DAG binding sites of PKC and 

Munc13 proteins, typical PKC antagonists that bind to and block the DAG 

interaction site on PKC also bind to Munc13 proteins and block their DAG binding 

sites (Betz et al., 1998).  Furthermore, PKC antagonists that inhibit the 

phosphate acceptor site on PKC, like chelerythrine chloride, appeared to be 

cytotoxic in our slice preparation following prolonged incubations.  For these 

reasons, we examined both the phosphorylation status of a PKC-specific site 

found in presynaptic terminals (Ser515 on Munc18-1 (Sassa et al., 1996) and the 

expression of Munc13 isoforms.  There were no strain-dependent differences in 

either the expression level of total Munc18-1 protein or the level of 

phosphorylation at Ser515 (Fig. 5).  This strongly suggests that basal differences 

in intra-terminal PKC activity may not substantially contribute to these synaptic 
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phenotypes.  However, we did find nearly 2-fold higher expression of Munc13-2 

protein in the BLA of B6 mice compared to the D2 strain (Fig. 5A), with no 

differences in Munc13-1 expression (Fig. 5B). 

Munc13 proteins are large multi-domain presynaptic scaffolding proteins 

that are essential for synaptic vesicle priming (Varoqueaux et al. 2002) and 

regulate presynaptic plasticity (Lipstein et al., 2012).  All Munc13 isoforms 

contain a well conserved C-terminal Munc homology domain that interacts with 

Munc18-1/Syntaxin-1 heterodimers to facilitate SNARE complex formation as a 

prerequisite for vesicular release.  Further, significant differences in the N-

terminal regions between different isoforms alter the properties of presynaptic 

release and the characteristics of presynaptic plasticity.  For example, Munc13-1 

contains an N-terminal C2A domain that interacts with RIM proteins which are 

tethered to calcium channels.  This interaction is believed to bring vesicles in 

close proximity to calcium channels near the presynaptic active zone thus 

decreasing the amount of calcium entry required to initiate neurotransmitter 

release (Andrews-Zwilling et al., 2006).  The bMunc13-2 isoform lacks this N-

terminal C2A domain (Betz et al., 2001) and may prime vesicles at sites more 

distal to the active-zone calcium channels (Chen et al., 2015).  These roles are 

consistent with the differential sensitivity to low extracellular calcium observed in 

B6 and D2 glutamatergic synapses; higher levels of Munc13-2 in B6 terminals 

would sequester a larger proportion of vesicles further from active zone.  Notably, 

the C1 domain of Munc13 proteins binds diacylglycerol (DAG) which both 

decreases the energy barrier for vesicle fusion and increases Munc13 membrane 
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association (Rhee et al., 2002, Basu et al.,2007).  Studies using knockouts of the 

different Munc13 isoforms have found that synapses primed exclusively by 

Munc13-2 show greater facilitation by phorbol esters than synapses containing 

only Munc13-1 (Rosenmund et al., 2002).  This is consistent with our observation 

that B6 synapses, which likely have a higher ratio of Munc13-2:Munc13-1 primed 

vesicles, exhibit increased sensitivity to the potentiating effects of phorbol esters 

(Fig. 4).  

Within the Calyx of Held, studies have found that Munc13-2 competitively 

limits the ability of Munc13-1 to stimulate calcium-dependent recovery of the 

RRP following periods of high neuronal activity (Chen et al., 2013).  Consistent 

with these reports B6 synapses were more vulnerable to synaptic rundown due 

to differences in recycling rate and/or activity-dependent refilling of the RRP (Fig. 

6).  Munc13 isoforms are also important for determining the direction and 

magnitude of short-term plasticity following high synaptic activity due in part to 

their intrinsic differences in calcium/calmodulin binding sites (Lipstein et al., 

2012). Immediately after high levels of synaptic activity, Munc13-2 and Munc13-3 

isoforms are positively modulated by Ca2+/calmodulin and enhance vesicle 

priming activity to produce a short-term enhancement of neurotransmission 

(Lipstein et al., 2012).  Activity-dependent increases in intraterminal calcium 

facilitate levels of DAG which can subsequently bind to Munc13 proteins to 

produce this augmentation.  Consistent with this, we found that repetitive 

stimulation ‘equalized’ the frequency of sEPSCs in B6 and D2 synapses (Fig. 6).  

Importantly, this included a facilitation of the “burst-like” release phenotype for 
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events with intervals <25msec (Fig. 6F).  This suggests that the presynaptic 

physiology of D2 cells may mimic a DAG-potentiated state due to lower Munc13-

2 levels and preferential priming by the Munc13-1 isoform.  

One way to determine the physiological role of Munc13-2 expression 

levels would be to examine other inbred mouse strains with similar expression 

profiles. However, these strains would likely maintain several different genetic 

mutations in other important presynaptic proteins such as those that we probed 

for in figure 5. Therefore, in order to determine if Munc13-2 isoform levels 

contribute to the disparate presynaptic phenotypes expressed at D2 and B6 BLA 

excitatory synapses, we used a viral construct expressing a short hairpin RNA to 

knockdown the expression of the Munc13-2 isoform in the mPFC of B6 mice.  By 

manipulating Munc13-2 levels in B6 mice we were able to directly assess the role 

of the Munc13-2 isoform in presynaptic physiology in the absence of other 

genetic confounds.  The mPFC sends strong glutamatergic projections directly to 

BLA pyramidal cells (Fig. 6A&B; Gabbott et al., 2005, Vertes et al., 2004, Herry 

et al., 2008). Notably, these mPFC-BLA projections course through the 

ventromedial portions of the internal capsule and stria terminalis (Mcdonald et al., 

1996, Sesack et al., 1989, Dobi et al., 2013) which were recruited during our 

electrical stimulation.  This strategy also allowed us to control Munc13-2 levels in 

neurons that are presynaptic to the BLA cells. Using optogenetic stimulation we 

determined that the mPFC makes monosynaptic glutamatergic projections to 

BLA pyramidal cells (Fig. 7C). Additionally, we found that light-evoked paired-

pulse ratios of mPFC terminals in the BLA were significantly lower in Munc13-2 
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knockdown mice indicating that the manipulation increased vesicular release 

probability (Fig. 7E).  Furthermore, we found that Munc13-2 knockdown in the 

mPFC both increased sEPSC frequency and enhanced the frequency of “burst-

like” spontaneous release (Fig. 7F).  Additionally, this manipulation also 

increased the vesicle refilling rate during 40 Hz stimulation and occluded the 

effects of post-tetanic augmentation (Fig. 8C&D). Manipulation of mPFC 

Munc13-2 levels thus produced a physiological phenotype in B6 mice that was 

similar to that observed in D2 mice.  These findings strongly implicate differential 

expression of Munc13-2 in the disparate synaptic physiology of D2 and B6 mice.  

In summary, our data indicate that relative expression levels of Munc13 

isoforms represent a heritable mechanism controlling unique synaptic physiology 

expressed by D2 and B6 mice.  As these proteins are necessary for vesicular 

release, dictate characteristics of presynaptic plasticity and show differences in 

regional expression it is likely that this mechanism contributes to many of the 

behavioral differences between these strains. Although a number of potential 

mechanisms have been put forth to describe many of the strain-dependent 

behavioral differences, there is a clear theme that presynaptic signaling is 

differentially involved suggesting that a common downstream mechanism may 

contribute to several of these behaviors.  Importantly, the large number of 

modulatory domains present in Munc13 proteins may allow for precise 

manipulation of presynaptic function by novel pharmacotherapies. 
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Figure 1 
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Figure 1. Spontaneous and Miniature EPSC’s.  A) Distribution analysis of 

sEPSC’s in 25ms bins revealed that the enhanced frequency of vesicular release 

in D2 synapses is due to a higher proportion of events occurring at short 

interevent intervals (t-tests, ** 25msec p=0.0027, * 100ms p=0.0345, n=7/6) inset 

shows cumulative probability plot for interevent intervals illustrating a leftward 

shift in D2 cells. B) sEPSC amplitude distribution illustrating no significant strain-

dependent differences in the distribution of sEPSC amplitudes expressed in 5pA 

bins, inset shows cumulative probability plot for amplitude illustrating no 

difference in amplitude distribution. C) Representative traces of sEPSCs in D2 

(top, gray) and B6 (bottom, black) cells (scale bars are 5pA and 125msec). D) 

Distribution analysis of TTX-resistant mEPSCs in 25ms bins revealed that 

enhanced frequency of vesicular release in D2 synapses is driven by a higher 

proportion of events occurring at short interevent intervals at presynaptic 

terminals (t-tests, * 50ms p=0.0142, * 75ms p=0.0453, ** 100ms p=0.0044, 

n=9/7) inset shows cumulative probability plot of interevent intervals illustrating a 

leftward shift in D2 cells. E) mEPSC amplitude distribution illustrating no strain-

dependent difference in the distribution of mEPSC amplitudes (5pA bins) inset 

shows cumulative probability plot for amplitude illustrating no difference in 

amplitude distribution. 
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Figure 2 
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Figure 2. D2 Synapses Exhibit Higher Release Probability at 2 Distinct 

Inputs to the BLA. A) Paired-pulse ratios at lateral inputs to the BLA were 

significantly lower in D2 relative to B6 cells (t-tests, * 25ms p=0.0122 n=7/7, * 

50ms p=0.0372 n=7/7, * 250ms p=0.0359 n=8/7, ** 500ms p=0.0049 n=7/7). B) 

Paired-pulse ratios at medial inputs to the BLA were significantly lower in D2 

relative to B6 cells (t-tests, * 25ms p=0.0195 n=8/8, * 50ms p=0.0116 n=8/8, * 

250ms p=0.0392 n=8/8, 500ms p=0.7499 n=8/8). C) Representative traces of 

paired-pulse stimulation at lateral inputs in D2 (gray) B6 (black) cells at the 25ms 

(left) and 500ms (right) stimulus intervals. D) Representative traces of paired-

pulse stimulation at medial inputs in D2 (gray) B6 (black) cells, 25ms (left) 500ms 

(right), first pulses in each B6 trace are normalized to the first pulse in the 

corresponding D2 trace. 
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Figure 3 
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Figure 3. B6 but not D2 Cells are Sensitive to Inhibition of mEPSC 

Frequency in Low Extracellular Calcium aCSF. A) Median mEPSC interevent 

intervals recorded in standard aCSF (2mM calcium) or low calcium aCSF (0.5mM 

calcium) revealed that B6 intervals were sensitive to inhibition by low calcium 

conditions while D2 terminals were insensitive (2-way ANOVA, main effects of 

calcium concentration p=0.0313 and strain p<0.0001, significant interaction 

p=0.0033, bonferroni posttest: D2 t=0.6607 p>0.05, B6 t=3.855 p<0.01, normal 

aCSF n=9/9, low calcium aCSF n=8/8). B) Distribution analysis of mEPSC 

interevent intervals at D2 synapses found no significant differences across all 

interval bins, inset shows cumulative probability plot for interevent intervals 

illustrating no difference in event distribution in D2 cells. C) Distribution analysis 

of mEPSC interevent intervals found that extracellular calcium significantly 

modulated the short interval bins in B6 cells (t-tests, * 25msec p=0.020, ** 

50msec p=0.007, *100msec p=0.042, * 125msec p= 0.031, ** 150msec p=0.008) 

inset shows cumulative probability plot illustrating a rightward shift in IEI 

distribution in B6 cells. D) Median mEPSC amplitudes recorded in standard or 

low calcium aCSF revealed strain-specific effects of low calcium on mEPSC 

amplitude (2-way ANOVA, significant main effects of calcium concentration 

p=0.0365 and strain p=0.0131, no significant interaction p=0.1128, Bonferroni 

post-test * p<0.05 for B6 median amplitudes). E) Distribution of mEPSC 

amplitudes (5pA bins) in D2 cells was not significantly altered in low extracellular 

calcium, inset shows cumulative probability plot illustrating no change in 

amplitude distribution in D2 cells. F) Analysis of mEPSC amplitude distributions 

for B6 synapses in low extracellular calcium found modest but significantly 

decreased contributions by events in from the 11-15pA and 16-20pA bins (t-test, 

** 11-15pA p= 0.003, * 16-20pA p=0.035) inset shows cumulative probability plot 

illustrating a slight leftward shift in amplitude distribution in B6 cells.  G) 

Representative mEPSC traces recorded in standard aCSF (top) and low calcium 

aCSF (bottom) in D2 (left, gray) and B6 (right, black) cells (scale bars are 5pA 

and 125msec). 
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Figure 4 
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Figure 4. Phorbol Ester Application Equalizes the Frequency of sEPSCs in 

D2 and B6 Synapses. A) Bath application of 1µM PDBu significantly decreases 

median sEPSC interevent intervals in B6 but not D2 synapses (Repeated 

measures 2-way ANOVA, significant main effects of PDBu exposure p<0.0001 

and strain p=0.0274, significant interaction p=0.0441, Bonferroni posttest: 

significant strain-dependent difference only at baseline t=3.781 *** p<0.001, 

n=6/6).  B) Distribution analysis of sEPSCs revealed no significant effects of 

PDBu exposure (within subject t-test at each interval) inset shows cumulative 

probability of interevent intervals in D2 cells illustrating a slight leftward shift.  C) 

Analysis of B6 sEPSC IEIs revealed that PDBu significantly increased the 

proportion of events occurring at interevent intervals ≤100 msec (within subject t-

test; *** 0-25msec bin p=0.001, ** 26-50msec p=0.005, * 51-75msec p=0.036, * 

76-100msec p=0.011) inset shows a cumulative probability plot illustrating a large 

leftward shift in interevent interval distribution in B6 cells.  D) sEPSC amplitudes 

were not significantly altered by PDBu exposure (two-way ANOVA, no significant 

interaction or effects of strain and treatment). E &F ) Distribution analysis of 

sEPSC amplitudes showing no significant effect of PDBu treatment across all 

amplitudes for both D2 (E) and B6 (F) synapses, insets show cumulative 

probability plots illustrating no change in amplitude distribution in D2 or B6 cells. 

G) Representative traces sEPSCs in D2 (left, gray) and B6 (right, black) cells 

during baseline (top) and after 15minutes of PDBu exposure (bottom) (scale bars 

are 5pA and 125ms). 
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Figure 5 
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Figure 5. Western Blots Reveal Strain-Dependent Differences Munc13-2 

Expression in the BLA. A) The bMunc13-2 isoform is expressed significantly 

higher in the BLA of B6 than D2 mice (t-test, p=0.0002, n=8/8).  There are no 

strain-dependent differences in B) Munc13-1 expression (p=0.753, n=8/8), C) 

Munc18-1 (p=0.2136, n=8/8), D) pMunc18-1 ser515 (p=0.7732, n=8/8), E) 

SNAP25 (p=0.8031, n=8/8), F) Syntaxin (p=0.9976, n=8/8), G) VAMP1 

(p=0.7582, n=8/8), H) VAMP2 (p=0.0950, n=8/8), I) VAMP7 (p=0.3424, n=8/8), J) 

Complexin 1 (lower band, p=0.0596, n=8/8) & Complexin 2 (upper band, 

p=0.3004, n=8/8).  * - indicates immunoreactive band of the appropriate 

molecular weight that was analyzed for expression level.  The identity of weaker 

immunoreactive bands in these blots is unknown.  K) Summary graph showing 

BLA protein expression represented as % of the B6 strain. 
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Figure 6. Strain-Dependent Differences in Short-Term Plasticity at Medial 

BLA Inputs. A) Cumulative amplitude plot of a 15 minute 2Hz train in D2 and B6 

cells. B) Cumulative area plot of a 15 minute 2Hz train in D2 and B6 cells. C) 

Cumulative amplitude plot of a 2.5 second 40Hz train in D2 and B6 cells. D) 

Cumulative area plot of a 2.5 second 40Hz train in D2 and B6 cells. E) 

Comparison of the size of the RRP vs the recycling pool in D2 and B6 cells found 

that D2 cells maintained a higher recycling capacity compared with B6 cells (2-

way ANOVA, main effects of strain p=0.0026 and pool p<0.0001, significant 

interaction p=0.0172, bonferroni posttests: RRP t=0.4982 p>0.05, recycling pool 

t=3.985 p<0.001). RRP and recycling pool sizes were calculated as described in 

the text.  F&G) Analysis of sEPSCs interevent interval (F, 25msec bins) and 

amplitude (G, 5pA bins) distributions recorded immediately after a 2.5 second 

40Hz train indicate that strain-dependent differences in IEI are normalized by a 

high frequency tetanus, insets show cumulative probability plots illustrating 

normalization of event distribution following tetanic stimulation.  H) 

Representative traces of sEPSC immediately after a 2.5 second 40Hz train D2 

(top, gray) B6 (bottom, black).  Scale bars are 5pA and 125msec, respectively. 
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Figure 7 
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Figure 7. shRNA Mediated Knockdown of Munc13-2 in mPFC Increases 

sEPSC Frequency in BLA.  A) Immunofluorescence of YFP expressed in the 

mPFC injection site. B)  Immunofluorescence of YFP arising from mPFC 

terminals in the BLA.  C) Demonstration of monosynaptic glutamatergic 

transmission from mPFC to BLA. Optogenetic responses from the same cell at 

baseline (left, black) in the presence of 1µM TTX (left, gray), the effects of 1µM 

TTX + 1mM 4-AP (right, black) in the presence of 1µM TTX + 1mM 4-AP + 20µM 

DNQX (right, gray).  D) shRNA targeted to the Munc13-2 isoform significantly 

decreased the expression of Munc13-2 protein in the BLA (p=0.0038, n=8/7). E) 

Optogenetic paired-pulse ratios were significantly lower in knockdown cells 

indicating an increase in release probability (p=0.0356, n=4/5). F) Distribution 

analysis of sEPSC interevent intervals in Munc13-2 knockdown (shRNA) vs 

scrambled control (control) BLA cells revealed an shRNA-dependent increase in 

the proportion of events occurring at short interevent intervals (t-tests, *** 25ms 

p=0.001, ** 50ms p=0.005, * 75ms p=0.020, n=14/11) inset shows a cumulative 

probability plot illustrating a leftward shift in event distribution in knockdown 

relative to control cells.  G) sEPSC amplitude distributions no shRNA-dependent 

differences in the distribution of sEPSC amplitudes, inset shows a cumulative 

probability plot illustrating no difference in amplitude distribution.  H) 

Representative traces of light activated paired-pulse stimulation in shRNA (left, 

gray) and scrambled control cells (right, black). I) Representative traces of 

sEPSCs in shRNA (top, gray) and control (bottom, black) cells (scale bars are 

5pA and 125msec). 
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Figure 8 
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Figure 8. Munc13-2 Knockdown Alters Short-Term Plasticity. A) Cumulative 

amplitude plot of a 2.5 second 40Hz train recorded from B6 synapses expressing 

Munc13-2 shRNA or scramble control RNA.  B) Cumulative area plot of a 2.5 

second 40Hz train in shRNA and control cells.  C) Comparison of the size of the 

RRP vs the recycling pool in shRNA and control synapses found that shRNA 

maintained a higher recycling capacity compared with control (2-way ANOVA, 

main effects of virus p=0.0163 and pool p<0.0001, bonferroni posttest: RRP 

t=0.7401 p>0.05, Recycling pool t=3.057 p<0.05 n=5/5).  D&E) Analysis of 

sEPSCs recorded immediately after a 2.5 second 40Hz train revealed no shRNA-

dependent differences in sEPSC interevent interval (D) or amplitude distributions 

(E) insets show corresponding cumulative probability plots. F) Representative 

traces of sEPSCs immediately after a 2.5 second 40Hz train shRNA (top, gray) 

control (bottom, black) (scale bars are 5pA and 125msec). 
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Abstract: 

Background:  Inbred mouse strains are differentially sensitive to the acute 

effects of ethanol and are useful tools for examining how unique genomes 

differentially affect alcohol-related behaviors and physiology.  DBA/2J mice have 

been shown to be sensitive to the acute anxiolytic effects of alcohol as well as 

the anxiogenic effects of withdrawal from chronic alcohol exposure, while B6 

mice are resistant to both.  Considering that the basolateral amygdala is an 

important brain region for the acute and chronic effects of ethanol on fear and 

anxiety related behaviors, we hypothesized that there would be strain-dependent 

differences in the acute effects of ethanol in BLA slices.  Methods:  We utilized 

patch clamp electrophysiology in BLA coronal slices from four inbred mouse 

strains (A/J, BALBcJ, C57BL/6J and DBA2/J) to examine how genetic 

background influences acute ethanol effects on synaptic vesicle recycling and 

post-tetanic potentiation in response to low (2 Hz) and high (40 Hz) frequency 

stimulation.  Results:  We found that ethanol inhibited synaptic vesicle recycling 

in a strain- and stimulation frequency-dependent manner.  Vesicle recycling in 

DBA/2J and BALBcJ cells was inhibited by acute ethanol during both low and 

high frequency stimulation while recycling measured from AJ cells was sensitive 

only during high frequency stimulation.  Recycling at C57BL/6J synapses was 

insensitive to ethanol regardless of stimulation frequency.  We additionally found 

that cells from DBA/2J and BALBcJ mice were sensitive to ethanol-mediated 

inhibition of post-tetanic potentiation.  Conclusions:  Acute ethanol application 

inhibited vesicle recycling and post-tetanic potentiation at glutamatergic 
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synapses in both a strain- and frequency-dependent fashion.  Several 

presynaptic proteins that contribute to synaptic vesicle priming in addition to post-

tetanic potentiation have been implicated in alcohol-related behaviors, including 

Munc13, Munc18, and RIM proteins, making them potential candidates for the 

molecular mechanism controlling these effects. 

Key Words/Phrases:  Vesicle priming, vesicle recycling, presynaptic, acute 

ethanol, post-tetanic potentiation 
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Introduction: 

Alcohol use disorders (AUDs) are extremely prevalent and often lead to 

the development of severe mental and physical health issues.  Although a few 

therapeutic options are available for the treatment of AUDs, the majority of 

addicted individuals are unable to remain abstinent from alcohol for prolonged 

periods of time.  Some of the major barriers preventing successful treatment 

outcomes are an incomplete understanding of the diverse physiological effects of 

ethanol and the role that genetic diversity plays in the heterogeneity of AUDs.  

For example, of the few available pharmacological treatments, efficacy has often 

been linked with specific genetic mutations including Naltrexone (OPRM1), 

Acamprosate (GRIN2B), and Topiramate (GRIK1) (Oslin et la., 2003, Karpyak et 

al., 2014, Kranzler et al., 2014).  Furthermore, the efficacy of behavioral 

interventions like the 12-step facilitation program has been linked to mutations in 

the GABRA2 gene (Bauer et al., 2007).  These highlight the importance of 

understanding how genetic background influences the effects of alcohol. 

Inbred mouse strains are valuable tools for determining the role of specific 

genotypes in producing different behavioral traits associated with AUDs as well 

as understanding the physiological underpinnings that contribute to these 

different genetic vulnerabilities.  The DBA/2J (D2), C57BL/6J (B6), A/J (AJ), and 

BALBcJ (BALBc) strains have been commonly used in the alcohol field and differ 

in several alcohol-related behaviors including consummatory behavior, acute 

ethanol intoxication, and withdrawal-related phenotypes.  For example, B6 mice 

have been widely used for their high intake and preference for alcohol containing 
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solutions, while D2, BALBc, and AJ mice are known to have significantly lower 

consumption and preference for alcohol (Le et al., 1994, Gill and Boyle, 2005).  

Conversely, D2, BALBc and AJ mice appear to be more sensitive to the acute 

effects of alcohol relative to the B6 strain as they show enhanced locomotor 

stimulation in response to low doses of ethanol (Kiianmaa et al., 1983, 

Cunningham et al., 1992, Crawley et al., 1997, Gill et al., 2000).  D2 mice also 

exhibit increased sedation in response to high doses of ethanol relative to B6 

mice (Elston et al., 1982).  Given these abundant strain-dependent differences in 

alcohol-related behaviors, it is likely these strains display several unique 

neurophysiological responses to alcohol.  

Alcohol acutely modulates emotional states as well as long-term emotional 

processing.  In part, these effects occur through direct actions of alcohol on the 

basolateral (BLA) and extended amygdala.  For example, presynaptic function of 

GABAergic synapses within the BLA is robustly potentiated by ethanol 

(Silberman et al., 2008, 2012).  Acute ethanol also robustly inhibits post-synaptic 

kainate receptor-mediated responses in this brain region (Läck et al., 2008).  

These effects likely contribute to ethanol’s acute anxiolysis.  However, relatively 

less is understood about the potential effects of acute ethanol on presynaptic 

glutamatergic function within the amygdala.  Our lab has previously 

demonstrated that chronic exposure to alcohol enhances BLA presynaptic 

glutamatergic function in an input-specific manner (Läck et al., 2007, Christian et 

al., 2012, Christian et al., 2013).  Furthermore, relative to B6 mice, D2 mice are 

more sensitive to both the anxiolytic effects of ethanol intoxication and the 
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anxiogenic effects of withdrawal from chronic ethanol exposure (McCool and 

Chappell, 2015).  Together, these studies suggest that acute ethanol might act 

on presynaptic glutamatergic BLA synapses in a strain-dependent fashion. 

While acute ethanol effects on postsynaptic glutamate receptors are well 

characterized, much less is known about ethanol modulation of presynaptic 

glutamate release.  But our findings that chronic ethanol modulates presynaptic 

function (Läck et al., 2007, Christian et al., 2013) suggest these compartments 

may also be targeted by acute ethanol.  Consistent with this, recent studies in 

non-mammalian model systems have shown that presynaptic proteins involved in 

vesicle trafficking, priming, and release are directly modulated by acute ethanol 

(Kapfhamer et al., 2008, Das et al., 2013, Johnson et al., 2013).  In order to 

evaluate the role of ethanol exposure on synaptic vesicle trafficking and function 

in mice, we have utilized two different stimulation protocols.  First, we used a low 

frequency (2 Hz) protocol to measure vesicle recycling over a prolonged period 

of stimulation (400 pulses) as well as characteristics of short-term plasticity.  

Then, we used a high frequency (40 Hz) protocol to directly and separately 

examine the effects of acute ethanol on the readily releasable pool of vesicles 

(RRP) and synaptic vesicle recycling.  Using this methodology, we show a novel, 

strain-dependent effect of ethanol that specifically inhibits synaptic vesicle 

recycling and, subsequently, short-term plasticity.  Together, these strain-

dependent presynaptic effects of ethanol may contribute to some of the observed 

strain-dependent differences in sensitivity to the acute effects of alcohol. 
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Materials and Methods: 

Animals:  5 week old male C57BL/6J (B6), DBA/2J (D2), BLABcJ (BALB), and 

A/J (AJ) mice were obtained from The Jackson Laboratories (Bar Harbor, ME) 

and given access to food and water ad libitum.  Mice were group housed for 1-2 

weeks in a facility maintained by institutional animal resource personnel with 

housing conditions consistent with the NIH Guidelines for the Care and Use of 

Laboratory Animals (68-74oF, 30-70% relative humidity) prior to the experiments.  

All experimental procedures were approved by the WFUSM Animal Care and 

Use Committee. 

Slice Preparation:  Animals were anesthetized with isoflurane and decapitated. 

Brains were quickly removed and incubated for 5 minutes in an ice-cold sucrose 

modified artificial cerebral spinal fluid (aCSF) containing (in mM): 180 sucrose, 

30 NaCl, 4.5 KCl, 1 MgCl2·6H2O, 26 NaHCO3, 1.2 NaH2PO4, 0.10 ketamine, 

and 10 glucose, equilibrated with 95% O2 and 5% CO2.  Coronal slices 

containing the BLA were obtained (300 μm) using a VT1200 S vibrating blade 

microtome (Leica, Buffalo Grove, IL) and were incubated for at least 1 h in room 

temperature (∼25°C) in oxygenated standard aCSF containing (in mM): 126 

NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose, 

before initiation of recordings. 

Whole cell patch clamp recordings:  BLA slices were transferred to a 

submersion-type recording chamber and perfused with room temperature 

(∼25°C) aCSF (2.0 ml/min) for whole-cell voltage clamp recordings similar to 
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previously published reports (Christian et al., 2013).  Data were acquired via 

Axopatch 700B (Molecular Devices, Foster City, CA) and analyzed offline via 

pClamp software (Molecular Devices, version 10.5).  Inclusion criteria for 

presumptive principal neurons included high membrane capacitance (>100 pF) 

and low access resistance in the whole-cell configuration (<20 MΩ, Washburn et 

al., 1992).  Recordings in which access resistance or capacitance changed ≥20% 

during the record or with changes in resting membrane currents ≥100pA were 

excluded from analysis. Glutamatergic responses were pharmacologically 

isolated using 100μM picrotoxin (a GABAA receptor antagonist) in the bath aCSF 

and were recorded with electrodes filled with an internal solution containing (in 

mM): 145 Cs-gluconate, 10 EGTA, 5 NaCl, 1 MgCl2, 10 HEPES, 0.4 QX314, 1 

CaCl2, 4 Mg-ATP, and 0.4 Na3-GTP.  Osmolarity of internal solution was 

corrected to ~285mOsm with sucrose and pH was adjusted to~7.25 with D-

gluconic acid.  Synaptic responses were electrically evoked using concentric 

bipolar stimulating electrodes (FHC Inc, Bowdoin, ME) placed medial to the BLA 

within the stria terminalis since these synapses are facilitated by chronic ethanol 

(Christian et al., 2012, 2013). 

2 Hz Stimulation Protocol:  Stria terminalis inputs to the BLA were stimulated in 

the following sequence: 10 pulses 0.1 Hz (pre-train stimulation), 400 pulses 2 Hz, 

followed by three single stimulations at 1, 5 and 25 seconds after the 2 Hz train.  

These final stimulations were used to assess any post-tetanic potentiation (PTP).  

Ethanol was then washed on for 10 minutes in the absence of stimulation 

followed by a repetition of the protocol: 10 pulses 0.1 Hz (pre-train stimulation), 
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400 pulses 2 Hz, 3 single pulses at 1, 5 and 15 seconds after the 2 Hz train 

(PTP). 

40 Hz Stimulation Protocol:  Medial inputs were stimulated for 100 pulses at 40 

Hz, followed by a 10 minute ethanol application period in the absence of 

stimulation.  An additional 100 pulses at 40 Hz were delivered to assess the 

effects of ethanol application on the size of the RRP and vesicle recycling rate 

(see below). 

Data Analysis:  The 2.5 second 40 Hz trains of stimuli were used to determine 

the size of the RRP as well as the synaptic vesicle refilling/recycling rate as 

described previously (Schneggenburger et al., 2002, Gioia et al., 2016).  Briefly, 

response amplitudes were summed across the stimulation trained and used to 

construct cumulative amplitude plots for each cell during baseline and ethanol 

exposure.  Linear regressions passing through the final 10 data points were used 

to define a y-intercept which serves as an estimate of the size of the RRP.  We 

then subtracted the apparent size of the RRP from the total cumulative amplitude 

to estimate the contribution of recycling synaptic vesicles that refill the releasable 

pool during much of the stimulation train.  Consistent with previous literature 

(Hagler & Goda, 2001), we found that release became more asynchronous as 

the 40 Hz stimulation progressed.  This would sometimes interfere with the ability 

to measure baselines before each stimulus.  In order to avoid this issue, baseline 

synaptic transmission measurements were taken immediately before the initiation 

of each train.  
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Statistics:  All graphs are plotted as mean ± SEM of each group.  Primary 

statistical analyses were conducted using 2-Way ANOVA, One-Way ANOVA, or 

t-tests (GraphPad, GraphPad Software Inc, La Jolla, CA) according to the 

experimental design as described, with posttests as appropriate.   

Drug Preparation:  Picrotoxin (Tocris) was prepared fresh daily and dissolved in 

DMSO then added to aCSF with final concentrations of DMSO in the perfusate 

<0.05%. Alcohol was mixed with aCSF and delivered to the recording chamber 

through a calibrated syringe pump to obtain the desired concentration for 

recording.  

 

Results: 

Experiments using prolonged stimulation have been valuable in 

determining synaptic strength in the context of high neuronal demand as well as 

for assessing different characteristics of short-term plasticity.  During prolonged 

stimulation synaptic vesicles gradually become depleted from the presynaptic 

terminal when the stimulation frequency becomes higher than the 

recycling/refilling rate.  We have previously shown that medial inputs to the BLA 

fatigue at stimulation frequencies >2 Hz (Gioia et al., 2016), and therefore, 

wanted to examine the effects of ethanol during non-depleting (2 Hz) and 

depleting (40 Hz) frequencies.  Notably, neurons dynamically alter their firing 

rates in response to different stimuli so it was also important to examine ethanol 

effects across a range of stimulation frequencies. 
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Low Frequency Stimulation of Medial BLA Inputs Reveals Strain-Dependent 

Inhibition by Ethanol:   

In order to determine if ethanol modulates the ability of synapses to 

communicate during non-depleting sustained activity, we utilized a prolonged 

(400 pulses) 2 Hz stimulation protocol.  We delivered two 400-pulse trains of 

electrical stimuli to the medial inputs of the BLA with a 10 minute period in 

between during which we bath applied 80mM ethanol to the slices.  Through 

analysis of the total cumulative amplitude attained during these trains, we found 

that cumulative synaptic amplitudes were inhibited by acute ethanol when 

recording from D2 cells (Fig. 1D; t-test, p<0.01).  Recordings from BALBc cells 

showed a trend towards inhibition (Fig. 1C; t-test p=0.0896), while cells from AJ 

(Fig. 1A) and B6 mice (Fig. 1B) were insensitive (t-tests respectively, p=0.58, 

p=0.71).  Ethanol inhibition appeared to be independent from the amount of 

response amplitude ‘run down’ during the stimulation train as these values were 

not significantly correlated (p>0.05 in all strains).   

We then compared ethanol effects during the beginning of the train and at 

the end of the train.  Importantly, we found that none of the strains were sensitive 

to ethanol during the first 10 pulses.  This is consistent with many previous 

studies showing no acute effect of ethanol on ‘basal’ glutamate release.  

However, when we examined the amplitude of the final 100 EPSCs of each train, 

when the cells are presumably releasing newly recruited vesicles, we found that 

80mM ethanol inhibited responses recorded during these later portions of the 

train from BALBc (Fig. 1G, 2-Way ANOVA, ethanol (p<0.05) early/late (p=0.43) 
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bonferroni significant at last 100 pulses (p<0.05)) and D2 cells (Fig. 1H, 2-Way 

ANOVA, ethanol (p<0.01), early/late (p=0.15) bonferroni posttest significant at 

the last 100 pulses (p<0.05)),  while AJ cells (Fig 1E, 2-Way ANOVA, Ethanol 

(p=0.49), early/late (p=0.86)) and B6 cells were insensitive (Fig 1F, 2-Way 

ANOVA, Ethanol (p=0.83), early/late (p=0.12)).  These results strongly suggest 

that ethanol inhibition occurs through interference with synaptic vesicle refilling or 

recycling.  However, higher frequency stimulation (40 Hz) is required to rapidly 

deplete the RRP and adequately examine the recycling rates in the presence of 

ethanol. 

Ethanol Inhibits Post-Tetanic Potentiation in a Strain Dependent Manner:  

Repetitive stimulation will often produce short-term plasticity that can last 

from several seconds to tens of minutes after stimulation.  Therefore, we also 

examined the effects of ethanol on synaptic plasticity during these 2 Hz 

experiments.  In order to ensure that long-term plasticity induced by the initial 

train did not confound our measures of ethanol modulation, we examined 

synaptic responses at 0.1 Hz immediately before each 2 Hz train, with the 

second train separated by a 10 min period with no stimulation.  Here we found 

that none of the strains expressed long-term plasticity following the initial 2 Hz 

stimulation as the amplitudes of pre-train stimuli were not different between the 

baseline and ethanol conditions  (Fig. 2A-D; t-tests within strain, p>0.05 in all 

strains).  This further supports the hypothesis that ethanol inhibition occurs 

through disruption of cellular processes occurring during the latter part of the 

stimulus train and are also consistent with others finding no effect of ethanol on 
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glutamatergic release probability in the BLA following a 10 minute exposure to 

alcohol (Robinson et al., 2016). 

PTP is a form of short-term plasticity expressed exclusively in the 

presynaptic compartment that generally lasts from 10s of seconds to a couple of 

minutes following repetitive stimulation (Zucker & Regehr, 2002).  Single synaptic 

events were evoked 1 second, 5 seconds, and 25 seconds following the 2 Hz 

stimulation and compared to the amplitude of the pre-train stimuli in order to 

examine PTP.  Here we found that ethanol had no significant effects on PTP in 

AJ and B6 cells (Fig 2E, AJ, 2-Way ANOVA, time after stimulus (p=0.74) ethanol 

(p=0.95), n=7; Fig 2F, B6, 2-Way ANOVA, time after stimulus (p=0.10) ethanol 

(p=0.66), n=7).  Conversely, ethanol significantly inhibited PTP in BALBc cells, a 

2-Way ANOVA revealed a significant main effect of ethanol (Fig. 2G, p<0.05) but 

no effect on time after stimulus (p=0.83).  Additionally, ethanol significantly 

inhibited PTP in D2 cells, a 2-Way ANOVA revealed a significant main effect of 

ethanol (Fig. 2H, p<0.01) but no effect on time after stimulus (p=0.15).  These 

results raise the interesting possibility that the same ethanol sensitive 

mechanisms involved in synaptic vesicle recycling may also be involved in PTP 

which could potentially narrow down the list of target proteins. 

Ethanol Inhibits Synaptic Vesicle Recycling During High Frequency Stimulation in 

a Strain-Dependent Manner:   

We used high frequency (40 Hz) stimulation in order to distinguish 

between effects of ethanol on the RRP and the vesicle recycling rate.  40 Hz 

trains of stimuli delivered to medial BLA inputs rapidly deplete the RRP within the 
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first 10 stimuli (Gioia et al., 2016) after which continued stimulation leads to a 

mixture of EPSCs and failures dictated by the rate of activity-dependent refilling 

of the RRP.  In order to quantify the size of the RRP and synaptic vesicle 

recycling rates, we used previously reported procedures that are detailed in the 

methods section above (Schneggenburger et al., 2002, Gioia et al., 2016).  

In these experiments, we examined effects of ethanol during high 

frequency stimulation by delivering two 100-pulse trains at 40 Hz to the medial 

inputs of the BLA with a 10 minute period in between during which we bath 

applied 80mM ethanol to the slices.  Again, through analysis of the total 

cumulative amplitude attained during these trains, we found that 80mM ethanol 

inhibited cumulative amplitudes of AJ, BALBc and D2 cells (Fig. 3 A, C, & D, 

within-strain t-tests, p<0.05, p<0.01, p<0.01 respectively), while B6 cells 

remained insensitive (Fig. 3B, t-test, p= 0.72).  These results are particularly 

interesting in that they suggest a frequency-dependent effect of ethanol inhibition 

in the AJ strain.  Thus, behaviors or neurophysiological processes involving high-

frequency firing in-vivo may be disrupted in the AJ strain while those requiring 

lower frequency firing may be insensitive to ethanol.  We also used the 

cumulative amplitude plots to segregate contributions from the readily releasable 

and recycling pools (see Methods) and found that ethanol specifically disrupted 

synaptic vesicle recycling.  Cells from AJ, BALBc, and D2 mice all showed 

ethanol-mediated inhibition of synaptic vesicle recycling (Fig. 3E, G, & H; t-tests 

respectively, p<0.05, p<0.01, p<0.001) with no effects on the size of the RRP (t-

tests respectively, p=0.32, p=0.20, p=0.06).  Conversely, cells from B6 mice were 
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insensitive to ethanol mediated effects on vesicle recycling (Fig. 3F, t-test , 

p=0.85).  These results are consistent with the 2 Hz studies where ethanol 

inhibition occurred at the end of the train and directly suggest that ethanol inhibits 

synaptic vesicle recycling.  Furthermore, ethanol inhibition again appeared to be 

independent from the amount of response amplitude ‘run down’ during the 

stimulation train as these values were not significantly correlated (p>0.05 in all 

strains).   

Ethanol Inhibition of Synaptic Vesicle Recycling in D2 Cells is Dose-Dependent:  

In order to determine if ethanol mediated effects on synaptic vesicle 

recycling occurred at behaviorally relevant concentrations of ethanol, we 

repeated the 40 Hz experiments at 0, 10, 40, and 60 mM ethanol in D2 and B6 

mice.  Consistent with the previous experiment, cells from D2 mice were 

sensitive to inhibition of vesicle recycling in a dose-dependent manner (Fig. 4A).  

Fit of these data to a standard concentration-response relationship revealed an 

IC50 = 42.0±1.5mM.  Cells from B6 mice were insensitive to ethanol mediated 

effects on the RRP and recycling rate at all concentrations tested (Fig. 4B).  We 

were unable to fit the B6 data to a similar curve due to their insensitivity to 

ethanol mediated effects on recycling (1-Way ANOVA, p=0.62), we therefore 

plotted the effects of each concentration without the non-linear regression 

analysis for comparison with effects in D2 cells.  
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Discussion: 

In these studies we identified synaptic vesicle recycling as a novel target 

for acute inhibition by ethanol.  This strain-dependent effect is amplified in 

responses to higher frequency stimulation, suggesting that either accumulation of 

second messengers within the presynaptic terminal, or simply higher demand 

placed upon presynaptic recycling machinery, may facilitate inhibition by ethanol.  

Importantly, we have previously shown these BLA glutamatergic inputs respond 

to chronic ethanol exposure by greatly increasing their function (Christian et al., 

2013). The current work suggests that adaptations within alcohol-sensitive 

processes within presynaptic terminals themselves could explain this presynaptic 

plasticity.  This would be consistent with many studies showing that acute 

ethanol inhibition frequently leads to rebound upregulation during withdrawal 

(Lowery-Gionta et al., 2015, Pleil et al., 2015).  Therefore, it is possible that 

repeated exposure to alcohol and its inhibition of synaptic vesicle recycling leads 

to the development of presynaptic facilitation to offset this acute inhibition.  We 

also found that ethanol acutely inhibited synaptic vesicle recycling in D2 cells 

during high frequency (40 Hz) stimulation with an IC50 of approximately 42mM 

(Fig. 4).  This concentration is clearly outside the range of blood levels caused by 

casual ethanol consumption but is not outside the range attained by heavy 

drinkers or alcohol-dependent individuals.  Given that synaptic vesicle recycling 

is an integral process at all synapses, these results may likely have broader 

implications for a wide variety of brain regions and could explain why ethanol 

produces robust allostatic adaptations in so many brain regions.  Finally, we 
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found that there were strain-dependent differences in the inhibition of PTP by 

ethanol.  PTP is a form of short-term plasticity that occurs over tens to hundreds 

of seconds following repetitive stimulation and is regulated by several 

presynaptic proteins and second messengers which are also involved in vesicle 

recycling.  Therefore, it is possible that the effects on PTP and vesicle recycling 

are controlled by the same mechanisms.  

In these studies we examined ethanol effects on both high and low 

frequency stimulation because neurons dynamically alter their firing rates to 

accommodate for different tasks.  Medial inputs to the BLA contain fibers from 

the mPFC, hippocampus and thalamus; all of these regions are all known to 

operate in both low and high frequency ranges (Milad & Quirk, 2002, Wang et al., 

2011, Galvan et al., 2012).  For example, neurons in the mPFC fire at low 

frequencies during fear conditioning and higher frequencies during extinction 

(Milad & Quirk, 2002) while low frequency oscillations between the mPFC and 

BLA are required for the initiation of freezing behavior during fear conditioning 

(Karalis et al., 2016).  Given that cells from D2 but not B6 mice are sensitive to 

ethanol inhibition during low frequency trains (Fig. 1), it is therefore not surprising 

that ethanol withdrawal alters amygdala dependent delay fear conditioning in D2 

mice but not in B6 mice (Tipps et al., 2015).  Additionally, BLA neurons 

dynamically alter their firing rate in-vivo from 0-30 Hz in response to anxiogenic 

stimuli, with frequency being positively correlated with anxiety-like behavior 

(Wang et al., 2011).  Further, D2 mice are sensitive to the acute anxiolytic effects 

of ethanol intoxication while B6 mice are not (McCool and Chappell, 2015); 
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ethanol inhibition of responding during high frequency trains (Figs 3-4) may 

contribute to this as well.  Finally, alcohol disrupts gamma band (30-80 Hz) 

oscillations in the hippocampus of rats (Wang et al., 2016) and the visual cortex 

of humans (Campbell et al., 2014); and ethanol mediated disruption of synaptic 

vesicle recycling offers a potential cellular substrate for this phenomenon.  These 

studies together highlight the importance of examining ethanol across a range of 

presynaptic stimuli. 

We demonstrate in these studies that ethanol inhibits synaptic responses 

during low frequency trains in cells from D2 and BALBc mice while cells from AJ 

and B6 mice were insensitive (Fig. 1).  Interestingly, cells from AJ mice became 

sensitive to inhibition by ethanol when the stimulation frequency was increased 

(Fig. 3).  This raises that possibility that AJ mice may be sensitive to ethanol 

effects on behaviors that require higher frequency neuronal activity in vivo and 

protected from those mediated by low frequency activity.  Furthermore, we found 

that cells from B6 mice were insensitive across both frequencies; and this is 

consistent with their low sensitivity to many of the acute intoxicating effects of 

ethanol.  

Ethanol Inhibition of Synaptic Vesicle Recycling 

During the low frequency experiments we found that ethanol inhibited 

EPSCs specifically at the end of the trains but not the beginning (Fig. 1) which 

suggested to us that ethanol may be interfering with activity dependent 

refilling/recycling into the RRP.  We were able to confirm this hypothesis using 

high frequency stimulation which allowed us to quantify the size of the RRP and 
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the recycling/refilling rate.  Here we found that ethanol selectively inhibited the 

recycling component of the train without interfering with the RRP (Fig 3).  The 

relative insensitivity of the RRP to acute ethanol compliments a previous study 

from our lab using a paired-pulse protocol that found no acute effect of ethanol 

on initial glutamate release probability when bath applied for 10 minutes 

(Robinson et al., 2016).  Our results demonstrate that multiple stimuli are 

required to observe presynaptic inhibition at this synapse. 

The presynaptic terminal contains several different pools of synaptic 

vesicles that can be distinguished based on their molecular interactions and 

proximity to the plasma membrane.  The RRP contains mature vesicles that are 

docked and primed for release at the active zone.  These readily releasable 

vesicles undergo SNARE complex mediated fusion with the plasma membrane in 

response to terminal calcium influx.  After the vesicle has released its contents it 

becomes part of the plasma membrane until endocytic processes internalize the 

membrane for reuse.  This endocytic process also removes a number of proteins 

from the membrane and clears up space in the active zone for new vesicles to 

dock (Wu et al., 2014).  After the vesicles dock to the plasma membrane they 

need to be primed before they can be released (Varoqueax et al., 2002).  

Therefore, endocytosis, refilling of the RRP and priming of synaptic vesicles 

(together referred to as vesicle recycling) are rate limiting processes during high 

frequency activity.  

A wide variety of proteins and second messengers within the presynaptic 

terminal interact during vesicle recycling and could potentially influence ethanol 
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inhibition.  Fortunately, a number of molecular and genetic studies have identified 

some presynaptic proteins that are associated with alcohol-related behaviors and 

are also involved in vesicle release and recycling.  Firstly, acute ethanol 

exposure has been shown to inhibit N/P/Q type voltage gated calcium channels 

(VGCCs) (Maldve et al., 2004) which are important for synaptic vesicle release 

as well as short-term depression (Xu et al., 2005). However, this effect is unlikely 

to explain the current results as initial pulses in the trains were not influenced by 

ethanol as would be expected through a direct effect on VGCCs.  Secondly, 

Munc13 proteins are required for vesicle priming in glutamatergic neurons 

(Varoqueaux et al., 2002) and have been shown to bind alcohol in their C1 

domain (Das et al., 2013).  Interestingly, there is a non-synonymous single 

nucleotide polymorphism (SNP) in the C1 domain of Munc13-1 that is shared 

between D2 and BALBc mice but not B6 or AJ mice (GeneNetwork SNP 

Browser, www.genenetwork.org).  This SNP potentially alters ethanol binding 

affinity and/or the ability of ethanol to displace diacylglycerol which also binds to 

Munc13 C1 domains.  Thirdly, Munc18-1 proteins are involved in vesicle priming 

and have been implicated in acute ethanol sensitivity (Johnson et al., 2013).  In 

one study, using a panel of BXD mice, a Munc18-1 polymorphism was found to 

be associated with ethanol drinking/preference (Fehr et al., 2005); however, this 

mutation is unlikely to directly regulate the effect of ethanol on vesicle recycling 

as the mutation did not segregate across strains consistently with the ethanol 

sensitivity in the strains we used.  That is, this mutation is shared between 

BALBc (here sensitive) and B6 (insensitive) mice while D2 (sensitive) and AJ 
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(frequency-dependent sensitivity) mice express the other allelic variant.  

Importantly, Munc13 proteins interact with Munc18-1 during vesicle priming so 

mutations in either protein could contribute to strain-dependent differences.  

Lastly, the Rab3A protein has been associated with the acute effects of ethanol 

in a non-mammalian system (Kapfhamer et al., 2008) and is known to interact 

with priming related proteins including Munc13-1, RIM-1 and Munc18-1.  

Together, these studies suggest that inhibition of vesicle recycling may occur 

through disruption of the synaptic vesicle priming complex consisting of Munc13-

1, RIM-1, Munc18-1 and Rab3A.  

Ethanol Inhibition of Post-Tetanic Potentiation 

Chronic exposure to ethanol has been shown to interfere with various 

forms of long- and short-term synaptic plasticity throughout the CNS.  For 

example, chronic exposure to ethanol has been shown to disrupt LTP in the 

hippocampus (reviewed in Zorumski et al., 2014) and lateral amygdala (Stephens 

et al., 2005) and has been shown to produce LTP-like effects through 

presynaptic and postsynaptic mechanisms in the BLA (Lack et al., 2007, 

Christian et al., 2012, Christian et al., 2013).  Furthermore, chronic exposure has 

also been shown to modulate short-term plasticity including paired-pulse 

facilitation at both glutamatergic and GABAergic synapses (reviewed in McCool, 

2011) as well as the magnitude and duration of PTP (Gage & Hubbard, 1966, 

Traynor et al., 1976).  

In our experiments, we observed an ethanol mediated inhibition of PTP in 

D2 and BALBc cells (Fig. 2).  At the beginning of our low frequency experiments, 
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we used a 10 pulse/0.1 Hz pre-train stimulus to determine if any long term 

(>10min) plasticity occurred in response to the first train.  We found no 

differences in the size of these pre-train stimuli indicating that LTP or LTD were 

not expressed under these stimulation conditions (Fig. 2).  However, we did 

observe ethanol mediated-inhibition of PTP, a presynaptic form of short-term 

plasticity that occurs immediately following a tetanic stimulation that lasts for 10s 

to 100s of seconds (Zucker & Regehr, 2002).  We examined EPSC amplitudes 

evoked at 1, 5 and 25 second intervals following the 2 Hz tetanic stimulation.  

Here, we found that BALBc and D2 mice had reduced EPSC amplitudes in the 

presence of 80mM ethanol while AJ and B6 mice were unaffected (Fig. 2).  Given 

that the same strains were sensitive to PTP inhibition and vesicle recycling 

inhibition, it is likely that the same or overlapping mechanisms are involved in 

both processes. 

PTP is regulated by a number of different presynaptic proteins providing a 

variety of potential ethanol targets.  Again, Munc13 proteins appear to be 

attractive candidates as they are highly implicated in PTP.  Following repetitive 

stimulation, calmodulin accumulates in the presynaptic terminal and binds to 

Munc13 proteins to enhance vesicle priming and produce PTP (Junge et al., 

2004).  Additionally, diacylglycerol also accumulates during repetitive stimulation 

and initiates PTP through both Munc13- and PKC-dependent processes, both of 

which involve downstream effects on Munc18-1 proteins (Wierda et al., 2007, 

Brager et al., 2003).  RIM proteins, which are important regulators of vesicle 

docking and VGCC positioning within the active zone (Han et a., 2011), have 
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also been shown to be important for regulating the magnitude of PTP (Schoch et 

al., 2002) through direct interactions with Munc13 proteins (Deng et al., 2011).  

Finally, mGluR-mediated, PLD-dependent signaling is required for PTP in BLA 

medial inputs (Krishnan et al., 2016).  In this case, PLD activation can modulate 

Munc13 membrane association through the generation of phosphatidic acid and 

its conversion to DAG (Song et al., 1999).  Together, these results are consistent 

with a role of ethanol acting through synaptic vesicle priming machinery, 

including Munc13-1, Munc18-1 and RIM1 proteins, to modulate PTP. 

Conclusion 

In conclusion, we have demonstrated a novel strain-dependent effect of 

ethanol acting on presynaptic glutamatergic terminals that involves inhibition of 

synaptic vesicle recycling and post-tetanic potentiation.  Furthermore, we 

suggest that these effects are related to ethanol interactions with the molecular 

mechanisms involved in synaptic vesicle priming, including Munc13, Munc18-1, 

and RIM proteins.  These effects may contribute to strain-dependent differences 

in alcohol-related behaviors including the acute anxiolytic and intoxicating effects 

of alcohol, disruption of amygdala dependent fear conditioning, and sensitivity to 

withdrawal related seizures and anxiogenesis (Elston et al., 1982, Kiianmaa et 

al., 1983, Crawley et al., 1997, Gill et al., 2000, McCool & Chappell, 2015).  

Future studies should examine vesicle recycling at other synapses since 

downstream vesicle priming is integral to release at most synapses. 
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Figure 1 
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Figure 1.  2 Hz Stimulation of Medial BLA Inputs Reveals Strain-Dependent 

Inhibition by Ethanol:  A-D)  Cumulative amplitude plots of 2 Hz stimulation of 

stria terminalis inputs to the BLA at baseline and during exposure to 80mM 

ethanol in  (A)  AJ mice,  (B)  B6 mice,  (C)  BALBc mice, and  (D)  D2 mice.  

Cumulative amplitudes are significantly inhibited by 80mM ethanol in D2 strain (t-

test, p<0.01).  E-H)  Comparison of ethanol effects on the initial 10 pulses of the 

2 Hz train compared with the last 100 pulses.  (E)  AJ mice are insensitive to 

ethanol effects during both early and late phases of the 2 Hz train (2-Way 

ANOVA, with ethanol, p=0.49, and early/late, p=0.86, as main factors).  (F)  B6 

mice are insensitive to ethanol effects at both time points (2-Way ANOVA, 

Ethanol, p=0.83, and early/late, p=0.12).  (G)  BALBc mice are sensitive to 

ethanol inhibition during the later portions of the 2 Hz train (repeated measures 

2-way ANOVA, Ethanol, p<0.05, and early/late, p=0.43, with bonferroni post-test 

significant at the later stimulations, p<0.05).  (H)  D2 mice were sensitive to 

inhibition by ethanol specifically in the later time point (2-Way ANOVA, Ethanol 

(p<0.01) early vs late (p=0.15) bonferroni posttest was significant at the later 

stimulations (p<0.05).  I-L)  Exemplar traces showing the first and last 10 pulse 

bins of baseline and alcohol exposure:  (I)  AJ cells,  (J)  B6 cells,  (K)  BALBc 

cells  (L)  D2 cells.  * indicates significant difference with t-test (p<0.05) **  

(p<0.01), # indicates significant difference with bonferroni posttest (p<0.05). 
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Figure 2 
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Figure 2.  Ethanol Inhibits the Expression of Post-Tetanic Potentiation:  A-

D)  Test pulses were obtained at 0.1 Hz before each 2 Hz train to determine if 

ethanol mediated effects were a result of plasticity induced by the initial 2 Hz 

train.  Values represent the average of 10 responses during 0.1 Hz stimulation.  

Ethanol had no significant effects on the amplitude of EPSCs  during pre-train 

test pulses in  (A)  AJ mice (t-test, p=0.82, n=7),  (B)  B6 mice (t-test, p=0.99, 

n=7),  (C)  BALBc mice (t-test, p=0.30, n=9),  (D)  D2 mice (t-test, p=0.37, n=7).  

E-H)  Single events were evoked 1 second, 5 seconds, and 25 seconds following 

2 Hz stimulation to examine effects of ethanol on short-term plasticity.  E)  AJ 

mice were insensitive to ethanol effects on short-term plasticity (2-Way ANOVA, 

time after stimulus (p=0.74) ethanol (p=0.95), n=7).  F)  B6 mice were insensitive 

to ethanol effects on short-term plasticity (2-Way ANOVA, time after stimulus 

(p=0.10) ethanol (p=0.66), n=7).  G)  80mM ethanol significantly interferes with 

short-term plasticity in BALBc mice (Way ANOVA, time after stimulus (p=0.83) 

ethanol (p<0.05), n=9).  H)  80mM ethanol significantly interferes with short-term 

plasticity in D2 mice (2-Way ANOVA, time after stimulus (p=0.15) ethanol 

(p<0.01).  I-L)  Exemplar traces comparing average pre-train test pulses with 

events evoked 1, 5, and 25 seconds after the 2 Hz train.  I)  AJ cells,  J)  B6 

cells,  K)  BALBc cells,  L)  D2 cells. # indicates significant main effect of ethanol 

(p<0.05) ## (p<0.01).  
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Figure 3 
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Figure 3.  Ethanol Inhibits Synaptic Vesicle Recycling During 40 Hz 

Stimulation of Medial BLA Inputs:  A-D)  Cumulative amplitude plots of 40 Hz 

stimulation of stria terminalis inputs to the BLA at baseline and during exposure 

to 80mM ethanol.  (A)  Cells from AJ mice were sensitive to inhibition by ethanol 

during 40 Hz stimulation (t-test, p<0.05),  (B)  Cells from B6 mice were 

insensitive to ethanol during 40 Hz stimulation (t-test, p=0.72),  (C)  Cells from 

BALBc mice were sensitive to inhibition by 80mM ethanol during 40 Hz 

stimulation (t-test, p<0.01),  (D)  Cells from D2 mice were sensitive to inhibition 

by 80mM ethanol during 40 Hz stimulation (t-test, p<0.01).  E-H)  Quantification 

of ethanol effects on the size of the RRP and recycling pool  (E)  The recycling 

pool was significantly inhibited by ethanol in AJ mice (t-test, p<0.05) while the 

RRP was not (t-test, p=0.32),  (F)  The recycling pool was not altered by ethanol 

in B6 mice (t-test, p=0.85) and neither was the RRP (t-test, p=0.07),  (G)  The 

recycling pool was significantly inhibited in BALBc mice (t-test, p=0.006) while the 

RRP was not (t-test, p=0.20)  (H)  The recycling pool was significantly inhibited 

by ethanol in D2 mice (t-test, p=0.0002) while the RRP was not (t-test, p=0.06).  

I-L)  Exemplar traces of 40 Hz stimulation of medial inputs (I)  AJ, (J)  B6, (K)  

BALBc, (L)  D2. 
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Figure 4 

 

Figure 4.  Ethanol Inhibits Synaptic Vesicle Recycling in a Dose-Dependent 

Manner in D2 but not B6 Mice:  A)  Dose effect curve for ethanol mediated 

inhibition of the entire 40 Hz train in D2 mice (LogIC50=-1.376, IC50=42mM 

ethanol, SEM ±1.5mM).  (B)  Dose effect graph for ethanol effects on the 

recycling pool in B6 cells.  These values could not be fit to a non-linear 

regression but are shown for comparison between strains. 
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Abstract  

Chronic exposure to alcohol produces adaptations in the basolateral 

amygdala (BLA) that are related to the development of anxiety during withdrawal. 

The mechanisms that regulate this plasticity are still unclear; however, 

adaptations in BLA glutamatergic signaling appear to be particularly important. 

Previous research has indicated that DBA2/J mice are sensitive to ethanol 

mediated disruption of synaptic vesicle recycling in presynaptic glutamatergic 

terminals in the BLA while C57BL/6J mice are resistant to these effects (Gioia 

and McCool, in submission). In the present study we have used a short-hairpin 

RNA to knockdown the expression of the Munc13-2 isoform in the medial 

prefrontal cortex of C57BL/6J mice. This viral strategy has previously been 

shown to alter presynaptic terminal function in the BLA of C57BL/6J mice in a 

manner that phenocopies DBA/2J terminal function (Gioia et al., 2016). Here we 

provide evidence that manipulation of a single protein, Munc13-2, is sufficient to 

render C57BL/6J terminals sensitive to ethanol mediated inhibition of synaptic 

vesicle recycling. We found that ethanol inhibition was dose dependent with an 

IC50 of approximately 50mM. Considering the important role of Munc13 proteins 

in synaptic plasticity, this study potentially identifies a mechanism linking acute 

presynaptic effects of ethanol to the long lasting adaptations in the BLA that 

occur during chronic ethanol exposure. 
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Knockdown of Munc13-2 proteins increases sensitivity to ethanol inhibition 

Ethanol disrupts synaptic vesicle recycling during high frequency stimulation 

Keywords 

Presynaptic, basolateral amygdala, medial prefrontal cortex, vesicle priming 

Funding 

This work was supported by the National Institutes of Health [grant numbers R01 

AA023999, R01 AA014445, U01 AA020942, T32 AA007565]. 

 

 

 

 

 

 

 

 

 



 
 

148 
 

Introduction: 

Alcohol use disorders (AUDs) are frequently comorbid with anxiety related 

disorders including generalized anxiety disorder, panic disorder and post-

traumatic stress disorder (Regier et al., 1990). The co-occurrence of these 

disorders presents a substantial barrier to efficacious treatment, as high levels of 

anxiety are major factors contributing to relapse (Dawson et al., 2007, Simioni et 

al., 2012). In order to provide effective treatments for people with comorbid 

anxiety and AUDs, it will be important to further understand the ways that alcohol 

produces adaptations in anxiety related brain regions. 

Importantly, the anxiety related circuitry is well conserved across 

mammalian species (Janak and Tye, 2015) allowing for the use of animal models 

to investigate the cellular effects that contribute to alcohol/anxiety interactions. 

Inbred mouse strains have been particularly helpful for establishing genotypes 

that are vulnerable or resistant to the development of withdrawal related anxiety. 

Furthermore, inbred mouse strains are highly amenable to viral manipulation of 

gene expression allowing cause and effect relationships to be made between 

genotype and alcohol effects. To this end, we have recently shown that the 

DBA/2J (D2) strain is sensitive to both the acute anxiolytic effects of alcohol 

intoxication and the anxiogenic effects of withdrawal from chronic alcohol 

exposure while the C57BL/6J (B6) strain is resistant to both of these (McCool 

and Chappell, 2015). Therefore, the D2 strain can be considered to be a model 

of vulnerability to alcohol anxiety interactions while the B6 strain is a model of 

resiliency to these interactions.  
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The basolateral amygdala (BLA) is an important brain region that is 

involved in the anxiogenic effects of withdrawal from chronic ethanol exposure 

(Lack et al., 2007). We have previously shown that chronic alcohol exposure 

induces a presynaptic form of plasticity in the medial glutamatergic inputs to the 

BLA (Christian et al., 2013) and that microinjection of glutamatergic antagonists 

into the BLA prevents the expression of withdrawal related anxiety (Lack et al., 

2007). Together, these studies suggested that alcohol related plasticity in 

presynaptic medial inputs to the BLA may drive the expression of anxiety like 

behavior during withdrawal.  

In order to determine the cellular mechanisms that contributed to this 

plasticity we examined glutamatergic transmission in vulnerable (D2) and 

resistant (B6) mouse strains. We found that D2 mice exhibited more robust 

presynaptic glutamatergic transmission relative to the B6 strain which was 

regulated by strain-dependent differences in the expression of presynaptic 

Munc13 proteins (Gioia et al., 2016).  

The Munc13 gene family expresses 4 different isoforms, Munc13-(1-4), 

which are essential for synaptic vesicle priming and long term plasticity 

(Varoqueaux et al., 2002, Yang and Calakos, 2011). The BLA expresses the 

Munc13-1 and Munc13-2 isoforms while the other isoforms are expressed 

elsewhere in the brain and throughout the body (Gioia et al., 2016, Augustin et 

al., 1999). Munc13-1 and Munc13-2 have conserved C-terminal regions but 

highly divergent N-terminal regions that alter their function. Munc13-1 contains a 

C2A domain that interacts with RIM1 proteins to position primed vesicles in close 
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proximity to voltage gated calcium channels at the presynaptic active zone 

(Andrews-Zwilling et al., 2006, Betz et al., 2001), while Munc13-2 proteins lack 

this domain (Shin et al., 2010). Accordingly, Munc13-2 priming acts as a negative 

modulator of release through competition with Munc13-1 within the same 

terminals (Chen, et al., 2013). Consistent with Munc13-2 acting as a negative 

modulator of release, we found that B6 mice expressed a higher ratio of Munc13-

2:Munc13-1 isoforms relative to the D2 strain, and that knockdown of Munc13-2 

expression facilitated release in B6 mice (Gioia et al., 2016). 

We recently found that D2 mice were sensitive to ethanol mediated 

inhibition of synaptic vesicle recycling while the B6 strain was insensitive (Gioia 

and McCool in submission). In these studies we found that ethanol inhibited 

synaptic vesicle recycling with an IC50 of 42mM in D2 mice with no effect in the 

B6 strain. Additionally, we found that there were no effects of alcohol on the size 

of the RRP in either strain. Importantly, Munc13-1 proteins have an ethanol 

binding site (Das et al., 2013), which is important for activity dependent refilling of 

the readily releasable pool of vesicles (Kabachinski et al., 2014, Martin 2015). 

Together these studies suggested that differences in Munc13 isoform expression 

may contribute to differences in ethanol mediated inhibition of synaptic vesicle 

recycling. In order to directly test this hypothesis we have used a short-hairpin 

RNA to knock down the expression of the Munc13-2 isoform in mPFC projections 

to the BLA in B6 mice. This manipulation functionally increases the ratio of 

Munc13-1:Munc13-2 and thereby, accentuates Munc13-1-dependent priming. 
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Materials and Methods: 

Animals: 

5 week old male C57BL/6J and DBA/2J mice were obtained from The 

Jackson Laboratories (Bar Harbor, ME) and given access to food and water ad 

libitum.  Mice were group housed for 1-2 weeks in a facility maintained by 

institutional animal resource personnel with housing conditions consistent with 

the NIH Guidelines for the Care and Use of Laboratory Animals (68-74oF, 30-

70% relative humidity) prior to surgery.  All experimental procedures were 

reviewed and approved by the WFUSM Animal Care and Use Committee. 

Electrophysiology Methods:  

Slice Preparation:  Animals were anesthetized with isoflurane and 

decapitated. Brains were quickly removed and incubated in an ice-cold sucrose 

modified artificial cerebral spinal fluid (aCSF) containing (in mM): 180 sucrose, 

30 NaCl, 4.5 KCl, 1 MgCl2·6H2O, 26 NaHCO3, 1.2 NaH2PO4, 0.10 ketamine, 

and 10 glucose, equilibrated with 95% O2 and 5% CO2.  Coronal slices 

containing the BLA were obtained (300 μm) using a VT1200 S vibrating blade 

microtome (Leica, Buffalo Grove, IL) and were incubated for at least 1h in room 

temperature (∼25°C), oxygenated standard aCSF containing (in mM): 126 NaCl, 

3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose, before 

initiation of recordings. 

Whole cell patch clamp recordings:  BLA slices were transferred to a 

submersion-type recording chamber and perfused with room temperature 
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(∼25°C) aCSF (2.0 ml/min) for whole-cell voltage clamp recordings similar to 

previously published reports (Christian et al., 2013).  Data were acquired via 

Axopatch 700B (Molecular Devices, Foster City, CA) and analyzed offline via 

pClamp software (Molecular Devices, version 10.5).  Inclusion criteria for 

presumptive principal neurons included high membrane capacitance (>100 pF) 

and low access resistance in the whole-cell configuration (<20 MΩ (Washburn et 

al., 1992)).  Cells in which access resistance or capacitance changed ≥20% 

during the record or with changes in resting membrane currents ≥100pA were 

excluded from analysis. Glutamatergic responses were pharmacologically 

isolated using 100μM picrotoxin (a GABAA antagonist) in the bath aCSF and 

were recorded with electrodes filled with an internal solution containing (in mM): 

145 Cs-gluconate, 10 EGTA, 5 NaCl, 1 MgCl2, 10 HEPES, 0.4 QX314, 1 CaCl2-

2H2O, 4 Mg-ATP, and 0.4 Na3-GTP.  Osmolarity of internal solution was 

corrected to ~285mOsm with sucrose and pH was adjusted to ~7.25 with D-

Gluconic acid.  Synaptic responses were electrically evoked using concentric 

bipolar stimulating electrodes (FHC Inc, Bowdoin, ME) placed within the stria 

terminalis.   

40 Hz stimulation protocol: Medial inputs to the BLA were stimulated at 40 

Hz for 100 pulses, and then ethanol was bath applied to the recording chamber 

for 10 minutes followed by an additional 40 Hz 100 pulse train. Importantly, this 

stimulation protocol allows for the measurement of the size of the readily 

releasable pool of vesicles and vesicle recycling capacity as explained 

previously. Briefly, the RRP can be calculated by constructing a cumulative 
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amplitude plot, obtained during 40 Hz stimulation, and performing a linear 

regression through the last 10 data points. The value of the y-intercept is then 

representative of the size of the RRP, while subtraction of the RRP from the total 

cumulative amplitude provides information on synaptic vesicle recycling rates. 

Recovery of the RRP: In the experiments using 80mM ethanol, initial 40 

Hz 100 pulse trains were followed by a second identical train 1, 5 or 10 seconds 

after the end of the first train. This allowed us to calculate the amount that the 

readily releasable pool recovered over a 10 second period. Following this second 

train, ethanol was bath applied to the recording chamber for 10 minutes and this 

two train stimulation was repeated. 

Drug Preparation:  

The GABAA receptor antagonist picrotoxin was prepared daily and 

dissolved in DMSO before adding to the recording aCSF. Ethanol was diluted 

with aCSF to the desired concentration and applied directly to the recording 

chamber via calibrated syringe pumps. 

Surgery:  

Mice were kept under continuous isoflurane anesthesia (4% for induction, 

1.5% for maintenance) throughout the surgery which consisted of bilateral 

injection (1µl over 10 minutes per side) of an AAV containing shRNA targeted to 

Munc13-2 (AAV5-GFP-U6-mUNC13B-shRNA, Vector Biolabs, Malvern PA) or a 

scrambled control vector (AAV5-GFP-U6-scrmb-shRNA, Vector Biolabs).  Mice 

were given 5mg/kg s.c. ketoprofen at the conclusion of the surgery for pain 
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management.  The medial prefrontal cortex was targeted using a Neurostar 

Stereodrive (Neurostar, Tübengen, Germany) with the following coordinates 1.78 

AP, ±0.33 ML, 2.35 DV relative to bregma.  Mice were pair housed following 

surgery and allowed 4-6 weeks to recover for virus expression prior to in vitro 

experiments. 

Statistics:   

All graphs are plotted as mean ± SEM of each group. Primary statistical 

analyses were conducted using 2-way ANOVA, 1-way ANOVA, or t-tests 

(GraphPad, GraphPad Software Inc, La Jolla, CA) according to the experimental 

design as described, with posttests as appropriate.  The number of cells per 

group in each experiment is listed after each p-value. 

 

Results: 

We have previously demonstrated that microinjection of this shRNA into 

the mPFC is successful at reducing Munc13-2 expression in both the mPFC and 

the BLA and that this manipulation alters presynaptic function in mPFC terminals 

in the BLA (Gioia et al., 2016). We also showed that BLA terminals in B6 mice 

were insensitive to acute alcohol mediated inhibition of synaptic vesicle recycling 

during 40 Hz stimulation (Gioia and McCool, in submission). In order to 

determine if Munc13-2 isoforms were protective against this effect we injected 

the same shRNA Munc13-2 virus, or a scrambled control virus, into the mPFC of 
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B6 mice and examined ethanol sensitivity during the delivery of a 100 pulse 40 

Hz train.  

Ethanol Inhibits Synaptic Vesicle Recycling in a Munc13-Dependent Manner:  

Using a 40 Hz stimulation protocol we found that cells from Munc13-2 

knockdown animals were sensitive to a dose dependent presynaptic inhibition of 

glutamatergic vesicle recycling in B6 mice, while cells from scrambled control 

animals were insensitive. We found that 80mM ethanol significantly inhibited the 

total cumulative amplitude obtained during 40 Hz stimulation in Munc13-2 

knockdown (Fig. 1A, t-test, p<0.001, n=15) but not scrambled control cells (Fig. 

1C, t-test, p=0.69, n=14). Furthermore, we found that 80mM ethanol inhibited 

synaptic vesicle recycling in Munc13-2 knockdown cells (Fig. 1B, t-test, p<0.001) 

but not the size of the RRP (Fig. 1B, t-test, p=0.93), while having no effect in 

scrambled control cells on either synaptic vesicle recycling (Fig. 1D, t-test, 

p=0.80) or the size of the RRP (Fig. 1D, t-test, p=0.71). This is consistent with 

our previous results that showed that B6 mice were insensitive to ethanol 

mediated inhibition of synaptic vesicle recycling (Gioia and McCool, in 

submission) 

We then examined the concentration dependent effects of this inhibition 

by repeating experiments in 60mM, 40mM, 10mM and 0mM ethanol. During 

60mM ethanol exposure the total cumulative amplitude was inhibited in Munc13-

2 knockdown cells (t-test, p=0.036, n=6) but not in scrambled control cells (t-test, 

p=0.53, n=6). 60mM ethanol significantly inhibited vesicle recycling in Munc13-2 



 
 

156 
 

knockdown cells (t-test, p=0.016) with no effect on RRP size (t-test, p=0.19). 

Conversely, 60mM ethanol had no effect on vesicle recycling (t-test, p=0.99) or 

RRP size (t-test, p=0.22) in scrambled control cells. 40mM and 10mM ethanol did 

not significantly inhibit total cumulative amplitude in Munc13-2 knockdown cells 

(t-tests respectively, p=0.52, n=6, p=0.20, n=6) or in scrambled control cells (t-

tests respectively, p=0.45, n=6, p=0.30, n=6). Concentrations of 40mM and 

10mM ethanol we insufficient to inhibit vesicle recycling in Munc13-2 knockdown 

cells (t-tests respectively, p=0.22, p=0.26) but there was a trend towards 

facilitation of RRP size (t-tests respectively, p=0.07, p=0.27). Furthermore, cells 

from mice injected with the scrambled control virus were insensitive to inhibition 

of vesicle recycling during exposure to 40 or 10mM ethanol (t-tests respectively, 

p=0.11, p=0.37), however, there was a trend towards facilitation of RRP size (t-

tests respectively, p=0.052, p=0.12).  

Lastly, in control experiments with no ethanol, the total cumulative 

amplitude of the second burst was significantly potentiated in both munc13-2 

knockdown cells (t-test, p=0.03, n=7) and scrambled control cells (t-test, p=0.03, 

n=7) suggesting the induction of plasticity following initial stimulation. This 

plasticity was most prominent during the beginning of the second train as 

recycling pool size was not significantly potentiated in either Munc13-2 

knockdown cells (t-test, p=0.07) or scrambled control cells (t-test, p=0.09), while 

RRP size was significantly potentiated in both Munc13-2 knockdown cells (t-test, 

p=0.02) and scrambled control cells (t-tests, p=0.01). Considering that the 

magnitude of RRP potentiation was not different between groups (t-test, p=0.78), 
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this suggests that Munc13-2 independent processes contributed to this 

potentiation. Furthermore, we found that ethanol effects on the RRP are not 

correlated with effects on the recycling pool in Munc13-2 knockdown cells (p=0.2, 

R squared = 0.045) or in scrambled control cells (p=0.6, R squared = 0.007) 

which provides further evidence that these effects occur through different 

mechanisms and are unrelated to ethanol effects on vesicle recycling. 

Finally, we constructed a dose response curve for inhibition of synaptic 

vesicle recycling in Munc13-2 knockdown cells which revealed an IC50 of 

~50.7mM ethanol (Fig. 1G). We were unable to fit ethanol effects on vesicle 

recycling in scrambled control cells to a dose response curve, further suggesting 

that ethanol mediated inhibition was dependent on Munc13-2 knockdown (Fig. 

1H).   

Ethanol Interferes with Recovery of Presynaptic Function Following High 

Frequency Stimulation in a Munc13-Dependent manner:  

To further examine the role of ethanol in disrupting synaptic vesicle 

recycling we examined recovery of the RRP after the initial 40 Hz train. We did 

this by applying an additional 40 Hz train either 1, 5 or 10 seconds after the initial 

40 Hz train, and compared the cumulative amplitude of the first 5 pulses in each 

train, as 5 pulses are sufficient to release the majority of the RRP in the initial 

train. Here, we found that 80mM ethanol significantly inhibits RRP recovery in 

cells from Munc13-2 knockdown mice (Fig. 2A, 2-Way ANOVA, main effects of 

recovery interval (p<0.001) and ethanol (p=0.01)) but not in cells from scrambled 
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control mice (Fig. 2B, 2-Way ANOVA, main effect of recovery interval (p<0.01) no 

effect of ethanol (p=0.46)). These results are consistent with an effect of ethanol 

on inhibiting synaptic vesicle recycling specifically in B6 mice with knockdown of 

Munc13-2 proteins. 

 

Discussion: 

In these studies we confirmed our hypothesis that knockdown of Munc13-

2 proteins increases the sensitivity of presynaptic terminals to ethanol mediated 

inhibition of synaptic vesicle recycling. Considering that Munc13-1 and Munc13-2 

isoforms both contribute to glutamate release in the BLA (Gioia et al., 2016), 

these results suggest that vesicles primed by Munc13-1 are more sensitive to the 

inhibitory effects of alcohol than those primed by Munc13-2. These results may 

also explain why B6 mice are insensitive to the acute anxiolytic effects of alcohol. 

Furthermore, considering that medial inputs to the BLA undergo a presynaptic 

form of plasticity following chronic ethanol exposure (Christian et al., 2013), and 

that Munc13-1 proteins are important for long term plasticity (Yang and Calakos, 

2011), it is likely that differences in Munc13 isoform expression could alter the 

development of withdrawal related synaptic function and ultimately anxiety. 

Furthermore, fear conditioning involves presynaptic plasticity in the BLA 

and is altered in animals that are chronically exposed to ethanol (Holmes et al., 

2002). Interestingly, during withdrawal from ethanol exposure D2 mice show 

facilitated freezing in response to fear associated cues (Tipps et al., 2015). 
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Considering that D2 mice express a higher ratio of Munc13-1 to Munc13-2 in the 

BLA relative to B6 mice (Gioia et al., 2016) this may suggest that ethanol acting 

through Munc13-1 produces a vulnerable at BLA synapses and facilitates the 

presynaptic plasticity associated with fear learning. 

The results from this study are consistent with our previous study 

examining presynaptic effects of alcohol in 4 inbred mouse strains. In that study 

we found that DBA/2J mice were sensitive to inhibition of synaptic vesicle 

recycling during high frequency and low frequency stimulation while B6 mice 

were insensitive during both frequencies. Interestingly, AJ mice were only 

sensitive to inhibition during high but not low frequency stimulation (Gioia and 

McCool in submission). The fact that ethanol effects were only observable during 

high frequency stimulation in AJ mice suggests that the accumulation of second 

messengers may play an important role in these ethanol mediated effects. 

Importantly, diacylglycerol is generated during high frequency stimulation through 

the activation of excitatory G-protein coupled receptors (Bauer et al., 2007) and 

is involved in the activity dependent refilling of the RRP through interactions with 

Munc13-1 C1 domains (Rhee et al., 2002). Considering that ethanol also binds to 

Munc13-1 proteins in the C1 domain (Das et al., 2013) this may provide the 

mechanism responsible for inhibition of synaptic vesicle recycling. If ethanol 

prevents diacylglycerol binding to Munc13-1 C1 domains, this would interfere 

with activity dependent refilling of the RRP and lead to a decrease in vesicle 

release during repetitive stimulation. 
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In conclusion, ethanol interferes with presynaptic signaling likely through 

interactions with Munc13-1 proteins. This acute effect of ethanol inhibits the 

ability of cells to maintain release during high levels of demand, potentially 

through interferences of DAG/Munc13-1 interactions. Importantly, cells within the 

BLA increase their firing rate in response to anxiogenic stimuli in a manner that is 

correlated with the expression of anxiety-like behavior (Wang et al., 2011). 

Therefore, it is likely that alcohol acutely inhibits the ability of synapses to release 

vesicles at the high frequencies, through interactions with Munc13-1 proteins, 

thus preventing the increase in BLA firing frequency in the presence of 

anxiogenic stimuli, resulting in acute ethanol anxiolysis.  
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Figure 1 
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Figure 1. Ethanol Inhibits Synaptic Vesicle Recycling in a Munc13-

Dependent Manner: A) Cumulative amplitude plot obtained during 40 Hz 

stimulation of the stria terminalis in B6 mice with knockdown of Munc13-2 in the 

mPFC, showing that 80mM ethanol reduced the total amplitude of the train 

(paired t-test,  p<0.001, n=15). B) 80mM ethanol specifically inhibits vesicle 

recycling (paired t-test, p<0.001) but not the readily releasable pool (paired t-test, 

p=0.93). C) Cumulative amplitude plot obtained during 40 Hz stimulation of the 

stria terminalis in B6 mice injected with a scrambled control virus into the mPFC, 

showing no effect of 80mM ethanol on the total amplitude of the train (paired t-

test, p=0.69, n=14). D) 80mM ethanol had no effect on the size of the RRP 

(paired t-test, p=0.71) or vesicle recycling (paired t-test, p=0.80). E-F) Exemplar 

40Hz trace in E) shRNA bMunc13-2 cells and F) scrambled control cells during 

baseline (Black) and in the presence of 80mM ethanol (Gray) (Stimulus artifacts 

have been removed for clarity). G) Dose response curve for inhibition of synaptic 

vesicle recycling in shRNA cells with an IC50 of 50.7mM ethanol. H) Dose 

response graph showing no effect of ethanol on vesicle recycling in scrambled 

control cells. *** indicates p<0.001. 
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Figure 2 

Figure 2. Ethanol Interferes With Recovery of Presynaptic Function 

Following High Frequency Stimulation in a Munc13-Dependent manner: A) 

80mM ethanol significantly inhibits synaptic recovery, as measured by an 

additional 5 pulse 40 Hz train applied 1, 5 or 10 seconds after the initial train (2-

Way ANOVA, main effects of recovery interval (p<0.001) and ethanol (p=0.01)). 

B) 80mM ethanol does not alter synaptic recovery rates in scrambled control 

cells (2-Way ANOVA, main effect of recovery interval (p<0.01) no effect of 

ethanol (p=0.46)). C-D) Exemplar traces showing the 5 pulse 40 Hz post-stimulus 

train during baseline (Black) and 80mM ethanol exposure (Gray) in C) shRNA 

bMunc13-2 and D) scrambled control cells (Stimulus artifacts have been 

removed for clarity). # indicates main effect of ethanol p<0.05. 
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CHAPTER V 

DISCUSSION 

My thesis work examined innate differences in BLA glutamatergic function 

between the DBA/2J (D2) and C57BL/6J (B6) strains.  These studies revealed 

that D2 mice expressed more robust presynaptic glutamatergic transmission 

relative to the B6 strain.  Importantly, D2 mice had a higher frequency of both 

spontaneous and miniature EPSCs suggesting that strain-dependent differences 

in excitatory signaling were regulated by a mechanism localized to the 

presynaptic terminal.  We further demonstrated that glutamate release probability 

was higher in D2 cells at two distinct inputs to the BLA, which suggested that a 

heritable mechanism may contribute to strain-dependent facilitation of release in 

D2 mice.  Then using pharmacological tools we identified that presynaptic 

function in B6 cells was more sensitive to the inhibitory effects of low extracellular 

calcium and the potentiating effects of phorbol esters.  These results suggested 

that a mechanism which is sensitive to both phorbol esters and calcium likely 

contributed to these physiological differences.  We then queried a genetic 

database (GeneNetwork) to search for potential mechanisms that could fit this 

profile. Here, we found a study comparing presynaptic release characteristics in 

hippocampal transmission across 30 BxD strains, and found that a small section 

of chromosome 4 was highly implicated in determining release characteristics 

(Jansen et al., 2011).  Within this region of interest we identified the UNC13B 

gene, which encodes the Munc13-2 protein that is sensitive to both phorbol 

esters and calcium (Shin et al., 2010).  To determine if this protein potentially 
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contributed to strain-dependent differences in presynaptic function we examined 

protein expression of Munc13 isoforms within the BLA using western blotting. 

Importantly, we found that the Munc13-2 isoform was significantly upregulated in 

the BLA of B6 relative to D2 mice, while there were no strain-dependent 

differences in Munc13-1 expression or the expression of a wide variety of other 

presynaptic proteins.  Considering that Munc13-1 and Munc13-2 are the two 

Munc13 isoforms expressed in the BLA (Augustin et al., 1999a, Allen Brain 

Atlas), we proposed that a higher ratio of Munc13-1:Munc13-2 isoforms 

contributed to the enhanced presynaptic characteristics of the D2 strain.  In order 

to test this hypothesis, we used a short-hairpin RNA to knockdown the 

expression of the Munc13-2 isoform in the B6 strain. We injected this virus into 

the mPFC in order to gain access to presynaptic terminals of fibers that enter the 

BLA through medial inputs (Mcdonald et al., 1996, Sesack et al., 1989, Dobi et 

al., 2013).  Using this approach, we were able to recapitulate the presynaptic 

phenotype of D2 mice in the B6 strain including a higher frequency of burst-like 

spontaneous release and more efficient activity-dependent refilling of the RRP.  

Together, these studies identified differences in Munc13 isoform expression as 

important regulators of presynaptic release and suggested that the Munc13-2 

isoform acts as a negative modulator of glutamate release in the BLA (Chapter 

2). 

Our next aim was to identify strain-dependent differences in acute ethanol 

effects on glutamatergic transmission, which could explain strain-dependent 

differences in acute ethanol sensitivity (Cunningham et al., 1992, McCool and 
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Chappell, 2015).  Considering our previous identification of divergent Munc13 

isoform expression between D2 and B6 strains, and our knowledge that Munc13-

1 proteins bind ethanol (Das et al., 2013), we hypothesized that Munc13-1 

dependent processes may be sensitive to acute effects of alcohol.  Given that 

Munc13 proteins are important for synaptic vesicle priming and activity 

dependent refilling of the RRP (Varoqueaux et al., 2002, Rhee et al., 2002); we 

utilized a repetitive stimulation protocol to assess ethanol effects on synaptic 

vesicle recycling.  Importantly, we found that D2 and BALBc mice were sensitive 

to ethanol mediated inhibition of synaptic vesicle recycling during both low- and 

high-frequency stimulation while B6 mice were resistant to this effect regardless 

of stimulation frequency. Interestingly, the AJ strain was sensitive to ethanol 

inhibition during high- but not low-frequency stimulation. This suggested to us 

that the buildup of an intracellular signaling molecule, potentially DAG, within the 

presynaptic terminal may contribute to these effects. Considering that D2 and 

BALBc mice express a SNP in the C1 DAG-binding domain of Munc13-1, it is 

possible that these proteins have a higher affinity for DAG thus allowing this 

effect to be observed under low frequency conditions. Importantly, this SNP is 

also adjacent to the ethanol binding site (Das et al., 2013) which potentially links 

the ethanol effect to interactions with DAG within the C1 domain of Munc13-1 

proteins (Chapter 3).  

Our final aim was to determine if differences in Munc13 isoform 

expression contributed to these strain-dependent differences in ethanol 

sensitivity.  In order to address this question directly, we injected the short-hairpin 



 
 

172 
 

RNA, targeted to knockdown the expression of Munc13-2, into the mPFC of B6 

mice.  Interestingly, this manipulation of a single presynaptic protein was 

sufficient to render presynaptic terminals in B6 mice sensitive to ethanol 

mediated inhibition of synaptic vesicle recycling.  Importantly, B6 mice injected 

with a scrambled control virus remained insensitive to ethanol mediated effects, 

suggesting that surgical manipulation had no effects on this sensitivity (Chapter 

4). 

Together, the work contained in this thesis identifies divergent Munc13 

isoform expression as a critical factor contributing to the disparate presynaptic 

phenotypes of D2 and B6 mice, including sensitivity to acute ethanol exposure.  

Although we did not thoroughly assess behavioral effects of this manipulation, 

these proteins are likely to be involved in a wide variety of behaviors.  

Considering that synaptic transmission is the major form of communication within 

the CNS, it is almost certain that proteins like Munc13 which are integral to 

vesicular release and presynaptic plasticity play major roles in the complex 

processing that drives behavioral expression.  Furthermore, considering that 

Munc13 isoform expression regulates presynaptic sensitivity to ethanol these 

proteins are likely to be particularly important for alcohol related behaviors.  In 

the following sections I will discuss the possible ways in which divergent Munc13 

isoform expression could contribute to a variety of behavioral differences 

between B6 and D2 mice. 
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Potential Role of Munc13 Isoforms in Behavior 

Anxiety 

Considering that we observed these effects in presynaptic terminalis in the 

BLA I will begin my discussion with how divergent Munc13 isoform expression 

might influence anxiety-like behavior. Several neuroimaging studies have found 

that hyperexcitability in the BLA is associated with trait anxiety in people (Phan et 

al., 2006, Fakra et al., 2009) while optogenetic studies have found that 

stimulation of BLA pyramidal cells produces anxiogenic effects in rodents (Tye et 

al., 2011).  Together, these studies suggest that increased presynaptic excitatory 

signaling onto BLA pyramidal cells would likely contribute to the expression of 

anxiety-like behaviors.  Consistent with this hypothesis, numerous studies have 

found that the D2 strain expresses higher levels of anxiety-like behavior than the 

B6 strain (Cook et al., 2001, Yilmazer-Hanke et al., 2003, Voikar et al., 2005, 

Pietropaolo and Crusio 2009, Lad et al., 2010).  Accordingly, enhanced vesicular 

release of glutamate onto BLA pyramidal cells likely leads to the increased 

expression of anxiogenic behaviors in D2 mice by driving the activation of 

downstream arousal centers in the midbrain, including the lateral hypothalamus, 

paraventricular nucleus and parabrachial nucleus.  Considering that the ratio of 

Munc13 isoforms regulates presynaptic release in the BLA, we would predict that 

increasing the ratio of Munc13-1:Munc13-2 isoforms in presynaptic inputs to the 

BLA of B6 mice would likewise result in anxiogenic behaviors through increased 

activation of these autonomic brain regions.  Conversely, we would predict that 

decreasing the ratio of Munc13-1:Munc13-2 isoforms in presynaptic inputs to the 
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BLA of D2 mice would produce anxiolytic effects through reduced activation of 

the circuitry involved in anxiety-like behaviors. 

Furthermore, our results concerning the acute effects of ethanol in D2 and 

B6 mice are consistent with strain-dependent differences in acute ethanol-

anxiolysis (McCool and Chappell, 2015).  In our studies we found that acute 

ethanol exposure inhibited presynaptic glutamate release in the BLA of D2 but 

not B6 mice. Accordingly, ethanol exposure would reduce the activation of BLA 

pyramidal cells thus diminishing the downstream activation of anxiety-related 

circuitry exclusively in the D2 strain.  Furthermore, given that Munc13-1 proteins 

are essential for the expression of presynaptic LTP (Yang and Calakos, 2011), 

these acute effects of ethanol may lead to long-lasting effects on presynaptic 

release.  In experiments using rats we have previously shown that medial inputs 

to the BLA are potentiated following withdrawal from chronic ethanol exposure 

(Christian et al., 2013). The experiments in this thesis potentially identify the 

mechanism involved in the expression of this LTP.  I would hypothesize that 

continued inhibition of Munc13-1 proteins during repeated exposure to ethanol 

could lead to compensatory upregulation of Munc13-1 expression.  Then during 

withdrawal, in the absence of alcohol inhibition, this system would become 

hyperexcitable leading to the enhanced expression of withdrawal-related anxiety-

like behavior (Fig. 3A).  Considering that B6 mice are resistant to the 

development of withdrawal-related anxiogenesis (McCool and Chappell, 2015), 

this might suggest that enhanced expression of Munc13-2 isoforms protects 

against the development of withdrawal-related plasticity.  This could potentially 



 
 

175 
 

be due to a lack of ethanol inhibition during alcohol exposure and therefore no 

need for compensatory upregulation of Munc13-1 proteins. 

Future studies should examine the expression of Munc13 isoforms during 

chronic alcohol exposure and withdrawal to directly test these hypotheses.  In a 

preliminary study, I examined presynaptic function during withdrawal in D2 mice 

and found that release early on in a 10 Hz train was potentiated relative to air 

exposed controls (Fig. 1).  Considering that the N-terminal region of Munc13-1 

proteins acts as a hub for the interaction of many components of the presynaptic 

active zone (Wang et al., 2009), and that the size of the active zone is thought to 

regulate the size of the RRP (Petzoldt et al., 2016); these results are consistent 

with the hypothesis that Munc13 isoform expression may be upregulated by 

chronic exposure to ethanol. Ultimately, upregulation of Munc13-1 proteins could 

explain the presynaptic LTP that we have observed in rats during withdrawal 

from chronic ethanol exposure (Christian et al., 2013). 

Post-Traumatic Stress Disorder 

Additionally, differential expression of Munc13 isoforms could contribute to 

the pathology associated with PTSD, while ethanol interactions with Munc13-1 

proteins could explain why this disorder that is frequently comorbid with AUDs 

(Jacobsen et al., 2001).  As mentioned in the introduction, dysregulation of 

signaling within the BLA and mPFC is associated with the pathology of PTSD 

(Shin et al., 2005).  Consistent with the human literature, the BLA and mPFC are 

required for both the development and extinction of conditioned fears in rodents.  
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Specifically, ascending projections from the BLA to the prelimbic subdivision of 

the mPFC are integral to the expression of fear related behaviors (Laviolette et 

al., 2005, Baeg et al., 2001, Senn et al., 2014), while descending projections 

from the infralimbic mPFC to the amygdala are integral for the extinction of fear 

memories (Milad and Quirk, 2002, Likhtik et al., 2014).  During fear learning, 

prelimbic mPFC neurons respond to conditioned stimuli by increasing their firing 

through bursts of action potentials (Laviolette et al., 2005, Karalis et al., 2016).  

We have shown in this thesis that spontaneous EPSC bursting is associated with 

a higher ratio of Munc13-1:Munc13-2 isoforms.  Therefore, it is possible that a 

higher ratio of Munc13-1:Munc13-2 in D2 mice facilitates this bursting activity and 

thus facilitates fear learning.  Consistent with this hypothesis, previous studies 

have shown that D2 mice exhibit more robust freezing behavior in response to 

conditioned auditory stimuli than B6 mice (Ammassari-Teule et al., 2000).  

Accordingly, manipulations that decrease the ratio of Munc13-1:Munc13-2 

isoforms within this circuit may potentially reduce freezing behavior in response 

to conditioned auditory stimuli in D2 mice.  Conversely, manipulations that 

increase the ratio of Munc13-1:Munc13-2 isoforms in the B6 strain may facilitate 

freezing during fear conditioning protocols. 

Furthermore, freezing behavior in response to conditioned auditory cues is 

potentiated during acute withdrawal from ethanol in D2 but not B6 mice (Tipps et 

al., 2015).  As mentioned in the previous section on anxiety, ethanol mediated 

inhibition of synaptic vesicle recycling in D2 mice may lead to compensatory up-

regulation of Munc13-1 proteins.  This would lead to enhanced synaptic activity 
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during neuronal bursting and thus facilitate freezing in response to conditioned 

auditory stimuli.  Considering that B6 mice are insensitive to ethanol mediated 

inhibition of synaptic vesicle recycling, they may be protected from this 

compensatory action, and therefore protected from the facilitating effects of 

withdrawal on fear learning.  

Seizures 

Additionally, Munc13 isoforms may contribute to the spread of seizure 

activity from midbrain regions to limbic and forebrain regions, while ethanol 

interactions with Munc13-2 proteins may facilitate the development of withdrawal 

related seizures. Interestingly, D2 mice are sensitive to audiogenic seizures while 

B6 mice are resistant (Kellogg, 1976).  Audiogenic seizures arise from 

hyperexcitability of several brainstem nuclei including the inferior colliculus and 

pontine reticular formation (Browning, 1986).  The initial seizure produces LTP in 

thalamic inputs to the amygdala which potentiates the spontaneous activity (Feng 

and Faingold, 2002) and the frequency of burst firing in lateral amygdala neurons 

(Raisinghani and Faingold, 2005).  This is particularly interesting because we 

demonstrated that burst-like spontaneous release in the BLA could be enhanced 

by increasing the ratio of Munc13-1:Munc13-2 isoforms (Chapter 2).  

Furthermore, seizure-dependent presynaptic plasticity in the lateral amygdala 

triggers the spread of seizure activity from initial midbrain regions to include a 

broad array of limbic and forebrain regions (Hirsch et al., 1997, Naritoku et al., 

1992).  Importantly, Munc13-1 proteins are strongly expressed in the midbrain, 

amygdala and forebrain structures that are involved in the seizure network while 
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Munc13-2 expression is more restricted to the amygdala and cortical regions 

(Allen brain atlas).  This suggests that the ratio of Munc13-1:Munc13-2 isoforms 

in the amygdala might ultimately contribute to the spread of seizure activity to 

forebrain regions. Consistent with this hypothesis, Munc13-2 knockout mice have 

been shown to develop spontaneous seizures (Varoqueaux et al., 2002), which 

further suggests that Munc13-2 proteins may be protective against the 

development of seizures. 

Additionally, withdrawal from chronic ethanol exposure exacerbates the 

severity of handling induced convulsions in D2 mice to a greater extent than in 

B6 mice (Crabbe, 1998).  We have previously shown that medial inputs to the 

amygdala are potentiated during withdrawal in rats (Christian et al., 2013) in a 

manner that is qualitatively similar to the plasticity induced by seizures (Feng and 

Faingold, 2002).  Therefore, it is possible that the increased severity of 

withdrawal-related seizures in D2 mice may stem from differences in Munc13-

1/alcohol interactions and compensatory up-regulation of Munc13-1 proteins or 

dependent processes.   

Attention Deficit Hyperactivity Disorder 

Additionally, there is a high level of comorbidity between AUDs and 

attention-deficit hyperactivity disorder (ADHD) in humans (Biederman et al., 

1998).  Indeed, prenatal exposure to alcohol is associated with the development 

of ADHD (Han et al., 2015) and is frequently used as a model in rodents for 

studying the behaviors associated with ADHD (Russell, 2011).  Interestingly, 
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studies in rodent models have found abnormal cortico-BLA synaptic transmission 

which is characterized by increased multispike responses to afferent stimulation 

(Zhou et al., 2011). Considering the role of Munc13 proteins in regulating burst-

like release, this may suggest that differences in Munc13 isoform expression 

contribute to the expression of this phenotype.   

Additionally, a recent study has found a strong association between ADHD 

and a SNP in the gene encoding latrophilin-3 receptors (Lesch et al., 2013).  

Interestingly, stimulation of latrophilin-3 receptors leads to the release of synaptic 

vesicles in a calcium independent manner that is dependent on Munc13-1 

proteins (Deak et al., 2009).  This further suggests that Munc13-1 proteins may 

be important for mediating the expression of behaviors associated with ADHD.  

In fact, one of the hallmark behaviors of ADHD is a deficit in attention and 

response control, which is measured in rodents using the 5-choice serial reaction 

time (5-CSRT) task (Russell et al., 2005).  Interestingly, D2 mice display impaired 

performance on this task relative to the B6 strain (Patel et al., 2006, Loos et al., 

2010).  Thus, a higher ratio of Munc13-1:Munc13-2 isoforms in D2 mice could 

contribute to impaired performance on the 5-CSRT task by increasing multispike 

responses in the BLA.  Interestingly, in some pilot studies we found that 

knockdown of Munc13-2 in the mPFC of B6 mice increased measures of 

impulsivity (Fig. 2A), supporting the hypothesis that the ratio of these isoforms 

may be important for behaviors related to ADHD.  
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Alcohol Drinking 

Differential expression of Munc13 isoforms may also contribute to alcohol 

consummatory behaviors. In support of this, a lab at the University of Houston 

that identified Munc13-1 as an alcohol binding protein, has also shown that 

drosophila with a heterozygous null mutation of Dunc13 (the drosophila 

homologue of Munc13 proteins) robustly increased their preference and 

consumption of alcohol containing foods (Das et al., 2013).  Additionally, they 

found that a heterozygous knockout of Munc13-1 in B6 mice, which should 

decrease the ratio of Munc13-1:Munc13-2 isoforms, likewise increased ethanol 

consumption in a drinking-in-the-dark paradigm (Das et al., Abstract, 2016).  

These results are consistent with our preliminary behavioral findings using 

shRNA-mediated knockdown of Munc13-2 proteins in the mPFC of B6 mice.  In 

these studies we found that knockdown of Munc13-2 significantly reduced both 

alcohol consumption and alcohol preference in a two-bottle choice paradigm (Fig. 

2B-C).  Together with our synaptic studies, these results suggest that altering the 

ethanol sensitivity of presynaptic priming machinery through manipulation of the 

ratio of Munc13-1:Munc13-2 isoforms may contribute to alcohol consummatory 

behavior.  Consistent with this, B6 mice are well-known to drink more alcohol 

than D2 mice (Lê et al., 1994, Gill and Boyle, 2005) and also have a lower ratio 

of Munc13-1:Munc13-2 isoform expression.  
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RRP Size and Vesicle Priming Rates Regulate Neuron Firing Rates 

As discussed in the introduction of this thesis, the ability of presynaptic 

terminals to rapidly adapt from low- to high-frequency firing modes is essential for 

the expression of many different behaviors.  Fundamentally, ionic currents in the 

cell soma regulate the firing of action potentials in postsynaptic neurons; 

however, the release of vesicles in response to these action potentials is 

regulated at the level of the presynaptic active zone.  For example, depolarization 

of a neuron cannot evoke the release of vesicles from the presynaptic terminal if 

there are no primed vesicles at the active zone.  Therefore, the maximal 

frequency that a neuron can release vesicles is a critical rate-limiting step for the 

transmission of information from one neuron to another.  Importantly, this 

presynaptic ‘bottleneck’ is regulated by both the size of the RRP and the vesicle 

recycling rate.   

Synapses within the auditory and visual systems require very high 

frequency activity to perform their functions.  Accordingly, these synapses have 

developed specialized presynaptic terminals with massive RRPs and ultrafast 

priming mechanisms.  For example, the calyx of held in the auditory brainstem 

has giant presynaptic terminals with upwards of a thousand active zones and 

several thousands of docked vesicles within the RRP of each terminal 

(Taschenberger et al., 2002).  Likewise, ribbon synapses in retinal photoreceptor 

cells have large ribbon structures within the active zone which act as giant 

priming machines that continuously supply the terminal with primed vesicles 

(Snellman et al., 2011).  Although these synapses are not necessarily 
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representative of excitatory synapses in the BLA, they do highlight the important 

role of RRP size and vesicle priming rates in determining the frequency of vesicle 

release. 

In this thesis we have shown that the size of the RRP is not different 

between D2 and B6 mice, while the vesicle priming rates are significantly higher 

in D2 synapses (Chapter 2).  Accordingly, synapses in D2 mice are better suited 

for supporting high frequency firing than synapses in B6 mice.  This likely 

facilitates behaviors in D2 mice that require transitioning between low and high 

frequency firing, particularly in brain regions that express both Munc13-1 and 

Munc13-2 isoforms.  Furthermore, mechanisms that regulate the membrane 

association of Munc13 proteins, such as DAG, could contribute significantly to 

the ability of neurons to fire at high frequencies. 

 

Modulation of Munc13 Function through Activation of GPCRs 

GPCRs play a significant role in regulating presynaptic activity and are 

known to modulate vesicle priming rates through activation of intracellular 

signaling cascades.  Of particular importance to this thesis is the GPCR-

dependent, bidirectional regulation of DAG levels, since DAG binding to Munc13 

C1 domains facilitates the membrane association of Munc13 proteins (Betz et al., 

1998).  Interestingly, each class of GPCR has the ability to modulate Munc13 

membrane association through regulation of DAG levels.  For example, Gi/o-

coupled receptors are thought to activate DAG kinases (Bastiani and Mendel, 
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2006), which reduce DAG levels through conversion of DAG into phosphatidic 

acid.  Conversely, Gq-coupled GPCRs increase DAG levels by stimulating 

phospholipase C (PLC) activity, which subsequently cleaves PIP2 at the plasma 

membrane into DAG and inositol 1,4,5-trisphosphate (IP3) (Bauer et al., 2007).  

Finally, Gs coupled GPCRs activate adenylyl cyclase which catalyzes the 

conversion of ATP into cyclic AMP (cAMP).  cAMP then activates an exchange 

protein (EPAC) which in turn also activates PLC (Hucho et al., 2005) and 

increases the production of DAG.  Therefore, inhibitory GPCRs decrease DAG 

levels while excitatory GPCRs increase DAG levels leading to bidirectional 

regulation of Munc13 membrane association. Interestingly, activation of 

presynaptic inhibitory and excitatory GPCRs in the BLA allows for bidirectional 

regulation of many BLA-dependent behaviors.   

The BLA contains a number of different inhibitory presynaptic GPCRs 

including: group 2 and group 3 mGluRs (Muly et al., 2007, Ugolini et al., 2008b), 

GABAb receptors (Yamada et al., 1999), delta opioid receptors (Reyes et al., 

2016), 5-HT1A receptors (Cheng et al., 1998) and adenosine A1A receptors 

(Rau et al., 2014).  Pharmacological activation of these receptors has been 

shown to produce anxiolytic effects, inhibit fear conditioning, and prevent cue-

induced relapse to alcohol seeking.  For example, activation of either adenosine 

A1A receptors, delta opioid receptors, 5-HT1A receptors and group 2 mGluRs 

produce anxiolytic effects in rodents (Jain et al., 1995, Helton et al., 1998, 

Strauss et al., 2013, Reyes et al., 2016).  Additionally, microinjection of mGluR7 

agonists into the BLA blocks conditioned fear learning (Fendt et al., 2013) while 
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microinjection of group 2 mGluR agonists disrupt fear potentiated startle (Lin et 

al., 2005).  Furthermore, activation of group 2 mGluRs prevents stress and cue 

induced relapse to ethanol seeking (Zhao et al., 2006). 

The BLA also expresses a number of different excitatory presynaptic 

GPCRs including: muscarinic M1 receptors (Young and Thomas, 2014), CRF1 

receptors (Ugolini et al., 2008a), β2-adrenergic receptors (Young and Thomas, 

2014), and dopamine D1 and D5 receptors (Muly et al., 2009, Young and 

Thomas, 2014).  Pharmacological activation of these receptors can increase 

anxiety-like behavior, and facilitate fear learning.  For example, microinjection of 

CRF1 agonists in the BLA produces anxiogenic effects (Cipriano et al., 2016) 

while CRF1 antagonists produce anxiolytic effects (Reyes et al., 2016) and 

impair freezing to contextual cues during fear conditioning (Hubbard et al., 2007).  

Furthermore, activation of M1Rs, β2-adrenergic receptors, and D5 receptors 

provide redundant roles in consolidating fear memories through activation of 

phospholipase C (Ouyang et al., 2012, Young and Thomas, 2014).   

While GPCR mediated regulation of presynaptic potassium and calcium 

channels is frequently cited as the primary signaling cascade related to acute 

effects on release, the regulation of DAG levels and subsequent membrane 

association of Munc13 proteins will have dramatic impact on presynaptic 

responses during sustained neuronal activity. Accordingly, these behavioral 

effects may be due in part to regulation of DAG-dependent localization of 

Munc13 proteins to priming sites within presynaptic terminals.   

 



 
 

185 
 

Differential Presynaptic Effects of Alcohol on GABA and Glutamate Release 

Acute exposure to alcohol is known to increase presynaptic release of 

GABA but decrease release of glutamate in a variety of different brain regions.  

For excellent reviews on the presynaptic effects of alcohol on GABA release see 

(Weiner and Valenzuela, 2006, Kelm et al., 2011) and for a review on 

presynaptic actions of ethanol on glutamate release see (Siggins et al., 2005).  

Briefly, ethanol has been shown to increase the frequency of GABAergic mIPSCs 

(Eggers et al., 2000, Sebe et al., 2003, Carta et al., 2003, Ariwodola and Weiner, 

2004, Sanna et al., 2004), the release probability of GABA (Roberto et al., 2003) 

and the excitability of GABAergic interneurons (Carta et al., 2004) in a variety of 

brain regions.  Conversely, ethanol has been shown to decrease the frequency of 

mEPSCs (Ziskind-Conhaim et al., 2003), asynchronous EPSCs (Hendricson et 

al., 2004), the release probability of glutamate (Strawn and Cooper, 2002), and 

K+-evoked release in tissue preparations (Martin and Swartzwelder, 1992).  More 

relevant to the BLA, ethanol increases the frequency of sIPSCs in an isolated 

neuronal preparation that retains presynaptic terminals (Zhu and Lovinger, 2006) 

and increases the frequency of mIPSCs from local interneurons in the BLA 

(Silberman et al., 2009).  While the work in this thesis is the first demonstration of 

ethanol inhibition of glutamate release during repetitive stimulation in the BLA.  

These disparate effects of alcohol on presynaptic function in glutamatergic 

and GABAergic terminals may in part be determined by differences in Munc13 

isoform expression in glutamatergic and GABAergic cells.  Previous studies have 

shown that GABAergic signaling is much less dependent on Munc13-1 mediated 
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priming than glutamatergic signaling.  For example, knockout of Munc13-1 

proteins in cultured hippocampal cells prevents about 90% of glutamate release 

while the remaining 10% is dependent on Munc13-2 mediated priming (Augustin 

et al., 1999b).  Conversely, knockout of Munc13-1 has no major effect on basal 

GABA release in this preparation (Augustin et al., 1999b), but does alter short-

term augmentation of GABA release following repetitive stimulation (Rosenmund 

et al., 2002).  Interestingly, GABA transmission is also unimpaired in Munc13-2 

knockouts, but completely abolished in Munc13-1/2 double knockouts 

(Varoqueaux et al., 2002).  This suggests that Munc13-1 and Munc13-2 perform 

redundant roles in GABAergic synapses while our results are consistent with 

others indicating unique roles for these closely related isoforms in glutamatergic 

synapses (Augustin et al., 1999b).  Considering that glutamatergic signaling is 

more highly dependent on Munc13-1 priming than GABAergic signaling is, it is 

possible that acute ethanol exposure inhibits vesicle recycling in glutamatergic 

terminals to a greater degree than in GABAergic terminals.  

 

Munc13 Proteins as a Potential Target for Novel Pharmaceutical Drugs 

Importantly, Munc13 proteins may be valuable targets for novel 

neuropharmaceutical treatments given that their activity can be precisely 

modulated through several different domains.  Although it may be problematic to 

target Munc13-1 isoforms considering their expression throughout the entire 

CNS, targeting other isoforms could yield positive results as their expression is 
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restricted to specific brain regions.  Importantly, Munc13-2 isoforms are not 

expressed in midbrain regions that are involved in critical autonomic function and 

may be particularly well suited for pharmaceutical development.  These drugs 

could potentially target C1 domains to inhibit DAG binding to treat disorders 

characterized by hyperexcitability.  These drugs would be particularly helpful if 

they could act as negative allosteric modulators in order to allow for some DAG-

dependent activation of Munc13 proteins while protecting against 

overstimulation.  Additionally, novel pharmacotherapeutics could be designed to 

block the phospholipid binding sites on C2B domains while allowing for the 

calcium site to remain functional.  These drugs would prevent hyperexcitability 

without interfering with normal Munc13 mediated priming.  Lastly, drugs that 

target the calmodulin binding sites could prevent the potentiating effects of 

calmodulin without interfering with normal priming.  Importantly, the amino acid 

sequences of calcium/calmodulin binding domains are different between 

Munc13-1 and Munc13-2 isoforms (Lipstein et al., 2012) and could potentially 

allow for drugs to be targeted to specific Munc13 isoforms. 

 

Limitations and Pitfalls 

The studies in this thesis provide substantial evidence for the role of 

Munc13 proteins in the regulation of presynaptic release characteristics across 

different inbred strains. However, there are some limitations imposed by the 

experimental design which are important to discuss. 
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 Firstly, in our studies using the short-hairpin RNA to knockdown the 

expression of Munc13-2 in mPFC to BLA synapses, we were unable to directly 

stimulate these fibers at 40Hz with optogenetic approaches.  This was because 

we were unable to get consistent light evoked responses at stimulus frequencies 

that were <50ms, which prevented us from directly examining the contribution of 

different Munc13 isoforms in the regulation of the RRP and recycling pool in 

these terminals.  However, we did show that the virus altered the release 

probability of these synapses using light-evoked paired pulses at 100ms 

intervals.  Furthermore, the medial inputs where we stimulated are known to 

contain fibers from the mPFC (Mcdonald et al., 1996, Sesack et al., 1989, Dobi et 

al., 2013), and were the only inputs that would have been affected by our virus. 

Together, this suggests that our results were most likely regulated through the 

manipulation of Munc13-2 proteins in mPFC inputs to the BLA.   

Secondly, we did not measure the expression of other presynaptic 

proteins following our manipulation of Munc13-2 levels.  This could potentially 

confound our results if compensatory mechanisms resulted in changes in the 

expression of other proteins involved in the synaptic vesicle cycle.  However, 

studies done with Munc13-2 knockouts found that a number of presynaptic 

proteins were not altered by the manipulation (Breustedt et al., 2010).  

Considering that our manipulation was less severe than a complete knockout, 

compensatory regulation of other presynaptic proteins was unlikely to confound 

our results. 
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Thirdly, repetitive stimulation of presynaptic terminals leads to the release 

of dense core vesicles containing peptides which can regulate both pre- and 

postsynaptic function (Park et al., 2006).  This release could potentially be 

different between D2 and B6 mice and confound our results.  However, priming 

of dense core vesicles is thought to occur through CAPS proteins (calcium-

dependent activator proteins for secretion) in a manner that is independent of 

Munc13 proteins (Nguyen Truong et l., 2014).  Furthermore, the fact that we 

were able to recapitulate the D2 phenotype in the B6 strain by manipulating 

Munc13-2 proteins in otherwise genetically identical mice argues against the 

possibility that differences in dense core vesicle release contributed significantly 

to our effects. 

Lastly, without direct observation of presynaptic release we cannot rule 

out the possibility that differences in glutamate transporter efficacy produced the 

differences in postsynaptic receptor activation during repetitive stimulation.  

Therefore, it is possible that differences in transporter activity could lead to 

apparent differences in vesicle release in D2 and B6 synapses, by prolonging a 

tonic glutamatergic current.  However, considering that manipulation of Munc13-2 

proteins in the B6 strain altered these characteristics in otherwise genetically 

identical mice, this would likewise argue against this possibility. 
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Future Directions 

Overexpress bMunc13-2 in the mPFC of D2 mice 

First, it would be interesting to obtain a virus that successfully increases 

the expression of the Munc13-2 isoform so that we could examine the effects of 

decreasing the ratio of Munc13-1:Munc13-2 isoforms in D2 mice.  The work in 

this thesis suggests that the relative ratio of Munc13-1:Munc13-2 determines the 

sensitivity to ethanol mediated inhibition of vesicle recycling; therefore, I would 

hypothesize that increasing the expression of Munc13-2 would decrease ethanol 

sensitivity in D2 mice.  I think it would be extremely beneficial to establish a 

bidirectional control of this effect to further support the conclusions of this thesis.  

Acutely Inactivate Munc13 Proteins With Chromophore-Assisted Light 

Inactivation  

To take it a step further, it would be interesting to use chromophore-

assisted light inactivation (CALI) to examine ethanol sensitivity while 

manipulating the ratio of Munc13-1:Munc13-2 isoforms within the same cells.  

CALI has been used in functional proteomics to transiently inactivate the protein 

of interest in order to see how it influences physiological processes (Bulina et al., 

2006).  CALI works by fusing a genetically encoded phototoxic fluorescent 

protein (Killer Red or SuperNova) to the protein of interest. Upon light activation, 

the phototoxic protein generates short-lived reactive oxygen species (ROS), such 

as singlet oxygen, which damages proteins within ~ 4nm of the phototoxic 

protein, thus in activating the protein of interest while preventing most off-target 
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effects (Jacobson et al., 2008).  Importantly this approach has been previously 

used to inactivate unc13 proteins in c elegens (Zhou et al., 2013) to demonstrate 

that Munc13 proteins are required for spontaneous vesicle release. Accordingly, 

this method should be easily adapted to Munc13 proteins in order to examine 

within cell comparisons of alcohol mediated effects.  This method would provide 

a more direct comparison of alcohol effects on different Munc13 isoforms than 

the approach using shRNAs because it would not require the comparison of cells 

from different animals. Furthermore, knockout of Munc13-1 proteins is lethal and 

has prevented the study of these proteins in behaving animals. However 

inactivation of these proteins within discrete circuits during adulthood could 

overcome this barrier and provide unique insight into Munc13-1 function. 

Regulation of Munc13 Isoforms During Chronic Exposure to Alcohol 

Furthermore, considering the acute effects of ethanol on Munc13 proteins 

it would be interesting to see how these proteins are regulated following chronic 

ethanol exposure.  Initially, it would be important to look for changes in Munc13 

isoform expression during withdrawal, to test the hypothesis that Munc13-1 

isoforms are upregulated by chronic ethanol exposure.  Then, it would be useful 

to repeat the electrophysiological experiments in this thesis to examine vesicle 

pool sizes and ethanol sensitivity following chronic exposure to alcohol.  We have 

some preliminary data looking at 10Hz stimulation in control and withdrawal cells 

in D2 mice.  This data potentially shows that the RRP size is increased during 

withdrawal (Fig. 1), however this is difficult to quantify without using higher 

frequency stimulation (40 Hz).  In this experiment, we found that the cumulative 
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amplitude obtained from the first 10 pulses was significantly higher in cells from 

D2 mice that were in withdrawal from chronic ethanol exposure relative to air 

exposed controls.  These results are consistent with the hypothesis that chronic 

ethanol exposure increases Munc13-1 expression, however, we would need to 

actually measure the expression to make this conclusion. 

Exploration of Munc13-1 SNP with CRISPR 

Furthermore, future studies should examine the non-synonymous SNP in 

Munc13-1 that occurs within the DAG binding domain which is nearby the 

ethanol binding site (Das et al., 2013).  This SNP potentially alters ethanol or 

DAG binding to Munc13 proteins, or possibly the interaction between these two 

molecules which could contribute to the strain-dependent differences in alcohol 

sensitivity.  Interestingly, the IC50 for ethanol effects on vesicle recycling in D2 

cells was 42mM, while knockdown of Munc13-2 proteins in B6 mice produced an 

IC50 of 50mM.  These differences may just be due to sampling variability among 

different cells, but may also reflect additive effects of low Munc13-2 expression 

and inclusion of this SNP.  Therefore, it would be interesting to see if introduction 

of this SNP in B6 mice using the CRISPR technique would alter ethanol 

sensitivity. 

Munc13 Proteins and Behavior 

Finally, future studies should explore the role of Munc13 proteins in a 

number of different behavioral paradigms.  It would be interesting to examine 

anxiety-like behavior after microinjection of the shRNA Munc13-2 virus into the 
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BLA or after CALI-mediated inactivation of Munc13-2.  In some preliminary 

studies, we observed a mild anxiogenic effect following knockdown of the 

Munc13-2 isoform in the mPFC of B6 mice, however, I would expect this effect to 

be more pronounced if the virus were to be directly injected into the BLA.  

Considering that in vivo firing of BLA neurons is correlated with the expression of 

anxiety-like behavior (Wang et al., 2011) and that a higher ratio of Munc13-

1:Munc13-2 increases glutamate release probability (Chapter 2), it would be 

interesting to see if animals exhibited more anxiety like behavior following 

knockdown of Munc13-2. 

Future studies should also examine fear conditioning during manipulation 

of Munc13 levels in the prelimbic or infralimbic mPFC to see if you could interfere 

with fear learning or extinction respectively.  I would hypothesize that increasing 

the ratio of Munc13-1:Munc13-2 in the prelimbic mPFC would enhance the 

expression of fear related behaviors, considering that burst firing in this region is 

correlated with freezing behavior (Laviolette et al., 2005, Karalis et al., 2016).  

Conversely, I would hypothesize that increasing the ratio of Munc13-1:Munc13-2 

in the infralimbic mPFC would facilitate extinction learning, considering that 

elevated activity in this brain region is involved in fear extinction (Milad and Quirk, 

2002). 
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Conclusion: 

Overall, my results demonstrate that divergent Munc13 isoform expression 

contributes significantly to the disparate presynaptic phenotypes of D2 and B6 

mice.  Additionally, these isoforms regulate a novel effect of ethanol on 

presynaptic terminals that results in the inhibition of synaptic vesicle recycling.  

Furthermore, these strain-dependent differences in Munc13 isoform expression 

may contribute to some of the strain-dependent differences in amygdala-

dependent behaviors as well as alcohol related pathology. 
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Figure 1 

 

 

 

 

 

 

 

 

 

Figure 1. Withdrawal from Ethanol Increases Release at Beginning of 10Hz 

Train in D2 Mice: D2 mice were exposed to 2 cycles of ethanol vapor, each 

cycle consisted of 16 hours of ethanol vapor exposure followed by 8 hours of air 

repeated during 4 consecutive days. A 72h withdrawal period separated the two 

cycles. Slices were obtained from withdrawal animals 72h after their final ethanol 

exposure. Ethanol naïve animals were placed in similar chambers but received 

only air exposure throughout the experiment. The cumulative amplitude after the 

first 10 pulses was significantly higher in withdrawal cells relative to naïve cells (t-

test, p=0.23). 
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Figure 2 

 

 

 

Figure 2. Knockdown of Munc13-2 Expression in the mPFC Increases 

Impulsive-like Behavior and Decrease Alcohol Consumption: A) B6 mice 

injected with the shRNA targeted to knockdown the expression of Munc13-2 

proteins in the mPFC decreased latency to transition into the light side of the light 

dark box (t-test, p=0.03) without differences in the total time spent in the light side 

(t-test, p>0.05) suggesting an impulsive-like behavior. B) shRNA Munc13-2 mice 

displayed a lower preference for alcohol in a 24h 2-bottle choice paradigm than 

mice injected with a scrambled control virus (t-test, p=0.0002). C) shRNA 

Munc13-2 mice consumed significantly less alcohol in a 24hr 2-bottle choice 

paradigm than mice injected with a scrambled control virus (t-test, p<0.0001). 
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Figure 3 

 

 

 

 

 

 

 

 

  

 

Figure 3. Schematic of Acute Ethanol Effects on Vesicle priming and 

Potential Upregulation during Withdrawal: A) In normal situations DAG binds 

to Munc13 proteins and facilitates membrane association, then Munc13 proteins 

interact with Munc18-1/Syntaxin1 heterodimers to facilitate the formation of 

SNARE complexes. B) During acute ethanol exposure ethanol binds to Munc13-

1 and prevents DAG from binding. This blocks the membrane association of 

Munc13-1 and prevents interactions with Munc18-1/Syntaxin1 heterodimers, 

therefore, blocking SNARE complex formation. C) Following chronic exposure to 

ethanol compensatory mechanisms may lead to the upregulation of Munc13-1 

proteins. In the absence of ethanol this would lead to increased formation of 

SNARE complexes and subsequently a larger readily releasable pool. 
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decreased accumbal dopamine signaling after chronic ethanol exposure. Society 

for Neuroscience Washington DC (2014, November). 

D.A. Gioia, N.J. Alexander, B.A. McCool. Ethanol Gated Modulation of Synaptic 

Vesicle Pool Dynamics in DBA but Not C57 Mice: Role of Munc13-2. Research 

Society on Alcoholism San Antonio, Texas. (2015, June). 

D.A. Gioia, N.J. Alexander, B.A. McCool. Ethanol Gated Modulation of Synaptic 

Vesicle Pool Dynamics in DBA but Not C57 Mice: Role of Munc13-2. Western 

North Carolina Society for Neuroscience Winston-Salem, NC (2015, December) 

Poster Award 

D. Gioia, N. Alexander, B. McCool. Strain Dependent Effects of Ethanol on 

Glutamatergic Vesicle Pool Dynamic: Role of Munc13 Proteins. Alcohol and the 

Nervous System Gordon Research Conference. Galveston, TX. (2016, 

February). 



 
 

222 
 

D. Gioia, N. Alexander, B. McCool. Munc13 Proteins Regulate Presynaptic 

Ethanol-Induced Inhibition of Synaptic Vesicle Recycling. Research Society on 

Alcoholism New Orleans, Louisiana. (2016, June). 

 

Talks 

Invited 

Gioia DA (2016, March) Presynaptic Effects of Ethanol in Glutamatergic 

Synapses in the BLA: Role of Munc13 Proteins. National Institute of Alcohol 

Abuse and Alcoholism. Bethesda, MD. 

Gioia DA (2016, April) Presynaptic Effects of Ethanol in Glutamatergic Synapses 

in the BLA: Role of Munc13 Proteins. Medical University of South Carolina. 

Charleston, SC. 

Departmental/Institutional 

Gioia DA (2013, January) Differences Between C57BL/6J  And  DBA/2J  Mice: 

Glutamatergic Transmission In The Basolateral Amygdala. Neuroscience 

Graduate Student Seminar, Wake Forest School of Medicine, Winston-Salem, 

NC. 

Gioia DA (2013, May) Strain-Dependent Differences in Presynaptic 

Glutamatergic Function in the Basolateral Amygdala. T32 Alcohol Training Grant 

Data Presentation, Wake Forest School of Medicine, Winston-Salem, NC. 
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Gioia DA (2013, November) Calcium Dependent Regulation of Synaptic Vesicle 

Release in Basolateral Amygdala Terminals. T32 Alcohol Training Grant Data 

Presentation, Wake Forest School of Medicine, Winston-Salem, NC.  

Gioia DA (2013, December) Differences in Calcium Sensitivity Contribute to 

Strain-Dependent Differences in Presynaptic Glutamatergic Function in the 

Basolateral Amygdala. Neuroscience Graduate Student Seminar, Wake Forest 

School of Medicine, Winston-Salem, NC. 

Gioia DA (2014, June) Strain-Dependent Differences in Calcium Sensitivity, 

Short-Term Plasticity and Synaptic Vesicle Dynamics in DBA/2J and C57BL/6J 

Mice. Neuroscience Graduate Summer Seminar Series, Wake Forest School of 

Medicine, Winston-Salem, NC. 

Gioia DA (2014, October) Dissecting the Contribution of Heritable Factors to 

Innate and Withdrawal Induced Anxiety. Neuroscience Graduate Summer 

Seminar Series, Wake Forest School of Medicine, Winston-Salem, NC. 

Gioia DA (2015, September) Differential BLA Function Alters Innate and 

Pathological Anxiety in DBA and C57 Mice. T32 Alcohol Training Grant Data 

Presentation, Wake Forest School of Medicine, Winston-Salem, NC. 

Gioia DA (2015, December) Ethanol Disrupts Vesicle Recycling in BLA 

Terminals through Munc13 Proteins. Data Blitz Western North Carolina Society 

for Neuroscience Winston-Salem, NC. 
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AWARDS/HONORS 

Alumni Travel Award for Alcohol and the Nervous System Gordon Research 

Conference, 2013 

Poster Award Western North Carolina Society for Neuroscience Research Day, 

2013 

Alumni Travel Award for Research Society on Alcoholism Conference, 2015 

Poster Award Western North Carolina Society for Neuroscience Research Day, 

2015 

Trainee, Wake Forest University Health Sciences Alcohol Training Grant (T-32 

AA007565) 

Student Merit Award Research Society on Alcoholism Conference, 2016 

Alumni Travel Award for Research Society on Alcoholism Conference, 2016  

 

SCIENTIFIC OUTREACH 

Wake Forest University Brain Awareness Council (2011-Present) 

Neurosciences education for K-12 students as well as adults within the local 

community 

 - Advisory Board (2013-2015) 


