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ABSTRACT 

 

 The development of alcohol use disorder is heavily influenced by the age at which 

an individual begins drinking. Specifically, the younger a person starts drinking alcohol, 

the more likely they are to develop an alcohol use disorder. Individuals with alcohol use 

disorder report severe withdrawal-induced anxiety that drives relapse and perpetuates the 

cycle of a substance use disorder. At the hub of the underlying neural circuitry driving 

withdrawal-induced anxiety is the basolateral amygdala (BLA). The BLA is susceptible 

to neural plasticity following chronic ethanol exposure that drives the output of 

glutamatergic principal cells, which promotes fear and anxiety-related behaviors. The 

output from principal cells is tightly regulated by a group of inhibitory interneurons, the 

lateral paracapsular cells (LPCs), that uniquely develop diminished GABA release 

probability following bouts of chronic ethanol exposure. The purpose of these 

experiments was to determine (1) if adults were vulnerable to the effects of chronic 

ethanol exposure on LPCs, (2) if females were susceptible to this development, & (3) to 

examine the underlying mechanism driving decreases in LPC GABA release. These 

experiments find that male adolescent rats are uniquely vulnerable to developing 

decreases in presynaptic GABA release that may be dependent on dopamine D1 receptor 

signaling.  
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INTRODUCTION 

 

Alcohol Use Disorder 

Alcohol is the most widely used drug in the world where 85% of adults in the US 

report consuming alcohol at some point in their life, and as many as 70% report drinking 

in the last year. Considering the prevalence and acceptance of alcohol use, it is not 

surprising that it is also the most widely abused drug. Excessive alcohol use can lead to the 

development of alcohol use disorder (AUD) where a person is unable to stop drinking 

alcohol despite serious adverse consequences to their social, occupational, and physical 

health. AUD is characterized by consistently drinking more than intended, beginning to 

experience tolerance and withdrawal, and developing a persistent craving to drink. These 

behaviors are divided into three phases in the conceptual framework for alcohol use 

disorder, and substance use disorders (SUDs) more generally.  

According to the Diagnostic and Statistical Manual 5 (DSM 5), AUD falls under 

the more general diagnosis of substance use disorders (SUD), which now covers the 

spectrum of drug addictions. In order to be diagnosed with AUD, an individual must meet 

at least 2 of the 12 criteria listed in the DSM 5 that address a range of behavioral and 

physical symptoms based on the three phases of addiction. SUDs are characterized as a 

chronic relapsing disorder where an individual cycles through phases of binge/intoxication, 

withdrawal, and preoccupation/anticipation to drink (Koob and Volkow, 2010; Koob and 

Volkow, 2016). The diagnosis can range from mild, moderate, to severe based on the 

number of criteria met. In 2019, SAMHSA reported that 14.5 million people over the age 
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of 12 met the criteria for AUD, and new studies suggest that the pandemic has exacerbated 

these numbers (Grossman et al., 2020). 

Of the three phases in the SUD framework, the severity of alcohol withdrawal is 

one of the major causes for relapse (Boschloo et al., 2012; Koob and Le Moal, 2001; 

McCaul et al., 2017). Alcohol withdrawal entails both physical and psychological 

symptoms. Physical withdrawal symptoms are commonly experienced during a 

“hangover” following binge drinking episodes and include nausea and vomiting. Physical 

symptoms can also become more serious where an individual experiences autonomic 

hyperactivity, delirium tremens, and seizures that could result in death if not probably 

managed by a medical professional. Psychological withdrawal symptoms include 

irritability, dysphoria, depression, and severe anxiety. Evidence suggests that these 

negative affective states become sensitized through repeated periods of binging and 

withdrawal to further perpetuate alcohol dependence (Breese et al., 2005). 

Adolescent Alcohol Use. While a number of interacting factors drive the 

development of AUD, experience during adolescence has proved paramount in shaping an 

individual’s relationship with alcohol, and drug use more generally. Adolescence is defined 

as the period before adulthood where neuronal circuits governing cognitive and emotional 

control remain especially malleable (Ahmed et al., 2015; S. Kanwal, 2016; Tottenham and 

Galvan, 2016). This creates a sensitive period during development where a number of 

factors can alter the neural circuitry responsible for substance use behaviors (Squeglia and 

Cservenka, 2017; Tervo-Clemmens et al., 2020). For example, studies find that children 

and adolescence who are abused, or experience neglect, are significantly more likely to 

develop an AUD than those who do not (Clark DB, 2003; Clark et al., 2008; Straus E, 
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2018). Children and adolescence who experience trauma are also significantly more likely 

to develop an anxiety disorder (Heim C, 2001; Suliman et al., 2009), for which they may 

begin drinking to self-medicate. This literature provides evidence for the self-medication 

developmental trajectory of AUD and SUDs overall.   

There are also data in favor of the substance-induced development of anxiety 

showing that individuals who start drinking at younger ages are more likely to develop 

anxiety (Blumenthal et al., 2011). Longitudinal studies examining the development of 

AUD find that early age alcohol use dramatically increases the likelihood an individual 

will develop an AUD (Dawson et al., 2008; DeWit et al., 2000; Warner LA, 2007). 

Specifically, individuals who begin drinking at the age of 17 or younger are 3-5x more 

likely to develop an AUD than their counterparts who begin drinking later in life (DeWit 

et al., 2000). These data are especially alarming when considering that 25% of 15 year olds 

reported having had at least one drink (NSDUH), and 10% of 17 year olds reported binge 

drinking within the last month in 2019. Therefore, it is possible that adolescent alcohol use 

may promote anxiety, and begin the cycle of AUD. Considering that adolescents and adults 

differ in a number of behavioral responses to the intoxicating effects of alcohol in a number 

of facets, these insights could provide a key into understanding the development of AUD.  

A multitude of studies in both humans and animals find that alcohol consumption 

produces different responses between adolescents and adults in a number of behaviors. 

Reports suggest that while adolescents drink less often than their adult counterparts, 

presumably because of difficulty to access, they are more likely to engage in binge drinking 

(Chung T, 2018). Animal models utilizing self-administration paradigms are able to 
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recapitulate these findings and show that adolescent animals drink significantly more than 

their older counterparts (Doremus et al., 2005; Hargreaves et al., 2009; Vetter et al., 2007).  

Age also plays a significant role in the effect of alcohol on memory. Young adults 

perform worse than their older counterparts on semantic and figural memory tasks after 

consuming relatively small quantities of alcohol and after binge drinking (Acheson SK, 

1998). Similarly, adolescent animals experience greater memory impairment as measured 

by performance in the Morris water maze from alcohol as compared to their adult 

counterparts (Land and Spear, 2004; Markwiese BJ, 1998). In addition to these differences 

in drinking behavior and memory performance, alcohol produces different anxiety 

responses in adolescents that may contribute to their underlying vulnerability to AUD. 

Clinical and preclinical data observing the effect of alcohol on anxiety behaviors 

reveal a number of differences between adolescents and adults. First, alcohol consumption 

produces social facilitation in adolescents, but not adults (Gilles et al., 2006). Animal 

models investigating the acute effects of ethanol on social investigation, contact behavior, 

and play fighting successfully recapitulate these findings, and demonstrate that only 

adolescent rodents show social facilitation in a familiar environment following alcohol 

exposure (Varlinskaya and Spear, 2002). These data might lead one to suspect that 

adolescents experience the anxiolytic effects of alcohol to a greater extent than adults 

because adolescents feel more comfortable socializing. However, the opposite is true in 

that adolescent animals are actually less sensitive to the anxiolytic effects of alcohol as 

measured by the same social behavior, but in an unfamiliar, and thus anxiogeneic, 

environment (Varlinskaya and Spear, 2002). Despite decreased sensitivity to the anxiety 

relieving effects of alcohol, adolescents seem to be more sensitive to the anxiogenic effects 
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of withdrawal from alcohol (McGinnis et al., 2020a; Morales et al., 2018). Specifically, 

the studies by Morales (2018) and McGinnis (2020) found that shorter periods of ethanol 

exposure followed by WD produced increased anxiety-like behavior in adoelscents 

compared to adults. In these studies, adults required longer CIE exposures compared to 

adolescents in order to drive anxiety-like behavior. These findings provide key insight into 

the neural substrates governing the development of addiction, and more specifically the 

pharmacological effects of alcohol and withdrawal on anxiety circuitry. 

The Basolateral Amygdala.  

At the hub of the neuronal circuitry governing anxiety behaviors is the basolateral 

amygdala (BLA). The BLA is a limbic structure that receives glutamatergic input from the 

prefrontal cortex (PFC), hippocampus, and thalamus. These afferent connections come in 

through either the lateral border of the BLA, the external capsule (EC), or the medial 

portion of the BLA, the stria terminalis (ST) (Ray and Price, 1992). This information is 

processed and integrated before efferent signals are sent to the central amygdala (CeA), 

hypothalamus, and bed nucleus of the stria terminalis (BNST), along with sending 

reciprocal inputs back to the PFC, NAc, and hippocampus. Both afferent and efferent 

connections to and from the BLA have been extensively characterized using anterograde 

and retrograde traces, and seem to project to distinct regions based on the information being 

sent (Kelley et al., 1982; Matyas et al., 2014; McDonald, 1992). For example, BLA 

connections to the PFC play a significant role in decision making (Ji et al., 2010), 

connections to the NAc play a role in reward processing (Ambroggi et al., 2008), and 

connections to the hippocampus provide input into affective memories (Huff et al., 2016; 

Sparta et al., 2014; Yang and Wang, 2017). 
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Afferent connections to the BLA synapse on glutamatergic principal cells, which 

make up a majority (~80%) of the cells in the BLA. Principal cells provide efferent 

projections to downstream regions, and over activity of these cells drives anxiety behaviors 

in a number of animals including humans and rodents (Janak and Tye, 2015; Rau et al., 

2015; Sharp, 2017). GABAergic activity from two anatomically distinct subpopulations of 

interneurons dampen principal cell excitability and help regulate anxiety. Specifically, 

local GABAergic interneurons scattered throughout the BLA receive glutamatergic input 

from the principal cells and provide them with feedback inhibition (Klenowski et al., 2015; 

Muller et al., 2006). A separate population of interneurons, the lateral paracapsular cells 

(LPCs), cluster along the EC to intercept afferent glutamatergic connections to the BLA 

and provide feedforward inhibition to the principal cells (Aksoy-Aksel et al., 2021; Likhtik 

et al., 2005; Marowsky et al., 2005). 

Presynaptic Plasticity. Broadly speaking, plasticity refers to the brains ability to 

modify communication patterns between neurons based on experience. In order to examine 

presynaptic plasticity specifically, we employ measures of short-term alterations in 

presynaptic neurotransmitter release probability by calculating a ratio of two closely spaced 

electrical stimulations (Regehr, 2012). These consecutive electrical stimulations are 

referred to as a paired-pulse and are characterized by facilitation or depression. Presynaptic 

neurons that demonstrate paired-pulse facilitation are thought to have a low initial release 

probability, while neurons that show paired-pulse depression are thought to have a high 

initial release probability (Fioravante and Regehr, 2011). Paired-pulse facilitation is 

thought to indicate a low release probability because the second stimulation causes the 

release of significantly more neurotransmitter than the first simulation elicited. However, 
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paired-pulse depression indicates high release probability because, upon the first electrical 

stimulation, the presynaptic neuron is more likely to release the majority of the 

neurotransmitter. Therefore, on the second electrical stimulation, considerably less 

neurotransmitter is released and the neuron demonstrates paired-pulse depression. Other 

measures of presynaptic plasticity include observing the frequency of quantal synaptic 

responses. This can be done by measuring spontaneous E/IPCs, and miniature E/IPSCs 

which gives a measure of the amount of neurotransmitter release in any given event. 

Ultimately, being able to measure sIPSCs and mIPSCs depends on the location of the 

synapse. For instance, cells that synapse on the dendrites will not allow for quantal 

recordings because you cannot patch onto a dendrite specifically. However, cells synapsing 

on the soma do allow for m/sIPSC recording because recording pipette is sealed onto the 

cell body, as opposed to a dendrite (Augustine and Kasai, 2007). 

Alcohol produces presynaptic and postsynaptic dysregulation in the 

communication of two cell types within the BLA, which significantly contributes to 

elevated anxiety during withdrawal. To model alcohol dependence, our laboratory employs 

the chronic intermittent ethanol (CIE) paradigm. CIE places rodents into an ethanol vapor 

inhalation chamber where the animal’s breath volatilized ethanol for 12hr per day. The CIE 

paradigm reliably produces dependence-like behavior through repeated bouts of 

intoxication and withdrawal, which imitates human AUD consumption patterns (O'Dell et 

al., 2004). 

First, our laboratory finds that chronic alcohol exposure produces presynaptic 

alterations in the afferent glutamatergic axons projecting through the ST (Christian et al., 

2013; McGinnis et al., 2020a; Morales et al., 2018). Specifically, 10 days of chronic 
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intermittent ethanol followed by a 24hr withdrawal (WD) period increases the presynaptic 

release probability of ST inputs (Christian et al., 2013). Future studies found that these 

alterations are both age and sex dependent. For example, male adolescent animals that enter 

the CIE chambers at ~postnatal day 35 (P35) only require 3 days of CIE and 24hr WD to 

develop increases in presynaptic glutamate release from ST afferents (Morales et al., 2018). 

Adults that begin CIE at ~P70 require a 7d exposure and 24hr WD to develop presynaptic 

plasticity (McGinnis et al., 2020a). However, it should be noted that these findings from 

McGinnis and colleagues (2020a) utilized optogenetic stimulation to assess individual 

populations of glutamatergic ST input as opposed to the whole population of glutamatergic 

inputs through the ST as was measured previously by Christian (2013) and Morales (2018). 

Therefore, while these studies show that 7d CIE and 24hr WD is sufficient for these 

individual inputs from the dorsomedial PFC and the ventromedial PFC to develop 

presynaptic plasticity, these data do not show that 7d CIE/WD is necessary for the whole 

population of glutamatergic inputs through the ST to develop presynaptic plasticity.  

Glutamatergic presynaptic ST plasticity is also sex dependent where female adolescent rats 

~P35 require a 7d CIE and 24hr WD exposure period to develop increases in presynaptic 

glutamate release from the same ST inputs (Morales et al., 2018). The increase in 

glutamatergic signaling drives the activity of the principal cells, and produces anxiety-like 

behavior as measured by the elevated plus maze (EPM) that is congruent with the 

development of presynaptic plasticity. Thus, adolescent males show elevated anxiety-like 

behavior after 3d CIE and 24hr WD, adult males after 7d CIE/WD, and adolescent females 

after 7d CIE and 24hr WD (Morales et al., 2018). 
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While anxiety-like behaviors map to the development of presynaptic glutamatergic 

plasticity, these behaviors are also heavily influenced by the GABAergic interneurons 

(Hagihara et al., 2021; Palomares-Castillo et al., 2012). In terms of presynaptic plasticity, 

CIE produces effects in LPCs, but not local interneurons (Diaz et al., 2011). Specifically, 

male adolescent rats (~P35) exposed to 10 days of CIE and 24hr WD develop decreases in 

presynaptic GABA release probability from LPCs (Diaz et al., 2011). Considering LPCs 

provide a potent source of inhibition to the principal cells (Marowsky et al., 2005), the 

resulting decline in GABA release following CIE/WD will disinhibit principal cells and 

drive anxiety-like behaviors. Unlike the glutamatergic ST inputs to the BLA, the exposure 

length required to produce presynaptic plasticity in LPC GABA release probability has not 

been determined. Additionally, the effect of age and sex in the development of LPC 

presynaptic GABA plasticity are unknown. Most importantly, the mechanisms regulating 

CIE/WD induced LPC presynaptic plasticity remain elusive. 

Lateral Paracapsular Cells 

The LPCs are a subtype of intercalated interneuron (ITC) that also include the 

medial paracapsular interneurons (MPCs) and the main intercalated island (Palomares-

Castillo et al., 2012; Spampanato et al., 2011). The MPCs lie in between the BLA and CeA 

to receive BLA glutamatergic principal cell output and provide feedforward inhibition to 

the cells in the CeA (Royer S, 1999). The main ITC cluster is located just ventrally to the 

BLA/CeA and also provide the CeA with feedforward inhibition through BLA principal 

cell input (Hagihara et al., 2021; Marcellino et al., 2012). As a result of their positioning 

relative to the BLA/CeA and their role in inhibitory function, these ITC clusters play a 

critical role in modulating fear and anxiety behaviors. For example, lesions targeting the 
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ITCs resulted in an impairment of fear extinction such that animals with severed ITC 

synapses demonstrated increased freezing in response to a conditioned stimulus after 

successful extinction training with intact ITCs (Kuerbitz et al., 2018; Likhtik et al., 2008). 

Further studies supported these findings and showed that enhanced ITC activation 

increased fear extinction recall, and decreased anxiety-like behavior in the open field test, 

elevated plus maze, and the dark-light test (Jungling et al., 2008). These studies highlight 

the importance of ITC functioning and their role in a number of behaviors.  

Developmentally, experiments find that the ITCs originate in the dorsal lateral 

ganglionic eminence (dLGE) and migrate to the amygdala through the lateral migratory 

stream (Kaoru et al., 2010; Kuerbitz et al., 2018; Waclaw et al., 2010). Thus, ITCs are 

thought to be a ventral extension of the dorsal striatum, and are modulated by a number of 

different neurotransmitter systems. Although the effect from the majority of 

neuromodulatory inputs onto the LPCs is still unclear, it has been shown that LPCs densely 

express µ-opioid receptors and dopamine D1 receptors (Fuxe et al., 2003; Gregoriou et al., 

2019; Jacobsen et al., 2006). Activation of both µ-opioid receptors and dopamine D1 

receptors (D1Rs) inhibit the output of LPCs, which may explain the presynaptic plasticity 

following CIE our laboratory has observed, but the only evidence to date implicates D1Rs 

(Sari et al., 2006). 

Dopaminergic Regulation of LPCs. Dopaminergic axons from the VTA and 

substantia nigra (SN) collect in the medial forebrain bundle and send their projections to 

the intercalated cells (de la Mora et al., 2010; Fuxe et al., 2003; Pape, 2005). Anatomical 

studies employing immunostaining find that LPCs uniquely express dopamine D1/D5 

receptors as measured by colabeling of GAD67 and D1R  (Fuxe et al., 2003; Marcellino et 
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al., 2012). Whole-cell patch-clamp electrophysiology experiments confirm the presence of 

LPC D1Rs (Aksoy-Aksel et al., 2021; Marowsky et al., 2005). Specifically, current-clamp 

recordings from LPCs reveal that washing dopamine onto the slice hyperpolarizes the cell 

(Marowsky et al., 2005). Additionally, voltage-clamp recordings from principal cells found 

that the D1/D5R agonist dihydrexidine reduced the amplitude of LPC IPSCs. Conversely, 

there was no effect of the D2R agonist quinpirole on LPC GABA IPSCs, which confirms 

previous anatomical studies showing that LPCs do not express D2Rs (Fuxe et al., 2003). 

Overall, these studies suggest that LPC D1/D5R activation leads to hyperpolarization and 

a concomitant decrease in GABA release onto the principal cells. However, this is not the 

typical effect of D1R signaling seen in other brain regions. 

Dopamine receptors are G protein coupled receptors (GPCRs) that consist of seven 

α-helical transmembrane spanning regions and come in five variants: D1, D2, D3, D4, and 

D5. Traditionally, dopamine receptors have been subcategorized as either “D1-like” or 

“D2-like” where D1 and D5 receptors are D1-like and D2, D3, and D4 receptors are 

considered D2-like. All dopamine receptors transduce their signal by coupling to 

heterotrimeric GTP binding proteins that consist of an α, β, and γ subunit. Molecular 

studies find that these subunits effect the cell through coupling to Gi, Go, Gs, Gz, Gq, or Golf 

signaling pathways. When activated, each of these signaling pathways leads to a unique 

sequence of intracellular signaling cascades that can result in either depolarization or 

hyperpolarization of the cell, or alter gene expression. Generally, activation of Gi, Go and 

Gz coupled receptors leads to the inhibition of adenylyl cyclase, while activation of the Gs 

and Golf signaling pathways lead to the activation of adenylyl cyclase. Adenylyl cyclase 

hydrolyzes ATP into cyclic adenosine monophosphate (cAMP), which is then able to effect 
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a number of different ion channels and intracellular signaling proteins. For example, 

cAMP’s activation of protein kinase A (PKA) can modulate the concentration of 

intracellular calcium levels by phosphorylating P/Q-type calcium channels (Arias-

Montano et al., 2007). The increase in intracellular calcium will depolarize the cell, causing 

the release of neurotransmitter through increase synaptic vesicle binding. Initially, D1-like 

receptors were thought to couple only to Gs signaling pathways, while D2Rs coupled to 

Gi/o signaling pathways (Undieh, 2010). However, current research suggests that D1Rs can 

couple to Gs and/or Gq pathways based on the brain region in which they are expressed in 

(Jin, 2001). 

Typically, D1/D5Rs depolarize the cell through the activation of adenylyl cyclase, 

which produces a buildup of cAMP (Jin, 2001). However, molecular experiments probing 

the effect of LPC D1/D5R activation find that LPC D1Rs do not produce an accumulation 

of cAMP (Leonard et al., 2003). Electrophysiology experiments support these findings, 

and suggest that LPC D1Rs may hyperpolarize the cell through activating an inward 

rectifying potassium channel (Marowsky et al., 2005). Specifically, Marowsky and 

colleagues (2005) used the potassium channel blocker tertiapin Q to block inward 

rectifying potassium channels, which prevented the hyperpolarization of LPCs. However, 

at the time, tertiapin Q was thought to specifically act as an inward rectifying potassium 

channel blocker. Future experiments determined that tertiapin Q can also block calcium 

activated large conductance potassium channels (BK), which leaves the mechanism of LPC 

D1Rs ambiguous. Additionally, Marowsky and colleagues (2005) proposed that these 

D1Rs interacted with inward rectifying potassium channels by blocking the activity of the 

βγ subunits of the GPCR by utilizing GDPβS. The presence of GDPβS prevented the 
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hyperpolarization of LPCs, which provided evidence to the hypothesis that the βγ subunits 

played a role in the activation of inward rectifying potassium channels. However, GDPβS 

actually prevents GPCR signaling as a whole, and does not strictly interact with the βγ 

subunits (Suidan et al., 1983). Therefore, the exact signaling mechanisms employed by 

LPC D1Rs remain elusive.  

Lateral Paracapsular Cell D1R Signaling in Anxiety. Regardless of the exact 

mechanism employed by D1/D5Rs to hyperpolarize LPCs, behavioral studies are 

consistent with the idea that dopamine activity in the BLA drives fear and anxiety-like 

behavior. First, microinjections of the D1R antagonist into the lateral amygdala block fear 

potentiation startle responses (Lamont EW, 1998). Additionally, the same D1R antagonist 

prevented second order conditioning, where animals failed to respond to a higher order 

conditioned stimulus in a foot-shock paradigm (Nader K, 1999). Microinjections with the 

D1R antagonist SCH-23390 produced an anxiolytic effect as measured by the white and 

black box test (de la Mora et al., 2005). Administration of SCH-23390 resulted in an 

anxiolytic phenotype in the white and black box test as measured by the increased time 

spent in the illuminated portion of the box and an increased latency to enter the dark section 

of the box (de la Mora et al., 2005). Finally, microinjections of the D1/D5R agonist SKF-

38393 result in an anxiogenic phenotype, and promote increases in burying behavior in the 

Shock-Probe Burying test (de la Mora et al., 2010). Altogether, these experiments provide 

convincing evidence that D1R activation plays a significant role in modifying anxiety 

related behaviors.  

Effect of Alcohol on LPCs. Acute alcohol potentiates GABAergic synaptic 

inhibition from both BLA local interneurons and LPCs, albeit through distinct 
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mechanisms. First, ethanol facilitates presynaptic GABA release from local interneurons 

as measured by paired-pulse depressions in the presence of ethanol (Silberman et al., 2008). 

This presynaptic increase in GABA release from local interneurons is tightly regulated by 

the GABAB autoreceptors (Silberman et al., 2009; Silberman et al., 2008). Specifically, 

numerous studies find that presynaptic facilitation of GABA by ethanol produces a self-

limiting effect where the increased availability of GABA drives GABAB autoreceptor 

activity, which limits presynaptic GABA release (Zhu and Lovinger, 2006). By pretreating 

the slice with a GABAB antagonist, the ceiling for ethanol potentiation of presynaptic 

GABA can be lifted. Local interneurons show this pattern, and experience significant 

GABA potentiation in the presence of the ethanol and the GABAB antagonist SCH-50911, 

which provides evidence that ethanol does potentiate GABA release presynaptically 

(Silberman et al., 2008).  In contrast, these same experiments demonstrated that LPCs did 

not experience presynaptic facilitation of GABA release in the presence of ethanol. 

Specifically, LPCs revealed no change in the PPR under the effect of ethanol. Unlike local 

interneurons, the subsequent blockade of GABAB autoreceptors with SCH-50911 showed 

an increase in the IPSC of both the control and ethanol conditions, further suggesting that 

acute ethanol does not modulate LPC presynaptic GABA release. Instead, future 

experiments determined that the activation of a β1-adrenergic receptor (β1-AR) resulted in 

the postsynaptic potentiation of the GABAA IPSC, suggesting that ethanol potentiation of 

LPCs occurs postsynaptically (Silberman et al., 2012). These findings are strange 

considering that, despite not showing any presynaptic modifications from the acute effects 

of ethanol, LPCs uniquely develop presynaptic plasticity following chronic exposure (Diaz 

et al., 2011). Additionally, chronic ethanol and withdrawal does not alter acute ethanol 
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facilitation from the LPCs. Currently, there is no evidence currently to suggest that LPCs 

develop postsynaptic plasticity following ethanol exposure that may be dependent on the 

noradrenergic system.  

As previously mentioned, LPCs develop presynaptic decreases in GABAergic 

release probability following a 10-day CIE & 24hr paradigm in adolescence (Diaz et al., 

2011). Subsequent experiments found that presynaptic plasticity in LPCs was not due to 

CIE/WD effecting the function of GABAB autoreceptor. Specifically, paired-pulse ratios 

measured at 250ms, which provide an indication of autoreceptor function, revealed no 

effect of the GABAB antagonist CGP55845 following the CIE/WD exposure (Diaz et al., 

2011). These studies support the previous experiments suggesting that ethanol does not 

modulate presynaptic LPC GABA release through the GABAB autoreceptor (Silberman et 

al., 2008).   

To date, the most convincing insight into the mechanism behind CIE/WD induced 

presynaptic plasticity in LPCs come from a series of self-administration experiments (Sari 

et al., 2006). In these experiments, rats were either provided with continuous access to 

ethanol consumption for 24hr per day for 14 weeks, or placed into a repeatedly deprived 

cohort where they were allowed continuous alcohol use for 6 weeks before being subjected 

to 2 cycles deprivations and reexposure that each lasted 2 weeks. Compared to the control 

and continuous access group, the repeatedly deprived cohort uniquely showed increased 

D1R binding in the ITCs from autoradiography experiments using the D1R antagonist 

SCH-23390. Considering that D1R activation in LPCs reduces presynaptic GABA release 

(Marowsky et al., 2005), these studies may provide insight into the mechanism regulating 

LPC presynaptic plasticity following chronic ethanol exposure. Specifically, repeated 
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bouts of ethanol exposure and withdrawal may lead to an increase in D1R activity that 

could be responsible for depletions in presynaptic GABA release.  

The Present Study 

 First, these experiments seek to determine if adults are resilient to developing the 

presynaptic plasticity observed in adolescent LPCs following CIE/WD. Both the human 

and animal literature suggest that adolescents are especially vulnerable to developing 

neural plasticity in response to the pharmacological effects of alcohol, therefore, we 

hypothesized that adults will not develop presynaptic decreases in LPC GABA release. To 

do so, we exposed both adults and adolescents to a 10d CIE & 24hr WD paradigm before 

being sacrificed for whole-cell patch-clamp electrophysiology where we measured paired-

pulse ratios from the LPCs. Additionally, we observed the minimum CIE exposure length 

required for adolescent animals to develop decreases in presynaptic LPC GABA release.  

 Next, we observed the effect of 10d CIE & 24hr WD on paired-pulse ratios from 

females. To date, there are no studies that view the effects of CIE/WD on LPC presynaptic 

GABA release from females. Adolescent females require longer CIE exposures to develop 

anxiety-like behavior following WD (Morales et al., 2018), and therefore may show 

differences in the development of LPC presynaptic GABA plasticity. Also, considering 

that presynaptic glutamate release probability from the ST afferents onto principal cells 

develop along sex-specific trajectories, it is possible that female LPC GABA signaling also 

develops along sex-specific trajectories. Therefore, we hypothesized that adolescent 

females, like males, would develop decreases in LPC presynaptic GABA release. We also 

suspected that this development might take a longer CIE exposure than required in males. 
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 Finally, we examine the possible mechanism underlying the observed decrease in 

presynaptic GABA release probability from LPCs. Specifically, we test the hypothesis that 

increased dopamine D1R expression/activity is responsible for the development of the 

observed decreased in presynaptic LPC GABA release following CIE/WD. Specifically, 

we test the effect of the dopamine D1/D5R partial agonist SKF-38393 on LPC paired-pulse 

ratios across three concentrations to determine if D1/D5R expression/activity is 

upregulated following CIE/WD. We choose SKF-38393 because it is a selective D1R 

agonist. Previous research finds that SKF-38393 at a concentration of 10 µM significantly 

decreases inhibitory postsynaptic currents from striatal interneurons thought to be 

developmentally related to the LPCs (Geldwert et al., 2006; Trantham-Davidson et al., 

2008). Therefore, we assessed two other concentrations of SKF-38393 to observe the 

effects on CIE/WD neurons compared to controls. An effect of the D1R agonist could 

provide evidence to our hypothesis that increased D1R binding availability drives the 

reduction in GABA release from LPCs.  

Additionally, we test the effects of the D1R antagonist SKF-83566 to determine if 

the observed LPC presynaptic plasticity is instead due to an increase in the concentration 

of dopamine to the LPCs. SKF-83566 is a D1R antagonist that blocks the effect of 

dopamine mediated depressions in presynaptic GABA release in the same subset of striatal 

neurons as D1R agonist studies that are related to LPCs (Hernandez-Echeagaray et al., 

2007). However, we did not conduct drug washes over 5 µM because SKF-83566 begins 

to block the dopamine transporter (Stouffer et al., 2011). If the D1R antagonist is able to 

exert an effect on CIE/WD neurons and promote presynaptic facilitation of LPC GABA 

release, this could indicate an upregulation in the concentration of dopamine sent to the 
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LPCs. On the other hand, if the number of receptors has increased as opposed to the 

concentration of dopamine sent to LPCs, this should not allow the D1R antagonist to exert 

an effect. This is simply due to the fact that blocking an unoccupied receptor will have no 

effect. Conversely, if the D1R agonist shows no effect, this would indicate that all receptors 

are occupied and maximally activated as a result of an increase in the concentration of 

dopamine to LPCs.    
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METHODS 

 

Animals 

 Adolescent male and female Sprague-Dawley rats were obtained from Envigo at 4 

weeks old (~90 g males, 60 g females), while adult male Sprague-Dawley rats were 

obtained from Envigo at 9 weeks old (~280 g). Animals were pair-housed and given food 

and water ad libitum under a reverse 12 h light/dark cycle (lights on at 9:00 P.M.) in a 

humidity and temperature controlled animal care facility. Adolescent rats undergoing 

chronic intermittent ethanol vapor exposure (CIE) entered the chambers at ~P35. Adult rats 

were placed in the CIE chambers at ~P70. Overall, 474 animals were used consisting of 24 

adults and 450 adolescents divided into 3 cohorts of adults and 56 cohorts of adolescents. 

All animal care procedures were in accordance with the NIH Guide for the Care and Use 

of Laboratory Animals and experimental procedures were approved in advance by the 

Institutional Animal Care and Use Committee at Wake Forest University School of 

Medicine.  

Chronic Intermittent Ethanol vapor exposure 

 Animals in their home cages were placed into large, custom-built Plexiglas 

chambers (Triad Plastics) where ethanol vapor was pumped into the chamber at a constant 

rate (16 L/min) for 12 h/day during the light cycle. The ethanol vapor exposure lasted either 

1, 3, or 10 days followed by a 24 h WD period. Age-matched controls were identically 

housed but exposed only to room air. Tail blood samples were collected 1-3 times during 

the exposure to measure blood-ethanol concentrations (BECs). BECs were measured by 

using a commercially available alcohol dehydrogenase/NADH (nicotinamide adenine 

dinucleotide plus hydrogen) enzymatic assay (Carolina Liquid Chemistries). Target BECs 



20 
 

were between 150-225 mg/dL, while the average BECs were 200 ± 5 (N = 238). After the 

last 12hr ethanol exposure period, animals underwent a 24hr WD period where they were 

exposed to only room air before being sacrificed for electrophysiology. 

Electrophysiology 

  Slice preparation. Rats were sacrificed by anesthetizing them with isoflurane prior 

to being decapitated. Brains were rapidly removed and transferred to an ice-cold modified 

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

4.5 mM KCl, 1 mM MgCl2. 6H20, 26 mM NaHCO3, 1.2 mM NaH2PO4, 0.1 mM 

ketamine, 10 mM glucose and equilibrated with 95% O2 and 5% CO2. 400 µm thick 

coronal slices containing the amygdala were prepared using a Leica BT1200/S Vibrating 

Blade Microtome. The prepared slices were incubated at 28 °C and oxygenated in an aCSF 

solution containing 126 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2 mM MgSO4.7H2O, 

26 mM NaHCO3, 10 mM D-Glucose, and 2 mM CaCL2.2H2O.  

 Whole-cell patch clamp electrophysiology. Coronal slices containing the BLA 

were transferred to a submersion-type recording chamber that was continually perfused 

with room temperature aCSF at a rate of 2 ml/min. Recording electrodes were filled with 

an internal solution containing 145 mM CsOH, 10 mM EGTA, 5 mM NaCl, 1 mM 

MgCL2.6H2O, 10 mM HEPES, 4 mM Mg-ATP, 0.4 mM Na-GTP, 0.4 mM QX314, and 1 

mM CaCl2.2H2O. The pH of the internal was adjusted to ~7.25-7.35 with D-gluconic acid 

or cesium hydroxide, and had an osmolarity between 275-285 Osm/L. BLA pyramidal 

neurons were distinguished based on having a low access resistance <25 MΩ and a high 

membrane capacitance > 100 pF. Cells that did not meet these criteria were excluded from 

the analysis, along with any recordings where the resistance, capacitance, or holding 
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current changed more than 20%. GABAergic synaptic responses were isolated using 50 

μM of the NMDA receptor antagonist DL-APV (D/L-2-amino-5-phosphono-pentanoic 

acid) and 20 μM of the AMPA receptor antagonist DNQX (6,7-dinitroquinoxaline-

2,3(1H,4H)-dione). GABAergic inhibitory postsynaptic currents (IPSCs) were electrically 

evoked with platinum/iridium concentric bipolar stimulating electrodes (FHC Inc., 

Bowdoinham, ME) containing an inner pole of 12.5 μm. To target LPCs, the stimulating 

electrode was placed in the external capsule and IPSCs were recorded at a holding potential 

of -10 mV (Diaz et al., 2011; Silberman et al., 2008). Data were acquired at 5 kHz and low-

pass filtered at 2 kHz through an Axopatch 700B Amplifier and pClamp 10 software 

(Molecular Devices). Stimulation intensities were normalized in all recordings to evoke 

synaptic responses of ~100 pA.  

 Paired-pulse ratios (PPR). Electrical stimulation of equal intensity was delivered 

every 30 s in paired interstimulus intervals of 50ms. Recording short interstimulus intervals 

and comparing the ratio of the IPSCs serves as a proxy for presynaptic neurotransmitter 

release probability (Dobrunz LE, 1997). The paired-pulse ratio (PPR) was calculated 

simply by dividing the peak of the second IPSC by the first (Peak 2 amplitude/Peak 1 

amplitude). Thus, paired-pulse ratios are inversely related to the neurotransmitter release 

probability. Cells that show paired-pulse facilitation (Peak 2 > Peak 1) are thought to have 

a low initial neurotransmitter release probability, while cells that show paired-pulse 

depression (Peak 2 < P1) are thought to have a high initial release probability.  

 Dopamine D1 receptor pharmacology. For experiments analyzing the effect of 

dopamine D1 receptors on LPC synaptic activity, either the D1 receptor agonist SKF-

38393 (5, 10, & 25 µM) or the D1 receptor antagonist SKF-83566 (1, & 5 µM) was 
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perfused onto the slice for 10 min following a 5 min baseline recording to ensure maximal 

drug effect. The paired-pulse ratio for the final 5 min of the recording session was then 

compared to the initial pulse-pulse ratio of the 5 min baseline to observe the drugs effect. 

Increases in PPR signify that the drug has diminished release probability, while decreases 

in PPR indicate an increase in release probability. 

Experimental design and statistical analysis. 

Statistical analyses were completed using Prism 8 (Graphpad Software). Data were 

analyzed using either one-way ANOVA, or mixed factorial ANOVA depending on the 

experimental design. Bonferroni post hoc tests were employed to determine the specific 

conditions driving group differences. A value of p < 0.05 was considered statistically 

significant. All data are presented as the mean ± SEM throughout the text and figures.  
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RESULTS 

 

Adolescent animals develop decreases in presynaptic LPC GABA release while adults 

are resilient (Figure 1) 

Previous research from our laboratory showed that adolescent male Sprague-

Dawley rats developed decreases in presynaptic LPC GABA release probability following 

a 10d CIE and 24hr WD exposure (Diaz et al., 2011). To determine if this effect was unique 

to adolescent animals, we measured paired-pulse ratios following the same 10d CIE & 24hr 

WD paradigm from both adolescents and adults. A two-way ANOVA comparing age and 

CIE/WD revealed a significant interaction between adolescent exposure and CIE (AGE X 

CIE/WD: F(1,48) = 7.934, p < 0.01). There were no main effects of either CIE (F(1,48) = 1.456, 

p > 0.05), or age of exposure (F(1,48) = 2.888, p > 0.05). Bonferroni post-tests confirmed a 

Adolescent 

Adult 

Air 10d CIE/WD 

50 ms 

 

50 pA 

 

A. 

B. 

C. 

Figure 1. Only adolescent animals develop decreases in presynaptic LPC GABA release.  

(A) Schematic of the BLA showing the placement of the stimulating electrode in the external capsule 

and the recording pipette in the basolateral nucleus. (B) Two-way ANOVA compared adolescent and 
adult CIE/WD exposure finding a significant interaction between AGE x CIE/WD. (C) Representative 

traces from adolescents and adults to highlight the increase in PPR, and reduction in GABA release. 
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significant difference between adolescent AIR (N = 18) and the adolescent CIE/WD 

condition (N = 12) (t = 2.977, p < 0.05) indicating that adolescent animals were uniquely 

vulnerable to developing LPC presynaptic plasticity following 10d CIE and 24hr WD. 

Additionally, post-tests indicated no significant difference between the adolescent AIR and 

adult AIR (N = 11) groups, which indicate there is no baseline difference in GABA release 

probability between ages.  

Adolescent animals can develop decreased LPC signaling after as 3 days of CIE 

(Figure 2). 

To determine the minimum length of CIE exposure required to produce the 

observed decreases in LPC GABA release probability, we also exposed adolescent animals 

to 1 and 3-days of CIE followed by a 24hr WD period.  One-way ANOVA revealed a 

significant effect of CIE (F(1,47) = 3.502, p < 0.05). Bonferroni post-tests comparing each 

cohort to the AIR control group did not find a difference between the AIR (N = 18) and 1d 

CIE & 24hr WD group (N = 11; t = 0.4980, p > 0.05). However, Bonferroni post-tests did 

find a significant difference between the AIR and 3 d CIE & 24hr WD group (N = 12; t = 

2.521, p < 0.05), and the AIR and 10d CIE & 24hr WD (N = 11; t = 2.588, p < 0.05). These 

50 ms 
 

50 pA 
 

Air 1d CIE/WD 3d CIE/WD 10d CIE/WD 

A. 
 

B. 

Figure 2. LPCs require a minimum of 3 days CIE and 24hr WD to develop presynaptic decreases in GABA release probability.  

 (A) One-way ANOVA comparing the effect of increasing exposure lengths of CIE on the resulting paired-pulse ratios from male 
adolescent LPC neurons revealed a significant effect of CIE. Post-tests revealed a significant difference between the air control group 

and the 3d and 10d CIE group. (B) Representative traces of paired-pulse ratios from each cohort where we observed a significant 

decrease in GABA release probability after 3d CIE/WD. 
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data suggest that, not only are adolescent LPCs uniquely vulnerable to chronic alcohol-

induced plasticity, but this plasticity can develop relatively quickly.  

 

Only adolescent male animals develop decreases in LPC GABA release following 

CIE/WD (Figure 3). 

Previous data from our laboratory suggest that male and female adolescent animals 

develop along sex-specific trajectories for glutamatergic signaling following chronic 

intermittent ethanol and withdrawal exposure (Morales et al., 2018). Specifically, females 

require longer exposures to develop pre- and postsynaptic glutamatergic plasticity. For the 

current experiments, females were exposed to the same 10d CIE & 24hr WD paradigm as 

males in the previous experiments. Two-way ANOVA revealed a significant interaction 

between CIE exposure and sex (F(1,44) = 5.200, p < 0.05) with no main effects of either CIE 

(F(1,44) = 1.688, p > 0.05) or sex (F(1,44) = 0.5095, p > 0.05). Bonferroni post-tests found 

only a significant difference between the male AIR (N = 18) and CIE (N = 11) groups (t = 

2.797, p < 0.05). Post-tests also revealed that there was no significant difference between 

Males 

Females 

Air 10d CIE/WD 

50 ms 
 

50 pA 
 

Figure 3. Adolescent females do not develop LPC presynaptic plasticity in response to CIE/WD. 
(A) Two-way ANOVA showing a significant interaction between SEX x CIE, which provides evidence 

that adolescent females are resilient to the effects of chronic ethanol exposure. (B) Representative traces of 

paired-pulse ratios from each cohort. 

A. B. 
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adolescent baseline male and female AIR (N = 10) PPRs, indicating that there is no 

difference in LPC GABA release probability between the sexes that may underlie male 

vulnerability. Therefore, these data show that females are resilient to developing 

presynaptic LPC plasticity following CIE/WD similar to the male adults.  

 

The D1R partial agonist SKF-38393 further decreases LPC GABA release from 

CIE/WD animals (Figure 4).  

Numerous studies have examined the effect of dopamine on intercalated cell release 

probability and find that dopamine D1 receptors regulate GABA release from these 

interneurons (Marowsky et al., 2005; Palomares-Castillo et al., 2012). Specifically, D1 

receptor activation was found to hyperpolarize LPCs and decrease GABA release 

(Marowsky et al., 2005). Therefore, we observed the effect of the D1R agonist SKF-38393 

in three concentrations (5, 10, & 25 µM) on both AIR and 10d CIE & 24hr WD exposed 

slices. First, a two-way repeated measures ANOVA of the 5 µM drug wash showed a main 

effect of CIE/WD (F(1,16) = 5.528, p < 0.05) indicating that we had replicated our initial 10d 

CIE & 24hr WD findings, in that this exposure resulted in a decrease in GABA release 

probability. However, there was no main effect of the D1R agonist SKF-38393 at 5 µM 

(F(1,16) = 0.8247, p > 0.05), and no significant interaction (F(1,16) = 0.2340, p > 0.05).  

Next, a two-way repeated measures ANOVA of the D1R agonist at a concentration 

of 10 µM showed no main effect of SKF-38393 (F(1,14) = 3.918, p > 0.05), but did reveal a 

significant interaction between CIE and the drug (F(1,4) = 11.04, p < 0.05). Additionally, 

there was a main effect of CIE/WD (F(1,14) = 3.918, p > 0.05). Bonferroni’s post-tests did 

not show a significant difference between the AIR baseline and drug wash (N = 9; t = 
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10d CIE/WD 

5μM   

10μM  
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Air 

10d CIE/WD 
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10d CIE/WD 
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50 pA 
 

A1. A2. 

B2. B1. 

C1. 
C2. 

Figure 4. The effect of the dopamine D1R agonist SKF-38393 on AIR and CIE/WD exposed LPC GABAergic paired-pulse ratios. 
(A1) Two-way repeated measures ANOVA showing that the D1R agonist at 5μM does not exert a significant effect on either AIR or CIE/WD 

exposed animals. (A2) Representative traces from both baseline air (blue) and CIE/WD paired-pulse ratios, and the subsequent representative 

traces for the D1R drug wash (green; 5μM). (B1) Two-way repeated measures ANOVA showing that the D1R agonist at 10μM only exerts 
a significant effect in CIE/WD exposed animals. (B2) Representative traces from both baseline air and CIE/WD paired-pulse ratios (blue), 

and the subsequent representative traces for the D1R drug wash (green; 10μM). (C1) Two-way repeated measures ANOVA showing that the 

D1R agonist at 25μM exerts a significant effect on both AIR and CIE/WD exposed animals and reduces GABA release probability. (C2) 
Representative traces from both baseline air (blue) and CIE/WD paired-pulse ratios (green), and the corresponding representative traces for 

the D1R drug wash (green; 25μM) displaying the reduction in GABA release probability from both AIR and CIE/WD neurons. 
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0.05302, p > 0.05), but did find a significant difference between the CIE/WD baseline and 

paired drug wash (N = 9; t = 3.191, p < 0.05). 

Finally, a two-way repeated measures ANOVA of the D1R agonist at 25 µM 

showed a main effect of CIE/WD (F(1,15) = 20.04, p < 0.05), and a main effect of the drug 

SKF-38393 (F(1,15) = 16.75, p < 0.05), but no significant interaction (F(1,4) = 16.75, p < 

0.05). Bonferroni’s multiple comparisons test revealed a significant effect of the D1R 

agonist in both the AIR control condition (t = 2.880, p < 0.05), and the CIE/WD condition 

(t = 2.926, p < 0.05). If the CIE/WD animals upregulate D1Rs, there will be an increased 

availability of D1R binding sites for the agonist to exert its effect. Therefore, lower 

concentrations of the agonist will show a significant effect and further decrease GABA 

release from CIE/WD exposed animals. However, if there was no effect of the agonist, this 

would suggest all binding sites are occupied, or all D1Rs are maximally active, which 

would prevent the agonist from exerting an effect. Overall, these data provide evidence to 

the hypothesis that CIE/WD leads to an increase in the expression/activity of the D1R.   

 

The D1R antagonist increases LPC GABA release from CIE/WD animals (Figure 5). 

 Finally, to further characterize the effect of D1Rs on LPC GABA release, we 

perfused the D1R antagonist SKF-83566 at two concentrations (1, & 5 µM) in both AIR 

and CIE/WD slices. Previous research has shown that D1R antagonist microinjections 

decrease anxiety-like behavior presumably by increasing LPC GABAergic activity to the 

principal cells in the BLA (de la Mora et al., 2005; de la Mora et al., 2010). These 

experiments were conducted identically to the D1R agonist drug wash experiments in that 

we recorded a 5min baseline followed by a 10min drug wash. Two-way ANOVA found 
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that the CIE/WD treatment approached significance (F(1,12) = 4.566, p = 0.0539) and a 

main effect of the D1R antagonist SKF-83566 at 1 µM (F(1,12) = 5.716, p < 0.05). There 

was no significant interaction between CIE/WD and the drug wash (CIE/WD X SKF-

83566; F(1,12) = 0.6293, p > 0.05). 

 Our final experiments supported these findings, and a two-way repeated measures 

ANOVA of the D1R antagonist at 5 µM in AIR and CIE/WD neurons found a main 

effect of the drug wash (F(1,12) = 6.043, p < 0.05). In this cohort, there was no main effect 

of CIE/WD (F(1,12) = 0.09781, p > 0.05), but there was a significant interaction between 

CIE/WD and the D1R antagonist (CIE/WD X SKF-83566; F(1,12) = 14.94, p < 0.05). 

These data suggest that the concentration of dopamine active at dopaminergic-LPC 

synapses is elevated following CIE/WD.  
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10d CIE/WD 
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10d CIE/WD 
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A1. A2. 

B1. B2. 

Figure 5. The effect of the dopamine D1R antagonist SKF-83566 on AIR and CIE/WD exposed LPC GABAergic 

paired-pulse ratios. 

5μM   

 (A1) Two-way repeated measures ANOVA found a main effect of the D1R antagonist at 1μM. (A2) Representative 
traces of paired-pulse ratios from air and CIE/WD exposed neurons at baseline (blue) and in the presence of the D1R 

antagonist at 1μM (red). (B1) Two-way repeated measures ANOVA showing a significant interaction between CIE and 

the D1R antagonist. (B2) Representative traces of paired-pulse ratios from baseline and D1R antagonist drug washes 

showing a significant increase in GABA release probability only from CIE/WD exposed neurons. 

1μM   
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DISCUSSION 

 

Overall, the goal of these experiments was to determine if adolescent rats were 

uniquely vulnerable to the effects of chronic ethanol exposure and withdrawal, in addition 

to examining the mechanisms regulating this presynaptic plasticity. Previous studies from 

our laboratory demonstrate that, unlike local feedback inhibitory BLA interneurons, the 

feedforward inhibitory LPCs develop decreases in presynaptic GABA release probability 

following CIE/WD (Diaz et al., 2011). Additionally, considering that glutamatergic 

synapses show sex-specific developmental trajectories, we examined the effect of chronic 

ethanol exposure on LPC GABA release probability from adolescent female rats. To do so, 

we utilized whole-cell patch-clamp electrophysiology to measure paired-pulse ratios from 

LPCs, which gives a proxy measurement for the release probability of a presynaptic neuron 

(Fioravante and Regehr, 2011; Regehr, 2012).  

In our first experiment, we tested whether adult males developed diminished LPC 

GABA release following the 10d CIE & 24hr WD paradigm that initially found that these 

cells were vulnerable to the effects of ethanol and withdrawal (Diaz et al., 2011). We 

hypothesized that adults would be resilient to the effects of chronic ethanol and withdrawal 

because the brain becomes less plastic with age (Ahmed et al., 2015; Tottenham and 

Galvan, 2016). In these experiments, we show that adolescents are uniquely vulnerable to 

developing decreases in presynaptic GABA release probability as measured by a 

significant increase in the PPR from the CIE/WD group (Fig 1). Considering that baseline 

presynaptic plasticity was not different between the age groups, these data suggest that 

adolescents have developed mature LPC signaling at the age of sacrifice (~P47). However, 
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the effect of CIE/WD provides evidence that a specific mechanism regulating LPC 

plasticity remains vulnerable to the effects of ethanol at this age.  

Previous studies from our laboratory find that precise periods of ethanol exposure 

are required to elicit the development of pre- and postsynaptic plasticity in adolescent 

glutamatergic synapses (McGinnis et al., 2020b; Morales et al., 2018). Therefore, we 

exposed adolescent rats to 1 and 3-days of CIE and 24hr WD to determine the minimum 

CIE exposure length required to develop decreases in LPC GABA release probability. In 

these experiments, we found that adolescent animals developed decreases in presynaptic 

LPC GABA release after only 3d CIE and 24hr WD (Fig. 2). These data suggest that a 

relatively short exposure is required for the observed developmental decrease in GABA 

release. 

In addition to age specific effects of CIE/WD, our laboratory finds that CIE/WD 

promotes sex-specific developmental trajectories of pre- and postsynaptic plasticity 

(McGinnis et al., 2020a; McGinnis et al., 2020b; Morales et al., 2018). Considering that 

the effect of CIE/WD on LPC plasticity has not been examined in females, we observed 

the effect of 10d CIE & 24hr WD on adolescent (~P35) female rats and compared these 

effects to their adolescent male counterparts. We hypothesized that adolescent females, 

like adolescent males, would be vulnerable to the effects of CIE/WD, and, therefore, 

develop decreases in LPC GABA release probability. However, our findings revealed that 

adolescent females are similar to adult males and are resilient to the effects of CIE/WD as 

it pertains to the development of LPC presynaptic plasticity (Fig. 3). Similar to the 

comparison between adolescent and adult males, the females did not show a significant 

difference in their baseline PPR compared to the adolescent males. Overall, these findings 



33 
 

parallel our previous results showing that females are more resilient to the effect of 

CIE/WD. 

Most importantly, we examined a possible mechanism underlying adolescent LPC 

vulnerability to the effects of CIE/WD. Previous studies using a self-administration model 

find that repeated periods of continuous access to ethanol followed by intervals of 

deprivation result in an increase in the density of dopamine D1 receptors in the LPCs (Sari 

et al., 2006). Electrophysiology studies find that LPC D1R activation hyperpolarizes the 

cell and decreases the subsequent release of presynaptic GABA as measured by reductions 

in the IPSC amplitude (Marowsky et al., 2005). Also, D1R expression decreases 

throughout the lifespan such that older adults show decreased D1R activity and expression 

compared to their younger counterparts, which may explain adolescent vulnerability to 

chronic ethanol exposure (Wang Y, 1998)  Therefore, we hypothesized that increased D1R 

expression, or activity, is responsible for the observed presynaptic plasticity from LPCs 

following CIE/WD. To test this hypothesis, we recorded PPRs from adolescents exposed 

to 10d CIE & 24hr WD in the presence of increasing concentrations of the dopamine D1 

receptor partial agonist SKF-38393 (Fig 4). Taken together, these data show that lesser 

concentrations of the D1R agonist are required to elicit an increase in the PPR from 

CIE/WD exposed neurons, which indicates a further decrease in presynaptic GABA 

release. If the D1R agonist is able to exert an effect at lower concentrations than in the air 

control group, this indicates that there may be unoccupied receptors available for the drug 

to bind to and further deplete GABA release. Thus, these data support our hypothesis and 

provide evidence that CIE/WD exposed animals may possess greater levels of the LPC 

D1R. However, it is important to note that SKF-38393 is only a partial D1R agonist, which 
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means it does not maximally activate D1 receptors and is a limitation of this study. 

Additionally, it should be noted that a partial agonist can act as an antagonist by binding 

the receptor, but not activating the receptor. This could have been the case in the AIR 

control animals, where lower concentrations of SKF-38393 blocked the D1R binding site 

from dopamine, which prevented any GABA release modulation. For these reasons, future 

studies should employ a full D1R agonist.   

Presumably, if there is an increase in D1R availability we would not observe an 

effect of a D1R antagonist on LPC PPRs because blocking already unoccupied receptors 

will not result in an effect on the resulting release probability. In contrast, if the D1R 

antagonist is able to exert a significant effect, this may indicate an increase in the 

concentration of dopamine to the LPCs. Specifically, if the antagonist is able to prevent 

neurotransmitter action, this would suggest that the majority of LPC D1Rs are occupied by 

dopamine. On LPCs, increased dopamine activity would allow the antagonist to exert a 

noticeable effect by blocking dopamine signaling, and lead to a subsequent increase in  

GABA release. Therefore, we sought to determine if the D1R antagonist SKF-83566 

decreased the PPR from LPCs at two drug concentrations (Fig. 5). Initially, we 

hypothesized that the D1R was tonically active in air animals considering that control 

neurons required high concentrations of the D1R agonist to decrease presynaptic LPC 

GABA release (Fig. 4). Therefore, we predicted that washing on the D1R antagonist would 

significantly reduce the PPR (i.e., increase release probability) from air neurons. We 

suspected that the D1R antagonist would not show a significant effect in CIE/WD exposed 

animals as a result of the increased availability of D1Rs. However, D1R antagonist 

perfusions onto the slice revealed significant increases in GABA release probability from 
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only the 10d CIE & 24hr WD exposed animals (Fig. 5). Additionally, we did not see an 

effect of the D1R antagonist on air neurons at either the low or high concentration of the 

drug. In contrast to the D1R agonist results, these antagonist drug washes suggest that 

CIE/WD produces a unique upregulation in the concentration of dopamine sent to the 

LPCs. Further experiments are needed to parse out the exact mechanisms responsible for 

LPC vulnerability to presynaptic plasticity following CIE/WD. 

Initially, these data sparked the question as to whether these same drug washes 

would produce identical results in animals exposed to a 3d CIE & 24 WD paradigm. 

Therefore, we collected pilot data (not shown) recording PPRs in the presence of the 5 µM 

concentration of the D1R antagonist SKF-83566 from a 3d CIE & 24hr WD exposure. 

Unlike the 10d exposure, these data did not find a result of the higher concentration of the 

D1R antagonist. Considering that 3d CIE/WD produces LPC presynaptic decreases in 

GABA release probability (Fig. 2), and dopamine signaling seems to be responsible for 

this plasticity, it can be presumed that either one of the two mechanisms of dopamine 

signaling is responsible for the observed difference: either 1) there is an increase in the 

number of LPC D1Rs, or 2) there is an increase in the concentration of dopamine. Our pilot 

data suggest that 3d CIE/WD exposure does not produce an increase in the concentration 

of dopamine to the LPCs. Overall, these pilot results propose that there may be two separate 

mechanisms contributing to the observed decreases in presynaptic LPC GABA release. 

Considering these experiments produced a lack of clarity in terms of the 

mechanisms responsible for LPC presynaptic plasticity, there are numerous avenues to 

explore in future directions. First and foremost, more experimental data is needed to 

decipher whether dopamine D1R expression is upregulated following CIE/WD, or the 
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concentration of dopamine to LPCs is upregulated. To do so, future experiments should 

observe the effect of the D1R agonist SKF-38393 at the 10 µM concentration on PPRs 

from animals exposed to 3d CIE & 24hr WD. In our experiments, this concertation of the 

D1R agonist is the lowest concentration to produce a further decrease in LPC presynaptic 

GABA release from the CIE/WD group. Therefore, if the drug shows an effect on animals 

exposed to a 3d CIE/WD paradigm similar to the 10d CIE/WD paradigm, this could 

indicate that shorter periods of CIE/WD promote increases in the expression/activity of 

LPC D1Rs. These findings would parallel our 3d CIE/WD antagonist pilot data, and 

provide evidence to the hypothesis that there are two distinct mechanisms contributing to 

LPC presynaptic plasticity following CIE/WD. 

Future experiments could also address the distinction between an increase in 

receptor number and an increase in neurotransmitter concentration by utilizing PCR. 

Specifically, RT-qPCR measurements of D1R mRNA following CIE/WD exposure could 

expose an upregulation in D1R gene expression from LPCs. One limitation of this 

experiment would be that RT-qPCR would not directly measure the concentration of LPC 

D1R expression. Instead, this would provide data on the concentration of BLA D1Rs as a 

whole. To address this limitation, future experiments could employ variations of in-situ 

hybridization (e.g., RNA-SCOPE) to directly confirm that the LPCs are where the 

upregulation of D1Rs is concentrated.  

Next, one of the major limitations of the experiments we conducted, and previous 

experiments examining the effect of D1R signaling on LPCs, is that they do not address 

the signal transduction mechanism by which D1Rs exert their effect. Typically, D1Rs 

couple to adenylyl cyclase to produce an increase in cAMP, but previous research found 



37 
 

that BLA D1Rs do not elicit cAMP accumulation (Leonard et al., 2003). This suggests that 

BLA D1Rs do not act through their most common GPCR pathway to promote a build-up 

of cAMP, and instead act in a brain region specific manner. Considering that D1Rs already 

show brain region specific coupling to different molecular cascades (Jin, 2001; Undieh, 

2010), it would not be surprising if LPCs added to the current variety and understanding. 

Some experiments suggest that BLA D1R stimulation leads to the formation of inositol 

phosphate through a phospholipase C signaling mechanism (Undie AS, 1990). However, 

these findings have not been replicated or further explored. Future experiments can probe 

LPC D1R activity by washing on the D1R agonist SKF-38393 followed by a cAMP 

antagonist, or a phospholipase C antagonist, to determine if blocking either will prevent 

the effects of D1R activation.  More specifically, by measuring voltage changes in the 

resting membrane potential from current-clamp recordings similar to Marowsky et al. 

(2005), these experiments could help unveil the signal transduction mechanism used by the 

D1R. Additionally, recording paired-pulse ratios in the presence of these pharmacological 

agents could provide further evidence that D1Rs regulate presynaptic plasticity. 

These proposed future experiments would also need to address the potassium 

channel LPC D1Rs are thought to stimulate. Although previous studies by Marowsky et al. 

(2005) suggest that D1Rs hyperpolarize LPCs by activating an inward-rectifying potassium 

channel, which leads to an efflux of potassium and hyperpolarizes the cell, these studies 

are not conclusive. Specifically, to determine if D1Rs couple to an inward-rectifying 

potassium channel, Marowsky and colleagues employed the inward-rectifying potassium 

channel antagonist, tertiapin Q. However, tertiapin Q does not selectively affect inward-

rectifying potassium channels, which leads to confusion as to what potassium channel the 
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D1Rs engage. In addition to inward-rectifying potassium channels, tertiapin Q blocks large 

conductance potassium channels (BK channels), which could also explain the 

hyperpolarizing effect of LPC D1R activation. Additionally, these experiments by 

Marowsky employed the GPCR antagonist GDPβS, which prevented the D1R agonist 

induced hyperpolarization. These researchers concluded that D1Rs activate GIRK channels 

through the βγ subunit of the D1R GPCR. This supports previous findings that the βγ 

subunit of GPCRs can interact with GIRK channels (Zhao et al., 2016). However, GDPβS 

does not selectively block the βγ subunit of the GPCR. Instead, it prevents GPCR signaling 

as a whole, and thus, the conclusion that LPC D1Rs couple to a GIRK through the βγ 

subunit needs to be further explored.  

Considering the evidence that LPC D1Rs may couple to a GIRK channel, another 

limitation of our experiments is that they do not directly address potassium channel 

alterations following CIE/WD. It is well known that alcohol directly opens GIRK channels 

(Bodhinathan and Slesinger, 2014). Therefore, the perceived effect of the LPC D1R 

observed by our experiments may be an artifact of modified GIRK channels in response to 

the CIE/WD exposure. Future experiments should address these deficits by probing GIRK 

channel function, and their expression levels following CIE/WD, specifically in adolescent 

males. 

By further characterizing the signal transduction mechanisms utilized by the LPC 

D1Rs, and the subsequent effects of chronic ethanol exposure, these future experiments 

could address another limitation of the current findings. Specifically, these experiments do 

not address the mechanisms behind adult resiliency. It may be possible that adolescents 

convey vulnerability through alterations in the D1R following CIE/WD, but it is also just 
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as interesting to determine if these receptors convey adult resiliency and, if so, how? 

Considering that numerous studies show adults are resilient to the effects of chronic 

ethanol, further investigation into how adult resiliency is conferred would provide essential 

insights into how alcohol alters developmental trajectories. 

In addition to better understanding adult resiliency, the current experiments do not 

address the female resiliency to CIE/WD observed by a lack of LPC presynaptic GABA 

release as compared to males (Fig. 3). These sex differences may reflect underlying 

hormonal differences between the sexes that may confer resiliency to CIE/WD in females. 

Considering that adolescent females require a longer ethanol exposure than males to 

develop pre- and postsynaptic plasticity in the glutamate system, and develop decreases in 

anxiety-like behavior (Morales et al., 2018), it is likely that female sex hormones initially 

play a protective role against CIE/WD. Lastly, as it relates to CIE/WD induced sex 

differences, adult females do not display an increase in ethanol consumption following a 

CIE/WD exposure (Morales et al., 2015), while adult males do show an increase in ethanol 

consumption following CIE/WD. These behaviors may reflect overall resilience in both 

the GABA and glutamatergic systems. Overall, data from our laboratory provide evidence 

that females show sex specific developmental trajectories that are resilient to the effects of 

CIE/WD on neural plasticity and behavior. 

Finally, future experiments examining the effects of LPC signaling an on the BLA 

and all related behaviors should implement the use of adeno-associated viruses (AAV). By 

utilizing an AAV carrying a cell-type specific gene promoter sequence, a researcher can 

target and manipulate a certain population of cells. First, it is important to choose the 

correct viral serotype in these experiments considering that some serotypes will not 
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properly infect the desired cell-type, and thus yield no effect. In the case of BLA 

interneurons, and more specifically LPCs, the AAV2/7 serotype seems to most effectively 

target the GABAergic interneurons (de Solis et al., 2017). Next, to specifically target the 

LPCs, and ITCs more generally while avoiding infection of local interneurons, these 

AAV2/7 viral experiments can utilize the Meis2 promoter. Previous experiments show that 

the expression of Meis2 is a unique developmental indicator for the ITCs (Kaoru et al., 

2010; Waclaw et al., 2010). Therefore, AAV2/7 microinjections using the Meis2 promoter 

to specifically target ITCs would provide interesting results in the ability to unique express 

proteins in these cell groups. For example, a future experiment could utilize an AAV2/7-

Meis2p vector along with a dopamine D1 receptor promoter to drive LPC D1R expression 

and measure the subsequent alterations in synaptic plasticity and behavior to further 

elucidate the effects of D1R activation on LPCs. Additionally, finding a viable AAV 

paradigm to target the ITCs would allow future researchers to manipulate these cells 

optogenetically (Deisseroth, 2011) and chemogenetically (Roth, 2016). In being able to 

modulate the activity of ITCs optogenetically and chemogenetically, we will be able to 

unmask the greater role these cells play in a multitude of behaviors. 

In conclusion, these experiments show that adolescent males are uniquely 

vulnerable to effects of CIE/WD. Specifically, adult males and adolescent females are 

resilient to the development of the decrease in LPC GABA release probability observed 

from adolescent males. Future experiments can move along a number of new research 

avenues to address limitations in our study, as well as previous experiments. For example, 

the LPC D1 GPCR signal transduction mechanism remains elusive. Better understanding 

these mechanisms will provide further insight into the vulnerability possessed by 
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adolescent males. Future research should also attempt to utilize AAV targeting of LPCs to 

probe their role in behavior, and to examine the neuromodulators they are responsive to. 

Overall, it is my hope that these experiments provide the base for future research to better 

understand these islands of developmental vulnerability: the lateral paracapsular cells.   
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