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Robert Aaron Waeiss 

ASSESSMENT OF ETHANOL AND NICOTINE INTERACTIONS IN THE RAT 

MODEL: PHARMACOTHERAPEUTICS, ADOLESCENCE, AND THE 

MESOLIMBIC SYSTEM 

 

Alcohol use disorder (AUD) and nicotine dependence often result in 

serious health problems and are top contributors to preventable deaths 

worldwide. Co-addiction to alcohol and nicotine is the most common form of 

polysubstance abuse. Epidemiological studies indicate that more than 80% of 

individuals diagnosed with AUD concurrently use nicotine. The prevalence of 

alcohol and nicotine comorbidity may stem from interconnected mechanisms 

underlying these disorders. A better understanding of how these drugs interact 

and the biological basis behind the high comorbidity rates could generate key 

targets for the development of more effective treatments for AUD and nicotine 

dependence. 

The following experiments utilized four similar overall groups consisting of 

vehicle, ethanol (EtOH), nicotine (NIC), and EtOH+NIC. Chapter Two 

investigated the efficacy of naltrexone and varenicline, the pharmacological ‘gold 

standards’ for treating AUD and nicotine dependence, on voluntary drug intake 

by rats selectively bred for high EtOH drinking. The results indicated that the 

standard treatments for AUD and nicotine dependence were effective at reducing 

consumption of the targeted reinforcer but neither reduced EtOH+NIC co-

use/abuse. Chapter Three examined the effects of peri-adolescent EtOH drinking 
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on the ability of NIC infused into the posterior ventral tegmental area (pVTA) to 

stimulate dopamine release within the nucleus accumbens (NAc) shell during 

adulthood. The results suggest a cross-sensitization to NIC produced by peri-

adolescent EtOH consumption demonstrated by a leftward and upward shift in 

the dose response curve. Chapter Four investigated the effects of intra-pVTA 

infusions on NAc shell neurochemistry, EtOH reward within the NAc shell, and 

the role of brain-derived neurotrophic factor (BDNF) on EtOH reward within that 

region. The data indicated that only EtOH+NIC significantly increased glutamate, 

dopamine, and BDNF in the NAc shell. Repeated pretreatment with EtOH+NIC 

also enhanced EtOH reward in the NAc shell and BDNF infusions were sufficient 

to recapitulate these findings. Collectively, the data indicate that concurrent 

exposure to EtOH and NIC results in unique neuroadaptations that promote 

future drug use. The failure to develop effective pharmacotherapeutics for AUD 

or nicotine dependence could be associated with examining potential targets in 

models that fail to reflect the impact of polydrug exposure. 

 

William A. Truitt, Ph.D., Chair 
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Chapter One: Introduction 

 

Clinical significance 

Alcohol and nicotine abuse result in numerous serious health problems 

and account for a large proportion of preventable deaths worldwide. The 

devastating impact on physical health from alcohol and nicotine abuse includes 

increased risk for many different types of cancer, liver disease, heart disease and 

lung disease (Grucza and Bierut 2006). There are over 42 million individuals in 

the United States that smoke and almost 20 million that abuse alcohol (Agaku et 

al. 2014; Falk et al. 2006). Past research has shown that more than 80% of those 

with alcohol use disorder (AUD) also exhibit comorbid use of nicotine in 

comparison to 34% of non-alcoholics (John et al. 2003a, b). Likewise, individuals 

suffering from nicotine dependence are 10 times more likely to be diagnosed with 

AUD in their lifetime (DiFranza and Guerrera 1990). 

Research has revealed that the amount of nicotine ingested by an 

individual is positively correlated with AUD as well as with larger quantities of 

alcohol intake and number of drinking sessions when compared to non-smoking 

alcoholics (Daeppen et al. 2000; Gulliver et al. 1995). Additionally, the severity of 

AUD has also been positively correlated to a number of other elements that 

include urge to smoke, years smoked, number of attempts to quit smoking and 

age an individual began smoking (John et al. 2003a, b). Alternatively, 

spontaneous smoking cessation in individuals that are alcohol and nicotine 

dependent is seven times lower than those not abusing alcohol (DiFranza and 
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Guerrera 1990). The intensity of dependence on nicotine has been associated 

with more severe bouts of relapse in those with AUD. It has also been 

established that individuals with AUD who stop smoking have a better chance of 

remaining abstinent from alcohol than those who continue to smoke (Daeppen et 

al. 2000; Gulliver et al. 1995). This agrees with more recent research that 

indicates when an individual trying to abstain abuses both alcohol and nicotine 

there is a significantly worse clinical outcome than those who use one or the 

other (Lajtha and Sershen 2010; Grant et al. 2004). 

Moreover, early initiation of alcohol consumption is associated with greater 

risk of a diagnosis of AUD in adulthood (Dawson et al. 2008). Alcohol drinking 

during adolescence has consistently been found to occur in greater than 80% of 

individuals before 18 years of age (Johnston et al. 2004). Furthermore, the 

adolescent brain appears to be more susceptible to the effects of binge alcohol 

exposure than the mature brain (Crews et al. 2016). Relevant to the present 

report, adolescent binge drinking enhances the likelihood of using nicotine 

products during adolescence as well as during adulthood (Best et al. 2000). In 

contrast, individuals that do not engage in regular binge drinking sessions have 

significantly lower rates of smoking during adulthood (Bobo and Husten 2000).  

Together, addiction to alcohol and nicotine occurs in a greater number of 

individuals than any other drug of abuse (Grant et al. 2004). It has been 

suggested that the prevalence of alcohol and nicotine comorbidity may stem from 

interconnected mechanisms underlying these particular disorders (Grucza and 

Bierut 2006). Additionally, developmental perturbations induced by adolescent 
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drinking could partly explain the increased rates of AUD and nicotine 

dependence during adulthood (Bates and Labouvie 1997). Elucidating how these 

drugs interact and the neurobiological mechanisms behind the frequency of co-

abuse is necessary in order to develop effective treatments and preventive 

measures in the future. 

 

Mesocorticolimbic circuitry and signaling 

There is evidence for dysregulation of neurochemical mechanisms in brain 

reward regions that act through respective receptor systems to mediate the 

reinforcing effects of these drugs and subsequent neuroadaptations (Falk et al. 

2006; Vengeliene et al. 2008; Deehan et al. 2015; Hauser et al. 2014). An 

immense amount of research has been carried out on the neurobiology of the 

mesocorticolimbic dopamine (DA) pathway and how drugs of abuse highjack this 

system resulting in detrimental behaviors. A clear description of the dopaminergic 

system under normal physiological conditions provides a basis of comparison for 

subsequent neuroadaptations and altered behaviors following drug exposure. 

DA is the most abundant catecholamine neurotransmitter in the brain and 

is produced by mesencephalic neurons of the substantia nigra (SN) and ventral 

tegmental area (VTA; Baik 2013). DA is synthesized through the enzymatic 

actions of tyrosine hydroxylase, which is the rate-limiting step, followed by amino 

acid decarboxylase. DA is then removed from the cytoplasm and packaged into 

synaptic vesicles by vesicular monoamine transporters (VMATs) using a proton 

electrochemical gradient (Howell and Kimmel 2008). Following the release of DA 
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into the synaptic cleft, signaling is inactivated through a combination of reuptake 

and metabolism. DA is removed from the extracellular space by transporter 

proteins that are part of the sodium:neurotransmitter symporter family. This is 

primarily carried out by the DA transporter (DAT). Next, DA is either repackaged 

into vesicles for re-release or broken down and eliminated by catechol-O-

methyltransferase (COMT) or monoamine oxidase (MAO; Meyer and Quenzer 

2005). 

DA signaling occurs through its binding to seven transmembrane domain 

G-protein coupled receptors resulting in the activation of downstream signaling 

cascades (Beaulieu and Gainetdinov 2011). Five different DA receptors have 

been identified (D1R – D5R) and are divided into two groups based on structure 

and pharmacological properties. D1-like receptors (D1R and D5R) mediate 

excitatory neurotransmission by stimulating adenylyl cyclase and increasing 

intracellular cAMP. D2-like receptors (D2R – D4R) mediate inhibitory 

neurotransmission via inhibition of adenylyl cyclase (Beaulieu et al. 2015). One 

important feature of D2Rs is its function as an autoreceptor. D2-like receptors are 

often located presynaptically and dampen excitability as well as DA synthesis 

and packaging (Beaulieu et al. 2015). The distinct functional characteristics and 

localization of each DA receptor subtype allow dynamic regulation of several 

physiological processes. 

Midbrain DA neurons have been associated with increasingly complex 

functions and connectivity following continued delineation of neuronal subtypes 

that have unique molecular, anatomical, and electrophysiological features 
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(Ikemoto 2010; Sesack and Grace 2010; Lammel et al. 2014). Interspersed γ-

aminobutyric acid (GABA) and glutamatergic subpopulations within the midbrain 

DA system have added to the complexity of functions associated with DA neuron 

activity. Studies indicate this DA activity is linked to signaling of salience, reward, 

aversion, novelty and motivation (Garris et al. 1999; Pierce and Kumaresan 

2006; Berridge 2007; Hikida et al. 2010; Sesack and Grace 2010; Koob and 

Volkow 2010; Schultz 2013; Lammel et al. 2014). 

A number of different brain regions and circuits have been identified that 

play a role in drug reward and reinforcement. These often involve the 

mesocortical, mesostriatal and mesolimbic DA pathways. Specifically, the 

mesolimbic DA system is made up of the dopaminergic cells bodies in the VTA 

that project into the nucleus accumbens (NAc) as one piece in a series of parallel 

integrated circuits that engage several other critical brain regions (Figure 1; 

Ikemoto 2010; Volkow et al. 2011). Mesocortical (VTA projections to frontal 

cortex) and mesostriatal (SN/VTA projections to the dorsal striatum) DA 

pathways have been implicated in various aspects of drug related behaviors (e.g. 

drug-seeking, withdrawal, relapse; Koob and Volkow 2010; Volkow et al. 2011). 

The following background will predominantly cover VTA to NAc projections 

as this is of particular relevance to Chapters Three and Four. Focus on this 

projection is pertinent due to the different rates of development, 

neurotransmitters released, reuptake mechanisms, and plasticity of the separate 

DA projections associated with discrete functional roles and behaviors 

(McCutcheon et al. 2012; Spear 2000).
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Figure 1. Simplified diagram of the ventral tegmental area (VTA) and nucleus accumbens (NAc) reward circuit. The 
illustration depicts key dopaminergic, glutamatergic, and GABAergic connections between the VTA and NAc. The primary 
reward circuit includes projections from the VTA to the NAc, which release dopamine in response to reward stimuli. 
GABAergic projections from the NAc to the VTA occur through a direct pathway mediated by D1-type medium spiny 
neurons (MSNs) that innervate the VTA or the indirect pathway mediated by D2-type MSNs which innervate the VTA via 
GABAergic neurons in the ventral pallidum (not shown). The NAc receives dense glutamatergic inputs from the 
hippocampus (HPC) and basolateral amygdala (BLA), and medial prefrontal cortex (mPFC). These glutamatergic inputs 
control aspects of reward-related perception and memory. Additional details of the NAc and VTA microcircuitry are shown 
in Figures 2 and 3. DS, dorsal striatum.
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The NAc composes a portion of the ventral striatum and is positioned as a 

region where cortical afferent systems under dopaminergic modulation are 

integrated with motivational inputs from limbic structures to regulate goal-directed 

behavior. There are two major subdivisions of the NAc. The core region 

surrounds the anterior commissure while the shell portion is composed of the 

ventral and medial areas (Ikemoto 2010; Sesack and Grace 2010). The NAc is 

made up of more than 90% medium spiny neurons (MSNs; Sesack and Grace 

2010; Russo and Nestler 2013). MSNs are inhibitory cells that primarily signal via 

GABA. The majority of MSNs can be identified through the expression of high 

levels of either D1R or D2R (See Figure 2; Russo and Nestler 2013). The 

remaining portion is composed of local GABAergic interneurons that are 

identified by expression of calretinin, parvalbumin, somatostatin, or calretinin in 

addition to a small population of cholinergic interneurons (Figure 2). NAc 

inhibitory efferents project to the ventral pallidum (VP), SN, hypothalamus, brain 

stem and VTA (Russo and Nestler 2013; Sesack and Grace 2010). Strong 

glutamatergic projections from the prefrontal cortex (PFC), hippocampus, and 

amygdala innervate the NAc along with DA, glutamate, and GABA projections 

from the VTA. Finally, the NAc also receives serotonergic and noradrenergic 

inputs from the dorsal raphe nucleus (DRN) and locus coeruleus, respectively 

(Sesack and Grace 2010). 
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Figure 2. Local microcircuitry of the NAc. Simplified schematic of presynaptic 
inputs onto D1- and D2-type GABAergic medium spiny neurons (MSNs) as well 
as interneurons within the NAc. Striatal GABAergic interneurons express 
somatostatin (SOM), calretinin (CR), parvalbumin (PV), or choline 
acetyltransferase (ChAT). Glutamatergic inputs from the medial prefrontal cortex 
(mPFC), hippocampus (HPC), and basolateral amygdala (BLA) provide 
excitatory signals to GABAergic MSN projection neurons. Excitatory inputs also 
synapse directly onto the GABAergic and cholinergic interneurons that modulate 
MSN activity. D1- and D2-type MSNs also receive signals from VTA DA neurons. 
 

VTA neurons have been shown to be composed of a heterogeneous 

mixture with approximately 65% being dopaminergic, 30% GABAergic, and 5% 

glutamatergic. Small subsets of these neurons have also been reported to co-

release functionally significant amounts of glutamate and/or GABA from DA 

neurons (Yetnikoff et al. 2014; Lammel et al. 2014). In addition to the previously 
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mentioned DA VTA efferents, significant innervations also target the 

hippocampus, central amygdala, basolateral amygdala, olfactory tubercle, VP, 

and motor cortices (Figure 1; Ikemoto 2010; Yetnikoff et al. 2014). Primary 

afferents of the VTA include orexinergic and glutamatergic neurons from the 

lateral hypothalamus. Additional excitatory inputs come from the PFC and lateral 

dorsal tegmentum while the extended amygdala sends both glutamatergic and 

GABAergic projections that synapse directly on DA neurons (Figure 3). Lateral 

habenula inputs into the VTA are also glutamatergic but synapse onto GABA 

interneurons, which control aspects of reward-related perception and memory. 

(Russo and Nestler 2013; Yetnikoff et al. 2014). 
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Figure 3. Local microcircuitry of the VTA. Simplified diagram of presynaptic 
inputs onto VTA DA neurons expressing tyrosine hydroxylase (TH) and local 
GABAergic (expressing glutamic acid decarboxylase, GAD) and glutamatergic 
(expressing vesicular glutamate transporter 2, VGluT2) neurons within the VTA. 
Glutamatergic neurons from the mPFC and central nucleus of the amygdala 
(CeA) as well as local glutamate neurons synapse directly onto VTA DA neurons. 
DA neurons also receive direct serotonergic input from the dorsal raphe nucleus 
(DRN) and cholinergic inputs from the pedunculopontine tegmentum (PPT) and 
lateral dorsal tegmentum (LDT), which modulate DA release and promotes 
reward. Inhibitory projections from the NAc to the VTA innervate both VTA DA 
neurons as well as local GABAergic interneurons. 
 

Neuropharmacology of alcohol and nicotine 

  The mesocorticolimbic DA pathway (Figure 1) described above is known 

to be altered following alcohol and nicotine exposure. The rewarding and 
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reinforcing properties of alcohol and nicotine are well known to be associated 

with increased DA release within the NAc (Di Chiara and Imperato 1988; Wise 

and Rompre 1989). Furthermore, the associated reinforcing effects of 

pharmacologically relevant levels of alcohol and nicotine within the posterior VTA 

(pVTA) has been established (Exley et al. 2011; Hauser et al. 2014; Rodd-

Henricks et al. 2000; Truitt et al. 2014). The pVTA is a neural target where 

alcohol and nicotine are self-administered and interact to enhance DA release in 

the NAc shell (Tizabi et al. 2002, 2007; Rodd et al. 2010; Corrigall et al. 1994). It 

has been suggested that the elevated NAc DA release induced by alcohol and 

nicotine could be through both independent actions as well as through shared 

neurotransmitter systems. 

Alcohol has been demonstrated to have a number of pharmacological 

targets within the central nervous system (CNS). In addition to the well-

established interaction with its metabolic enzyme alcohol dehydrogenase (ADH), 

alcohol exerts rapid and acute effects on protein function that involves both 

excitatory and inhibitory synaptic processes. Alcohol concentrations from 5 – 20 

mM are considered physiological relevant and approximate the legal intoxication 

range of many countries (Abrahao et al. 2017). Within this range, alcohol directly 

alters the function of numerous receptors and ion channels. Therefore, the 

following background will focus on targets of alcohol that likely interact with the 

systems and circuits affected by nicotine. The function of N-methyl-D-aspartate 

(NMDA) receptors are inhibited by alcohol in a dose-dependent manner. The 

impact of alcohol on NMDA receptors was also specific to subunit composition 
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with NR1/NR2A or NR1/NR2B identified as more sensitive to the inhibitory 

effects of alcohol (Lovinger et al. 1989; Allgaier 2002). 

Additionally, alcohol was demonstrated to enhance activity of both GABAA 

and glycine receptors (GlyRs; Mihic 1999). Previous research has established 

the activation of neuronal nicotinic acetylcholine receptors (nAChRs), particularly 

within the VTA, is one convergent site of action behind the effects of alcohol and 

nicotine (De Biasi and Dani 2011; Doyon et al. 2013). These receptors, as well 

as GABAA and GlyRs, are part of the Cys-loop ligand-gated ion channel (LGIC) 

superfamily and are composed of five subunits. The subunits assemble in 

various combinations to make up specific subtypes with unique channel 

properties, desensitization, and agonist affinity (Doyon et al. 2013). The nAChR 

subunits assemble into hetero- or homopentamers that are expressed on DA, 

glutamate, and GABA neurons at the somatic, perisomatic, and presynaptic 

levels within the VTA (Figure 3; Morel et al. 2018). Alcohol potentiates nAChR 

function in a subtype dependent manner. Enhanced activity by alcohol has been 

demonstrated for α2β4*, α4β4*, α2β2*, and α4β2* nAChRs (asterisk indicates 

other potential nAChR subunits). The impact of alcohol on these nAChRs is 

thought to occur through stabilization of the receptor open state and inhibition 

activity-induced receptor desensitization (Aistrup et al. 1999; Marszalec et al. 

1999). Additionally, function of α3β2* and α3β4* nAChRs are not affected by 

alcohol. The α4β2* nAChR is the most abundant within the VTA, is highly 

sensitive to ACh and nicotine, and is expressed on DA and GABA neurons 

(Hendrickson et al. 2013). The α7-homomeric nAChR has been found to 
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desensitize at a slower rate under physiological conditions due to a lower affinity 

for ACh and is predominately localized to glutamatergic terminals from the PFC 

that synapse on DA neurons (Figure 3). Interestingly, alcohol has repeatedly 

been shown to inhibit α7 nAChR activity (Yu et al. 1996; Aistrup et al. 1999; 

Cardoso et al. 1999; Spanagel 2009). This effect, however, could be due to an 

inherently fast desensitization rate, suggesting alcohol induced inhibition results 

in enhanced desensitization (Hendrickson et al. 2013). Previous work has 

demonstrated both of these nAChR subtypes contribute to increased DA release 

by alcohol and nicotine (Morel et al. 2018; Hauser et al. 2019).  

Another member of the Cys-loop superfamily, the serotonin 3 receptor (5-

hydroxytryptamine, 5-HT, 5-HT3), has been implicated as a convergent site of 

action for alcohol and nicotine (Lovinger and White 1991; Breitinger et al. 2001; 

Hauser et al. 2014b). Alcohol exposure has been shown to enhance 5-HT3 

receptor activation and DA release within the NAc, while nicotine antagonizes the 

action of 5-HT at 5-HT3 receptors (Campbell et al. 1996; Gurley et al. 1998; 

Breitinger et al. 2001; Rodd et al. 2010). The opposing actions of simultaneous 

alcohol and nicotine on 5-HT3 receptors have yet to be studied. 

Importantly, it has also been demonstrated that voluntary responding for 

alcohol failed to change after almost complete denervation of the NAc and the 

mesolimbic DA system (Rassnick et al. 1993). This suggests there are DA-

independent neurochemical systems that contribute critically to mediating the 

reinforcing actions of alcohol and nicotine. Of particular importance to Chapter 

Four, are studies that have been demonstrated alterations in glutamate signaling. 
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The involvement of glutamate has been implicated in several drugs of abuse 

including alcohol and nicotine (Gipson et al. 2013; Berglind et al. 2009; Campbell 

et al. 2009; Wang et al. 2008). Specifically, glutamate signaling in the medial 

PFC (mPFC) has been shown to play a significant role in both alcohol and 

nicotine addiction. Grüsser and colleagues (2004) demonstrated that individuals 

with AUD exhibit greater neuronal activity in the mPFC than control participants 

when presented alcohol related cues. This heightened activity may support 

increased attention to drug and alcohol cues that can trigger drug seeking. There 

is also evidence that there is a reduction of glial cells in the prefrontal cortex of 

both humans with AUD and the alcohol-preferring (P) rat compared to controls 

(Miguel-Hidalgo 2009). This is notable due to extracellular glutamate levels being 

strongly governed by glial glutamate transporters. The reduction of mPFC glial 

cells suggests an enhanced susceptibility to dysregulation of glutamate 

homeostasis within a region implicated in drug-seeking and relapse (Grüsser et 

al. 2004). Additionally, glutamate activity in the mPFC has been shown to 

increase following chronic nicotine self-administration as well as upregulate both 

NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors (Wang et al. 2007; Wang et al. 2008). Several studies have 

demonstrated that experience with alcohol increases AMPA mediated synaptic 

transmission and can induce a long-term potentiation (LTP) of glutamatergic 

synaptic afferents onto VTA DA neurons (Stuber et al. 2008; Oliva and Wanat 

2016). This has also been associated with increased NMDA receptor expression 

as well as elevated phosphorylation of GluN2B receptor subtype (Pascual et al. 
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2009). Additional research found increased levels of NR1 and GluR1 subunits, 

indicating higher levels of both NMDA and AMPA receptors, following long-term 

exposure to alcohol (Ortiz et al. 1995). 

Collectively, DA release by alcohol and nicotine exposure may be partly 

driven by increased responsivity to reward stimuli via excitatory afferents to the 

VTA. The research described above also suggests alcohol and nicotine interact 

at specific sites, in addition to independent actions, to increase DA release within 

the NAc through both nAChRs and 5-HT3 receptors. 

 

Pharmacotherapeutics 

The United States Food and Drug Administration (FDA) currently has 

seven approved first-line pharmacotherapies for smoking cessation. These 

include five types of nicotine replacement therapies (NRT), sustained release 

bupropion, and varenicline (Jorenby et al. 2006; Hurt et al. 2018). Varenicline 

binds with high affinity to α4β2* nAChRs as a partial agonist. This binding is 

hypothesized to reduce both the rewarding effects of nicotine as well as 

withdrawal symptoms that occur upon smoking cessation (Rollema et al. 2007). 

However, the selectivity of varenicline at higher concentrations is reduced with 

known activity at α3β2*, α6β2*, and α3β4* nAChRs. Clinical trials have pointed to 

varenicline as the most effective monotherapy at increasing likelihood of smoking 

abstinence over both bupropion and nicotine replacement products (Gonzales et 

al. 2006; Jorenby et al. 2006; Anthenelli et al. 2016). These results indicated 

varenicline abstinence rates were approximately 23% after one year compared to 
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bupropion at 15% and placebo at 10%. However, the vast majority of these 

varenicline treated individuals will ultimately relapse (Volkow and Skolnick 2012). 

Despite successful clinical trials, it is clear that varenicline has limited efficacy in 

the long-term. 

There are even fewer FDA approved first-line pharmacological treatments 

for AUD in the United States. These medications include acamprosate, 

disulfiram, and naltrexone (Soyka and Müller 2017). It is worth noting, no single 

drug is considered widely successful in all individuals with AUD. This has been 

partly attributed to the widespread pharmacological actions of alcohol that 

change as alcohol use progresses from social or acute exposure to chronic 

abuse (Vengeliene et al. 2008; Soyka and Müller 2017). Naltrexone initially 

demonstrated moderate efficacy compared to the other available treatments for 

AUD. Naltrexone is a non-specific opioid antagonist that was originally approved 

for opioid dependence. Subsequent research indicated naltrexone treatment was 

associated with reduced alcohol craving as well as lower relapse rates. 

Unfortunately, as with other pharmacotherapeutics, additional investigations 

found that naltrexone is actually more effective in reducing the number of binge 

drinking sessions rather than maintaining abstinence (Garbutt et al. 2005). 

Taken together, it becomes clear the pharmacotherapeutic treatment 

options for AUD or nicotine dependence are marginal at best. Naltrexone and 

varenicline were developed through preclinical and clinical studies that 

contributed significantly to the basic understanding of addiction neurobiology. 

Nevertheless, extensive investigations that focus exclusively on alcohol or 
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nicotine intake have likely contributed to the development of these 

pharmacotherapeutics with limited effectiveness. Major gaps in knowledge still 

exist in the realm of polysubstance abuse, which is undeniably the case with 

alcohol and nicotine given the known comorbidity rates. 

Therefore, preclinical studies need to treat AUD and nicotine dependence 

as a polysubstance use disorder and provide simultaneous drug access in order 

to identify neuroadaptations unique to the comorbid state. A co-exposure model 

will increase the likelihood of detecting vital targets and support the development 

of more efficacious therapeutics. Chapter Two aims to test the efficacy of 

naltrexone or varenicline on concurrent alcohol and nicotine intake by rats 

selectively bred for high alcohol drinking. Chapter Three examined the effects of 

peri-adolescent alcohol drinking on the ability of nicotine infused into the pVTA to 

stimulate DA release within the NAc shell during adulthood. Finally, Chapter Four 

aimed to determine the effects of alcohol and nicotine infusions within the pVTA 

on NAc shell neurochemistry, alcohol reward within the NAc shell, and the role of 

brain-derived neurotrophic factor (BDNF) on alcohol reward within that region. 

Collectively, these series of studies hope to shed light on some neurobiological 

factors that may partially contribute to alcohol and nicotine comorbidity and the 

future development of novel medications to treat addiction. 



 

18 

Chapter Two: Therapeutic challenges for concurrent ethanol and nicotine 

consumption: naltrexone and varenicline fail to alter simultaneous ethanol 

and nicotine intake by female alcohol-preferring (P) rats 

 

It is well established that simultaneous alcohol and nicotine consumption 

occurs in the majority of individuals with alcohol use disorder (AUD). Despite 

evidence that ethanol (EtOH) and nicotine (NIC) co-use produces unique 

neuroadaptations, preclinical research regularly focuses on the effects of these 

pharmacotherapeutics on a single reinforcer. Therefore, the goal of the present 

chapter was to investigate the effectiveness of the pharmacological ‘gold 

standards’ for treating AUD and nicotine dependence under conditions of 

concurrent drug intake. Varenicline (Var) is used to assist in the cessation of 

nicotine use, while naltrexone (Nal) is the standard treatment for AUD. The 

current experiments examined the effects of Var and Nal on EtOH, NIC, or 

EtOH+NIC intake. Animals were randomly assigned to one of four drinking 

conditions of 24-hour access to a three-bottle choice paradigm, one of which 

always contained water. Drinking conditions were water only, 0.07 and 0.14 

mg/mL NIC (NIC only), 15% and 30% EtOH (EtOH only), or 15% and 30% EtOH 

with 0.14 mg/mL NIC (EtOH+NIC). The effects of Var (0, 1, or 2 mg/kg) or Nal (0, 

1, or 10 mg/kg) injections on maintenance and relapse consumption were 

determined during four consecutive days. Var reduced maintenance and relapse 

NIC intake but had no effect on EtOH or EtOH+NIC drinking. Conversely, Nal 

reduced EtOH maintenance and relapse drinking, but had no effect on NIC or 
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EtOH+NIC drinking. The results indicate the standard pharmacological 

treatments for nicotine dependence and AUD were effective at reducing 

consumption of the targeted reinforcer but neither reduced EtOH+NIC co-

use/abuse. These findings suggest that co-abuse may promote unique 

neuroadaptations that require models of polysubstance abuse to develop 

pharmacotherapeutics to treat AUD and nicotine dependence. 

 

Introduction 

Alcohol use disorder (AUD) and nicotine dependence cause, contribute to, 

and exacerbate many serious health problems and are among the top 

contributors to preventable deaths occurring worldwide (Grucza and Bierut 

2006). Past research has shown that more than 80% of those afflicted with AUD 

also exhibit comorbid use of nicotine in comparison to 34% of non-alcoholics 

(John et al. 2003a, b). Likewise, individuals suffering from nicotine dependence 

are 10 times more likely to be diagnosed with AUD in their lifetime (DiFranza and 

Guerrera 1990). 

The amount of nicotine use is positively correlated with the rate of AUD, 

and smoking enhances alcohol consumption in AUD individuals compared with 

non-smoking AUD individuals (Daeppen et al. 2000; Gulliver et al. 1995). 

Additionally, the severity of AUD has also been positively correlated to a number 

of other elements including urge to smoke, years smoked, number of attempts to 

quit smoking, and age an individual began smoking (John et al. 2003a, b). The 

intensity of nicotine dependence has been associated with exacerbated bouts of 
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relapse in alcoholics (DiFranza and Guerrera 1990). AUD individuals who 

concurrently stop smoking have a better chance of remaining abstinent than 

those who continue to smoke (Daeppen et al. 2000; Gulliver et al. 1995). 

Preclinical research has consistently reported that nicotine can potentiate EtOH-

seeking, and drug-seeking is enhanced in rats simultaneously co-administering 

EtOH and nicotine (Lê et al. 2014; Hauser et al. 2012a, b). These preclinical 

findings are paralleled in the human literature that indicate individuals 

concurrently diagnosed with AUD and nicotine dependence have significantly 

worse clinical outcomes than those who are only diagnosed with AUD or nicotine 

dependence (Lajtha and Sershen 2010; Grant et al. 2004). 

There are no reports of humans injecting nicotine. In contrast, the use of 

oral spitless products (e.g., snus, a moist powder tobacco packet in which the 

byproduct is swallowed) has increased in the USA in the last 20 years. In 2011, 

Americans spent over 340 million dollars on snus products (Delnevo et al. 2012). 

In Sweden and Norway, the average annual intake of snus approaches the 

annual combined budgets of NIAAA and NIDA at 1.3 billion dollars (Digard et al. 

2009). 

The mixing of alcohol and nicotine for oral consumption is evident 

throughout most of the USA and the rest of the world. In 2003, the creation of the 

Nicotini was considered one of the top 10 Ideas of the Year by the New York 

Times Magazine (NYTM 2003). Nicotine-infused alcohols appear to have 

established a foothold in high-end bars throughout the US (Martell 2014). In 

Europe, there are established brands of nicotine-infused alcohols as well as 
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nicotine-infused bitters and salt for the construction of cocktails. According to 

European standards, there are no known biological consequences of infusing 

nicotine into alcoholic solutions. Therefore, recently developed animal models of 

concurrent alcohol and nicotine oral consumption are ecologically valid, and that 

validity is increasing in relevance (Hauser et al. 2012b; Kasten et al. 2016). 

The United States Food and Drug Administration (FDA) approved 

varenicline (Var) for smoking cessation in 2006 (Jorenby et al. 2006; Hurt et al. 

2018). Var is the most effective monotherapy at increasing the likelihood of 

smoking abstinence (Gonzales et al. 2006; Jorenby et al. 2006). Pharmacological 

analyses have indicated multiple sites of action by Var that may mediate the 

effects on smoking cessation. Var exhibits the strongest affinity for the α4β2 

nicotinic acetylcholine receptor (nAChR), where it acts as a partial agonist. Var 

interacting with this receptor has been postulated to be the mechanism for 

clinical efficacy. Var is also a less potent full agonist at α7 and α3β4 nAChRs 

(Rollema et al. 2007; Grady et al. 2010) and a potent full agonist of 5-HT3 

receptors (Lummis et al. 2011). It is important to note that nicotine has a higher 

affinity for the 5-HT3 receptors than all cholinergic receptors (Gurley and 

Lanthorn 1998), suggesting maximally efficacious pharmacotherapies for nicotine 

dependence are likely to involve an interaction with this system as well. 

Preliminary clinical data indicated that Var treatment of nicotine-dependent 

individuals was associated with a decrease in alcohol consumption (Erwin and 

Slaton 2014). Research conducted with animals and humans have suggested a 

role for nAChRs in alcohol use disorder (Blomqvist et al. 1993; Chi and de Wit 
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2003). Activation of the mesocorticolimbic dopamine system by alcohol and the 

resulting rewarding effects have been consistently shown to involve central 

nAChR stimulation (Blomqvist et al. 1993; Soderpalm et al. 2000). A more 

complete examination of decreased alcohol consumption during Var treatment 

indicated that it was able to decrease alcohol craving (de Bejczy et al. 2015). 

Conversely, it is important to note that Var failed to decrease overall alcohol 

drinking compared with placebo-treated individuals (de Bejczy et al. 2015). 

Naltrexone (Nal), a nonselective opioid receptor antagonist, has been 

shown to reduce the reinforcing effects of alcohol as well as cravings associated 

with alcohol use (Volpicelli et al. 1992; O’Malley et al. 1996; Soyka and Muller 

2017). However, these studies also demonstrate the efficacy of Nal is limited. 

Overall, the efficacy of Nal for the treatment of AUD is equivocal. Nal is effective 

at treating AUD in a subset of patients (Gueorguieva et al. 2010) while in other 

patient populations, Nal has very limited effects (c.f., Petrakis et al. 2012). Nal 

efficacy for the treatment of AUD is further complicated by data reporting only 1 

in 10 AUD patients are actually prescribed relevant pharmacotherapy (Thompson 

et al. 2017). In addition, Nal suffers from low patient adherence (Thompson et al. 

2017). 

Although nicotine (NIC) has little or no action on opioid receptors, the 

utility of using Nal as a treatment for nicotine dependence has been examined. 

Clinical trials investigating Nal and smoking cessation have demonstrated minor 

short-term increases in abstinence rates that diminish over time (Covey et al. 
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1999; King et al. 2012) or no significant difference from placebo (Wong et al. 

1999). 

Together, AUD and nicotine dependence are the most common comorbid 

addiction diagnosis (Grant et al. 2004). It has been suggested that the 

prevalence of AUD and nicotine dependence comorbidity may stem from 

interconnected mechanisms underlying these particular disorders (Grucza and 

Bierut 2006). Preclinical studies indicate that the co-abuse of EtOH+NIC can 

produce unique CNS changes not observed with abuse of either drug separately 

(Deehan et al. 2015), and combinations of EtOH and NIC can have synergistic 

CNS rewarding effects (Truitt et al. 2015). 

A better understanding of how efficacious therapeutic drugs are during the 

distinct condition of concurrent consumption is necessary in order to develop 

better treatments and preventive measures. Research commonly focuses on the 

effects of pharmacotherapeutics on a single reinforcer despite mounting 

preclinical evidence that chronic consumption of EtOH and NIC produces unique 

neuroadaptations that lessen the efficacy of pharmacotherapies designed to treat 

AUD or nicotine dependence. Recent data examining the effects of Var on 

concurrent intravenous (i.v.) NIC and oral EtOH has indicated no reduction in 

self-administration (Maggio et al. 2018a). Therefore, the current experiments 

examined the effects of Var or Nal on EtOH, NIC, or EtOH+NIC consumption to 

test the hypothesis that these compounds would be less effective in reducing NIC 

and EtOH intake, respectively, when co-abused compared with when abused 

individually. 



 

24 

Materials and methods 

Subjects 

Adult female alcohol-preferring (P) rats from the 74th generation weighing 

250–300 g at the start of the experiment were used. Female animals were 

utilized in the present study due to the long-term nature of the experiments and 

ability to maintain stable body weights over time. Epidemiological studies also 

indicate the number of females diagnosed with AUD is increasing in addition to 

experiencing heightened susceptibility to ethanol injury compared with males 

(Ceylan-Isik et al. 2010). Additionally, despite fewer females regularly using NIC 

products, studies show lower quit rates than males (Smith et al. 2017; Wetter et 

al. 1999). These differences are among the growing evidence of sex dimorphism 

in response to EtOH and NIC as well as pharmacotherapies and highlight the 

importance of examining females in models of co-abuse. Previous research 

indicated that EtOH intake of female P rats was not significantly altered by the 

estrus cycle (McKinzie et al. 1998). Rats were maintained on a 12-hour reverse 

light-dark cycle with lights off at 0900. Food and water were available ad libitum 

throughout the experiment. The animals used in these experiments were 

maintained in facilities fully accredited by the Association for the Assessment and 

Accreditation of Laboratory Animal Care (AAALAC). All research protocols were 

approved by the institutional animal care and use committee and in accordance 

with the guidelines of the Institutional Care and Use Committee of the National 

Institute on Drug Abuse, National Institutes of Health, and the Guide for the Care 

and Use of Laboratory Animals: Eighth Edition (National Research Council, 
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Institute for Laboratory Animal Research, Division on Earth and Life Sciences 

2011). The total number of rats (n = 198) used in the current experiments were 

as follows: Var on water consumption (n = 18, 6/group), Var on EtOH 

consumption (n = 26, 8–9/group), Var on NIC consumption (n = 23, 7–8/group), 

Var on EtOH+NIC (n = 27, 9/group), Nal on water consumption (n = 21, 7/group), 

Nal on EtOH consumption (n = 25, 7–8/group), Nal on NIC consumption (n = 29, 

9–10/group), Nal on EtOH+NIC consumption (n = 29, 9–10/group). 

 

Chemical agents and vehicle 

Ethyl alcohol (190 proof; McCormick Distilling Co., Weston, MO, USA) 

was diluted to 15% and 30% with distilled water for oral EtOH consumption. 

Nicotine HCl was purchased from Sigma (St. Louis, MO, USA). NIC 

concentrations of 0.07 or 0.14 mg/mL were calculated based on the salt and 

were added to a solution of 0.0125% saccharin. This was done only for the NIC-

alone condition. The EtOH+NIC solutions consisted of 15 or 30% EtOH and 0.14 

mg/mL NIC without saccharin added to the solution. Rats will readily consume 

NIC solutions at the concentrations employed (about 4.5–5 mg/kg/day). We 

observe equivalent levels of NIC self-administration between rats self-

administering EtOH+NIC solution and NIC, if saccharin (0.0125%) is added to the 

NIC solutions (Hauser et al. 2012b). This is reflected in equivalent blood NIC and 

cotinine levels in these two groups (Hauser et al. 2012b). Moreover, previous 

research from our group has found no significant differences in neurochemistry 

or locomotor activity between animals allowed to consume saccharin and water 
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controls (Deehan et al. 2015; Melendez et al. 2002, 2004) and was therefore not 

included in the present study.  

Varenicline tartrate (Sigma) was dissolved in 3% DMSO. Treatment with 

2.5–3 mg/kg Var results in locomotor deficits, decreased food intake, and other 

nonspecific actions (Ortiz et al. 2012; O’Connor et al. 2010; Rollema et al. 2007). 

Concentrations of Var used in the current experiments were 0, 1, or 2 mg/kg 

(i.p.). Naltrexone HCl was obtained from Sigma and dissolved in saline. Nal was 

given in doses of 0, 1, or 10 mg/kg (s.c.). Doses for Nal were determined by 

previous studies carried out with adolescent and adult P rats demonstrating as 

much as 20 mg/kg was necessary to decrease EtOH intake while having no 

impact on water or food consumption (Dhaher et al. 2012; Sable et al. 2006).  

 

Effects of varenicline and naltrexone on EtOH, NIC, and EtOH+NIC 

maintenance and relapse consumption 

Rats were randomly assigned to one of four three-bottle choice drinking 

conditions illustrated in Figure 4, top panel. These consisted of (1) water only, (2) 

EtOH only with concurrent access to 15 and 30% EtOH and water, (3) NIC only 

with 0.07 and 0.14 mg/mL in 0.0125% saccharin solutions and water, or (4) 

EtOH+NIC with 15 and 30% EtOH, each containing 0.14 mg/mL NIC, and water. 

The EtOH-only, NIC only, and EtOH+NIC groups were given access to the three 

bottles throughout the experiments of two reinforcing solutions and one water. 

Despite the development of effective voluntary oral NIC self-administration 

models (Hauser et al. 2012b; Deehan et al. 2015), i.v. NIC is commonly 
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employed in an attempt to parallel rapid increases in blood NIC levels produced 

by smoking, which is not observed during the use of chewing tobacco (Benowitz 

1988). However, oral tobacco products, such as snus, produce the same rapid 

increase in blood NIC levels as observed in smokers. There are no significant 

differences between smokers and first-time snus users in blood NIC levels during 

the initial 20-min period (Digard et al. 2013). Additionally, there are a number of 

limitations inherent in i.v. administration that include the need for food restriction, 

surgery, catheter patency, and overcoming aversion during the initial test 

sessions. The duration of the present study therefore required the use of an oral 

consumption model to examine Var or Nal following chronic drug intake.  

The experimental timeline of the present study is visually represented in 

the bottom panel of Figure 4. Rats were given 24-hour free-choice access to their 

assigned solutions for 8 weeks prior to drug testing. Rats were then assigned to 

two overall groups of Var treated or Nal treated. Var or Nal was administered 

daily for four consecutive days. Four days of treatment was chosen to allow 

sufficient time for any additive drug effects, indication of altered efficacy, or 

behavioral changes to be readily apparent. After the initial Var or Nal treatment 

period, all rats were allowed 14–20 days of free choice access to the assigned 

solutions. All rats were then deprived for 2 weeks of EtOH, NIC, or EtOH+NIC 

with water constantly available to all rats. Two weeks of deprivation results in an 

increased amount of EtOH consumption during the initial period of re-exposure 

(Rodd et al. 2003, 2009; Rodd-Henricks et al. 2001, 2002a, b; Spanagel et al. 

1996; Spanagel and Zieglgansberger 1997; Toalston et al. 2008). Similarly, a 2-
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week deprivation from NIC self-administration results in an increased amount of 

NIC consumed during re-exposure (Hauser et al. 2012b). The alcohol deprivation 

effect (ADE) and nicotine deprivation effect (NDE) are valid animal models of 

drug relapse (Rodd et al. 2003, 2009). Prior to re-exposure to the previously 

assigned solution group, rats were again treated with Var or Nal. The doses of 

Var and Nal were counterbalanced from the initial treatment with respect to past 

treatment. Specifically, the same subjects used in the Var experiment during the 

maintenance test were also used during the relapse test for Var. Similarly, for the 

Nal experiments, the same rats were used for the maintenance and relapse 

tests. For example, rats treated with 1 mg/kg Nal during the maintenance period 

were segmented into three groups during the relapse period and received 0, 1, or 

10 mg/kg Nal. Var or Nal treatment occurred during the initial 4 days of re-

exposure. Additionally, baseline means for maintenance intake were calculated 

from the last 3 days before Var or Nal treatment and the final three drinking days 

prior to deprivation for the relapse data.  

Solution preference was determined for each subject consuming EtOH 

and/or NIC daily. The preference of solution consumed has previously been used 

to examine the reward valence of each solution (Rodd et al. 2003, 2009). With 

multiple concentrations, statistical analysis of solution preference is complex. It is 

common to use standard parametric statistics despite preference violating the 

“independence of measure” assumption of ANOVA/multiple regression analysis 

and invalidates these statistical tests. Therefore, non-parametric analysis is 

appropriate. The Kuiper analysis is sensitive to cyclic variations and can be 
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modified to have collection error estimate included in the analysis. However, the 

general unfamiliarity with this test and the length of the presentation of the data 

have resulted in preference not being reported for the current study.
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Figure 4. Illustration of the 3-bottle choice (3BC) paradigm, drinking conditions, and experimental timeline. Top panel: 
Depicts the 3BC paradigm and 4 drinking conditions consisting of (1) water only, (2) EtOH only with concurrent access to 
15 and 30% EtOH and water, (3) NIC only with 0.07 and 0.14 mg/mL in 0.0125% saccharin solutions and water, or (4) 
EtOH+NIC with 15 and 30% EtOH, each containing 0.14 mg/mL NIC, and water. Bottom panel: Experimental timeline for 
the present study to determine the effects of Var (0, 1, or 2 mg/kg) or Nal (0, 1, or 10 mg/kg) injections on maintenance 
and relapse consumption determined during 4 consecutive treatment days.
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Results 

Effects of varenicline and naltrexone on water consumption 

A repeated measure ANOVA was performed on the average daily water 

intake (g/kg) of the “water-only” group during “maintenance” consumption in 

animals treated with Var (Figure 5, top panel) or Nal (Figure 5, bottom panel). 

The analysis revealed that there was a significant Day × Dose interaction term 

(F16,168 = 5.488; p < 0.001). The interaction term was decomposed by holding 

“Day” constant and performing individual ANOVAs for each time point. The 

ANOVAs indicated that there were significant “Dose” differences during the four 

injection days and the first day post-injection. Post hoc comparisons (Tukey’s b) 

indicated that consumption of rats in the “water-only” group administered 2 mg/kg 

Var was reduced compared with saline and 1 mg/kg Var during the four injection 

days. Conversely, water consumption was enhanced in the 2 mg/kg Var group 

during the first post-injection day (Figure 5, top panel). In contrast, Nal treatment 

did not alter water consumption (Figure 6, bottom panel; Day, Day × Dose, Dose; 

p values > 0.05). 

Water animals were never deprived but were treated identically to the 

other groups. Therefore, there was a water condition to parallel the other 

“relapse” groups that received a second round of four injection days and received 

Var or Nal to identify potential nonspecific drug treatment effects (data not 

shown). In the Var rats, there was a similar Day × Dose interaction term (F16,168 = 

3.892; p = 0.005), and post hoc comparisons indicated that 2 mg/kg Var reduced 

water consumption during all four injection days without a post-injection rebound 
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observed. Again, there was no effect of Nal on water consumption during the 

“relapse” period (all p values > 0.05). 

 

Figure 5. Effects of varenicline or naltrexone on water maintenance. Mean (+ 
SEM) consumption of water in P rats treated with varenicline (top panel) or 
naltrexone (bottom panel) during maintenance consumption. Asterisk (*) 
indicates treatment with 2 mg/kg varenicline reduced water consumption 
compared with saline treated and 1 mg/kg Val–treated rats. Plus symbol (+) 
indicates rats previously treated with 2 mg/kg varenicline consumed more water 
than rats previously treated with saline or 1 mg/kg. 
 

Effects of varenicline and naltrexone on EtOH consumption 

During maintenance testing, Var had no effect on EtOH consumption 

(Figure 6, top panel). Statistically, there was no effect of Day, Dose, or Day × 

Dose interaction (p values > 0.05). In contrast, Nal reduced EtOH consumption 

during maintenance testing (Figure 6, bottom panel; Day × Dose interaction, 
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F16,288 = 8.586, p < 0.001). Performing ANOVAs on individual days revealed 

significant effects of Dose on all four injection days (F2,22 values > 11.404, p 

values < 0.001). Post hoc comparisons (Tukey’s b) indicated that during the first 

and fourth injection days, rats treated with 1 or 10 mg/kg Nal consumed less 

EtOH than saline-treated rats, and the 1 mg/kg Nal group consumed more EtOH 

than the 10 mg/kg Nal group. EtOH intake recovered to baseline on the first post-

injection day. 

 

Figure 6. Effects of varenicline or naltrexone on EtOH maintenance. Mean (+ 
SEM) consumption of EtOH in P rats treated with varenicline (top panel) or 
naltrexone (bottom panel) during maintenance consumption. Asterisk (*) 
indicates treatment with 1 or 10 mg/kg naltrexone reduced EtOH consumption 
compared with saline-treated rats, and 1 and 10 mg/kg groups differ from each 
other. Plus symbol (+) indicates treatment with 1 or 10 mg/kg naltrexone reduced 
EtOH consumption compared with saline treated rats. 
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During EtOH relapse test conditions, Var failed to alter EtOH consumption 

(Figure 7, top panel). Statistically, there was a significant effect of Day (F8,184 = 

191.65, p < 0.001), but no effect of Dose or Day × Dose interaction (p values > 

0.05). These findings forced the analysis to examine the one significant factor 

(Day), and within-subject comparisons (two-tailed t tests) indicated that EtOH 

consumption was elevated during the first and second re-exposure day (p < 

0.001). In contrast, Nal inhibited the expression of the alcohol deprivation effect 

(relapse drinking; Day × Dose interaction, F16,176 = 7.756, p < 0.001). 

Decomposing the significant interaction term by holding Day constant (ANOVAs 

performed on each day) revealed significant effects of Dose (F2,22 values > 9.493, 

p values < 0.01) on the first three re-exposure days. On the first and second re-

exposure days, post hoc comparisons (Tukey’s b) revealed that all groups were 

different from each other. During the third re-exposure day, saline-treated and 1 

mg/kg Nal–treated rats were significantly different from the 10 mg/kg Nal group. 

The significant interaction term was also reduced by holding Dose constant, and 

within-subject (Day) ANOVAs were performed for each Dose group. The 

analyses revealed that there was a significant “Day” effect in each Dose group (p 

values < 0.005). In saline-treated rats, within-subject contrasts, two-tailed t tests, 

revealed that EtOH consumption during the first and second re-exposure days 

was elevated compared with each baseline intake days (p values < 0.005). In 

rats treated with 1 mg/kg Nal, there was a significant increase in EtOH 

consumption only during the first re-exposure day compared with each baseline 

day (p < 0.01). Treatment with 10 mg/kg Nal not only blocked the expression of 
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the alcohol deprivation effect but also reduced EtOH consumption compared with 

baseline for the first and second re-exposure days (p values < 0.05). 

 

Figure 7. Effects of varenicline or naltrexone on EtOH relapse. Mean (+ SEM) 
consumption of EtOH in P rats treated with varenicline (top panel) or naltrexone 
(bottom panel) during relapse consumption following a 2-week period of forced 
abstinence. Baseline means are the final three drinking days prior to the 
deprivation. Asterisk (*) indicates all varenicline-treated rats consumed more 
EtOH than baseline intake levels. Plus symbol (+) indicates saline and 1 mg/kg 
naltrexone–treated rats consumed more EtOH than baseline intake levels, all 
treatment groups differ from each other, and rats treated with 10 mg/kg 
naltrexone consumed less EtOH than baseline intake levels. Number sign (#) 
indicates saline-treated rats consumed more EtOH than baseline intake levels, 
and all groups are different from each other. Double asterisk (**) indicate EtOH 
consumption in the 10 mg/kg naltrexone–treated rats is less than that observed 
in the saline or 1 mg/kg naltrexone–treated rats. 
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Effects of varenicline and naltrexone on NIC consumption 

Var reduced oral NIC consumption during maintenance test conditions 

(Figure 8, top panel; Day × Dose interaction, F16,160 = 7.264, p < 0.001). 

Decomposing the interaction term by examining the effect of Dose on each 

individual day revealed significant “Dose” differences on the four injection days, 

and during the second and fourth post-injection days (F2,20 values > 3.774, p 

values < 0.05). During the four injection days, treatment with 2 mg/kg Var 

significantly reduced NIC consumption compared with the saline and 1 mg/kg Var 

groups. Following the termination of Var treatment, NIC consumption was 

significantly increased during days 2 and 4 of post-injection in the 2 mg/kg Var 

group compared with saline-treated rats. Nal treatment had no effect on oral NIC 

consumption (Figure 8, bottom panel). Statistically, there was no effect of Day, 

Dose, or Day × Dose interaction (p values > 0.05). 
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Figure 8. Effects of varenicline or naltrexone on NIC maintenance. Mean (+ 
SEM) consumption of NIC in P rats treated with varenicline (top panel) or 
naltrexone (bottom panel) during maintenance consumption. Asterisk (*) 
indicates 2 mg/kg varenicline reduced NIC consumption compared with saline 
and 1 mg/kg varenicline groups. Plus symbol (+) indicates rats previously treated 
with 2 mg/kg varenicline consumed more NIC that saline controls. 
 

A period of forced abstinence resulted in increased oral NIC consumption 

during the initial period of re-exposure (Figure 9). Var did alter relapse NIC intake 

(Figure 9, top panel, Day × Dose interaction, F = 7.064, p < 0.001). Decomposing 

the interaction term by holding the factor of Day constant revealed significant 

effect of Dose during the first three re-exposure days (injection days 1–3; F2,20 

values > 3.774, p values < 0.05). Post hoc comparisons (Tukey’s b) indicated 

that, during the first 3 days of NIC re-exposure, rats treated with 2 mg/kg Var 
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consumed less NIC than the saline-treated and 1 mg/kg Var–treated rats. 

Alternatively, the significant interaction term was reduced by holding Dose 

constant and performing repeated measure ANOVAs across Day for each 

individual treatment group. Rats treated with saline and 1 mg/kg Var consumed 

significantly more NIC during the first and second re-exposure days compared 

with baseline (one-way ANOVA, p values < 0.001; two-tailed t tests, p values < 

0.032). In contrast, rats treated with 2 mg/kg Var exhibited no significant 

alteration in NIC consumption across the test period (p = 0.378). In rats treated 

with Nal, there was no effect of Dose or a Day × Dose interaction (p values > 

0.05), but there was a significant effect of Day (F8,208 = 247.68, p < 0.0001). 

Examining the amount of NIC consumed across days in all treated groups 

(Figure 9) revealed that during the first and second re-exposure periods, the 

amount of NIC consumed was significantly higher than the three baseline days 

(two-tailed t tests, p values < 0.001). 
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Figure 9. Effects of varenicline or naltrexone on NIC relapse. Mean (+ SEM) 
consumption of NIC in P rats treated with varenicline (top panel) or naltrexone 
(bottom panel) during relapse consumption following a 2-week period of forced 
abstinence. Baseline means are the final three drinking days prior to the 
deprivation. Asterisk (*) indicates saline and 1 mg/kg varenicline groups are 
significantly higher from baseline and differ from the 2 mg/kg group. Plus symbol 
(+) indicates saline and 1 mg/kg varenicline groups are different from the 2 mg/kg 
group. Number sign (#) indicates all naltrexone-treated rats consumed more NIC 
than baseline intake levels. 
 

Effects of varenicline and naltrexone on EtOH+NIC consumption 

In general, Var and Nal failed to alter the maintenance consumption of 

either EtOH or NIC when given concurrently. In Var-treated rats, there were no 

effects of Day, Dose, or Day × Dose interaction term (p values > 0.05; Figure 10) 

for NIC or EtOH consumption. Similarly, Nal treatment had no effect on co-

administration of EtOH+NIC (p values > 0.05; Figure 11). 
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Figure 10. Effects of varenicline on concurrent EtOH and NIC maintenance. 
Mean (+SEM) consumption of concurrently available NIC (top panel) and EtOH 
(bottom panel) in P rats treated with varenicline during maintenance 
consumption. Overall, the data indicate varenicline was ineffective at reducing 
EtOH+NIC consumption during maintenance drinking. 
 

A period of forced EtOH+NIC abstinence produced a prolonged increase 

in EtOH+NIC consumption that was not altered by Var (Figure 12) or Nal (Figure 

13) treatment. In Var-treated rats, there was an effect of Day for both NIC and 

EtOH intake (F8,192 = 239.228 or 208.321, p values < 0.001), but no effect of 

Dose, or Day × Dose interaction term (p values > 0.05). Examining the effect of 

Day for both EtOH and NIC consumed for all Var rats revealed that intake for NIC 

and EtOH was increased during the first four re-exposure days (two-tailed t tests, 

p values < 0.001). In Nal-treated rats, there was an effect of Day for both NIC 
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and EtOH intake (F8,208 = 219.795 or 175.024, p values < 0.001), but no effect of 

Dose or Day × Dose interaction term (p values > 0.05). Defining the effect of Day 

was performed by contrasting the overall average intake for a re-exposure day to 

that observed during the third baseline day with two-tailed t tests. The analyses 

indicated that NIC consumption was elevated during the first four re-exposure 

days (p values < 0.001), and EtOH consumption was elevated for the first five re-

exposure days which included the first post-injection day (p values < 0.01). 

 

Figure 11. Effects of naltrexone on concurrent EtOH and NIC maintenance. 
Mean (+SEM) consumption of concurrently available NIC (top panel) and EtOH 
(bottom panel) in P rats treated with naltrexone during maintenance 
consumption. Overall, the data indicate naltrexone was ineffective at reducing 
EtOH+NIC consumption during maintenance drinking. 
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Figure 12. Effects of varenicline on concurrent EtOH and NIC relapse. Mean (+ 
SEM) consumption of concurrently available NIC (top panel) and EtOH (bottom 
panel) in P rats treated with varenicline following a 2-week period of forced 
abstinence. Baseline means are the final three drinking days prior to the 
deprivation. Overall, the data indicate varenicline was ineffective at reducing 
EtOH+NIC consumption during relapse drinking. Asterisk (*) indicates NIC 
consumption was higher in all groups compared with baseline intake. Plus 
symbol (+) indicates EtOH consumption was higher in all groups compared with 
baseline intake. 
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Figure 13. Effects of naltrexone on concurrent EtOH and NIC relapse. Mean (+ 
SEM) consumption of concurrently available NIC (top panel) and EtOH (bottom 
panel) in P rats treated with naltrexone following a 2-week period of forced 
abstinence. Baseline means are the final three drinking days prior to the 
deprivation. Overall, the data indicate naltrexone was ineffective at reducing 
EtOH+NIC consumption during relapse drinking. Asterisk (*) indicates NIC 
consumption was higher in all groups compared with baseline intake. Plus 
symbol (+) indicates EtOH consumption was higher in all groups compared with 
baseline intake. 
 

Discussion 

Overall, the data indicate the two prototypical pharmacotherapeutics for 

AUD and nicotine dependence were efficacious at partially reducing the ongoing 

consumption of the corresponding drug of abuse (Figures 6, 7, 8, and 9). In 

contrast, Var and Nal had no effect on reducing the intake of the non-indicated 
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drug of abuse (e.g., Nal on NIC intake; Figures 6, 7, 8, and 9) or on any aspect of 

EtOH+NIC co-use (Figures 10, 11, 12, and 13). 

The current experiments examined relapse using the ADE model and a 

similar NDE model. ADE has been postulated to mimic the increase in alcohol 

consumption observed following periods of abstinence in humans and animals 

(Rodd et al. 2003). The ADE model is associated with adaptations in the 

posterior ventral tegmental area (pVTA) that enhance EtOH reward (Rodd et al. 

2005). The NDE has not been examined extensively in the literature since 

standard i.v. NIC self-administration precludes the testing of chronic nicotine self-

administration due to the limited duration of catheter patency. The current data 

sets indicate that under 24 hour free-choice oral drinking conditions, NIC intake is 

enhanced following a period of deprivation (Figures 9, 12, and 13). However, 

studies have not examined NIC reinforcement in the pVTA following a period of 

deprivation to determine if neuroadaptations have developed that would augment 

the reinforcing properties of NIC. The lack of basic research addressing NDE 

mechanisms supports the need to expand on the present study and identify such 

changes to understand relevant nicotine consummatory behaviors. Similar to 

past research, relapse EtOH+NIC consumption was significantly greater and 

prolonged than that in rats consuming EtOH or NIC alone (compare Figures 12 

and 13 with Figures 7 and 9; Hauser et al. 2012b). It is likely that EtOH+NIC co-

abuse may augment neuroadaptations produced by periods of drug abstinence 

or produce unique neuroadaptations not observed following intake of EtOH or 

NIC (Deehan et al. 2015).  
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The present data sets indicate that Var can reduce ongoing and relapse 

NIC intake (Figures 8 and 9). It is important to note that rats treated with the 

higher dose of Var consumed significant amounts of NIC during the 24-hour 

periods of NIC re-exposure (Figure 9). Nal had no effect on NIC relapse drinking 

and all treated groups displayed similar amounts of NIC intake. The data indicate 

that Nal, but not Var, can reduce EtOH relapse drinking (Figure 7). The efficacy 

of Nal to reduce EtOH drinking is altered during relapse conditions. The lower 

dose of Nal (1 mg/kg) produced a similar reduction in EtOH consumption during 

ongoing EtOH consumption testing as the higher dose (10 mg/kg; Figure 6). 

However, during relapse testing, rats administered 1 mg/kg Nal displayed a 

blunted ADE that was significantly more than drinking baseline and 10 mg/kg Nal 

(Figure 7). Previous research indicated that the efficacy of Nal to reduce EtOH 

self-administration is decreased under relapse conditions (Dhaher et al. 2012) 

and the ADE is associated with alterations in the mesolimbic opioid system 

(Breese et al. 2005). In rats with a history of EtOH+NIC co-abuse, Nal and Var 

failed to alter relapse co-administration of the two compounds (Figures 12 and 

13), suggesting some unique CNS neuronal changes may have occurred with co-

abuse that is not found with the individual abuse of EtOH or NIC.  

Previous research indicated that treatment with Var significantly reduced 

NIC self-administration from mean baseline levels during maintenance and 

relapse phases of drug intake (Funk et al. 2016; O’Connor et al. 2010; Scuppa et 

al. 2015). Additional reports support these results but utilized doses > 2 mg/kg 

Var and therefore, nonspecific motor inhibitory effects cannot be excluded 
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(George et al. 2011; Maggio et al. 2018a). Although 2 mg/kg Var modestly 

decreased water intake in the “water-only” condition (Figure 5), it is important to 

note that preference for water and overall fluid consumption in the other three 

groups was not altered and remained over 100 g/kg/day. This suggests the 

potential nonspecific effects of Var at this dose on water consumption were minor 

and counteracted in the presence of reinforcers.  

EtOH drinking was found to be unaltered following treatment with Var 

consistent with recent reports (Funk et al. 2016; Maggio et al. 2018a, b; Randall 

et al. 2015; Scuppa et al. 2015). However, some studies examining Var and 

EtOH intake appear to conflict with the present findings. For example, treatment 

with 2 mg/kg Var reduced EtOH self-administration to ~ 1.5 g/kg/2-hour session 

following scheduled access and repeated cycles of deprivation (Froehlich et al. 

2016, 2017; Czachowski et al. 2018). A number of factors contribute to these 

differences. The current experiments examined the effects of Var following more 

than 8 weeks of continuous access to EtOH versus 4 weeks of 2 h/day limited 

access. The extended EtOH access period could have allowed time to establish 

lasting adaptations that occur following chronic drinking that decreased the 

effectiveness of Var compared with animals with less EtOH experience. The 

previous study notes the importance of maintaining sufficient levels of Var in the 

blood in order for treatment to remain effective. The current data indicate that 

administration of 2 mg/kg Var reduces water consumption for a 24-hour period 

(Figure 5). Therefore, despite the inhibitory gustatory actions of the high dose of 

Var for 24 hours, there was no effect on EtOH consumption.  
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Two studies applying limited but free access to EtOH have also shown 

some effectiveness of Var in reducing EtOH self-administration (Holgate et al. 

2017; Steensland et al. 2007). A significant reduction in EtOH drinking following 

Var treatment was found at 2 hours, but not at 4 hours, during a 4-hour drinking 

in the dark paradigm but was not evident at the conclusion of the session 

(Holgate et al. 2017). The significant decrease at 2 hours could be attributed to 

the small amount of EtOH being consumed under this study design (blood 

alcohol concentrations were relatively low with an average of 24 ± 5 mg%; 

Holgate et al. 2017). This level of EtOH self-administration is likely affected more 

by Var treatment, in agreement with their previous work, than animals in the 

present study consuming approximately 6.5 g/kg/day (Steensland et al. 2007).  

The current experiments support previous evidence demonstrating the 

ability of Nal to reduce EtOH drinking (Dhaher et al. 2012; Froehlich et al. 2016; 

Lê et al. 2014; Steensland et al. 2007). Additionally, results from this study 

indicated no significant changes to NIC intake when treated with Nal (Lê et al. 

2014). This agrees with earlier work involving both animal models and clinical 

trials. Research examining the impact of only naltrexone on smoking cessation 

demonstrated very limited (Covey et al. 1999) or no effect at all (Wong et al. 

1999). Opioid antagonists are known to enhance nicotine withdrawal in nicotine-

dependent animals (Malin et al. 1993, 1996; Biala et al. 2005). For this reason, 

clinical trials investigating naltrexone and smoking cessation may involve 

augmentation of treatment with nicotine replacement therapy (NRT) to alleviate 

some NIC withdrawal symptoms (O’Malley et al. 2006; Toll et al. 2010). A meta-
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analysis carried out on naltrexone and smoking cessation that included eight 

separate trials and 1213 participants concluded that there was no positive effect 

of naltrexone alone or in combination with NRT on short-term or long-term 

smoking abstinence (David et al. 2014).  

The reality of AUD is that it is not a single drug addiction disease. Most 

cases of AUD are a polysubstance syndrome and are thus much more 

complicated than those arising from the use of alcohol alone. Ignoring the 

polysubstance characteristic of AUD limits our knowledge of the disease and 

greatly reduces the ability to establish functional treatments. Preclinical studies 

clearly indicated that acute exposure to EtOH and NIC results in unique 

responses that are not observed following an acute exposure to EtOH or NIC. 

The pVTA is a site where pharmacologically relevant levels of both NIC and 

EtOH can produce reinforcing effects (Exley et al. 2011; Hauser et al. 2014; Truitt 

et al. 2015; Rodd-Henricks et al. 2000). The pVTA is a site that regulates oral 

EtOH (Hodge et al. 1993; Rodd et al. 2010) and i.v. NIC (Corrigall et al. 1994) 

self-administration and is a site where EtOH and NIC can interact synergistically 

(Truitt et al. 2015). Intra-VTA injections of NIC can enhance dopamine release in 

the nucleus accumbens (NAc) shell produced by systemic administration of EtOH 

(Tizabi et al. 2002). Rats will self-administer EtOH and NIC directly into the pVTA 

in a synergistic manner. Furthermore, equivalent microinjections of EtOH+NIC 

directly into the pVTA result in significant alterations to gene expression in the 

NAc shell, which includes bdnf, gdnf, and homer2 than either EtOH or NIC alone 

(Truitt et al. 2015).  
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Chronic EtOH+NIC co-use/abuse also results in unique neuroadaptations 

throughout the brain. The oral EtOH+NIC model of self-administration results in 

equivalent consumption of EtOH and NIC in the solo- and poly-drug exposure 

groups (Hauser et al. 2012b). In the NAc shell, chronic EtOH+NIC self-

administration results in enhancement of NIC reward that is not observed in rats 

consuming equivalent amounts of EtOH or NIC (Deehan et al. 2015). In the 

medial prefrontal cortex, EtOH+NIC co-use/abuse resulted in a threefold increase 

in basal glutamate extracellular levels while comparable consumption of EtOH or 

NIC had no effect (Deehan et al. 2015). The unique neuroadaptations of chronic 

EtOH+NIC self-administration could be the biological basis for the 

pharmacological results reported herein.  

The present study indicated there was no effect of Var or Nal treatment on 

EtOH+NIC maintenance or relapse self-administration. The significant reductions 

of EtOH consumption by Nal treatment and NIC intake by Var treatment are no 

longer evident when both reinforcers are presented together. This is consistent 

with preclinical research from our lab and others demonstrating that acute and 

chronic exposure to EtOH+NIC results in neuronal alterations specific to co-

administration that are not observed with either drug alone (Clark and Little 2004; 

Deehan et al. 2015; Lê et al. 2014; Tizabi et al. 2002, 2007; Truitt et al. 2015). 

Similar to the current data set, in P rats concurrently self-administering i.v. NIC 

and oral EtOH, Var and other smoking cessation agents failed to alter EtOH or 

NIC consumption (Maggio et al. 2018a). The failure of Var and Nal, as well as the 

specific α6β2* antagonist r-bPiDI, to alter concurrent oral EtOH and i.v. NIC self-
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administration has been replicated in a novel model that increases intake levels 

of both drugs (Maggio et al. 2018b). Therefore, consistent preclinical data has 

indicated that Var is not effective at reducing EtOH+NIC co-administration.  

Despite the disproportionately high rate of EtOH and NIC comorbid abuse, 

the prevailing pharmacotherapeutic strategy has been to develop treatments that 

target EtOH or NIC use as separate conditions. This approach has resulted in an 

inadequate number of approved pharmacological treatment options that, overall, 

have only demonstrated limited success. For example, a number of meta-

analyses revealed that Nal does not increase abstinence rates or decrease the 

risk of relapse to heavy alcohol drinking. However, the delay to initiation of 

drinking was increased as well as the total number of days abstinent prior to 

relapse (Maisel et al. 2013; Jonas et al. 2014; Donoghue et al. 2015). 

Furthermore, despite FDA approval for Var in 2006, overall smoking cessation 

rates at the population level in the USA have not risen in over two decades (Zhu 

et al. 2012). This appears to contradict expected results following dispensing of 

more than 2.1 million Var prescriptions per year and numerous randomized 

controlled trials demonstrating the effectiveness of Var (Gonzales et al. 2006; 

Jorenby et al. 2006; Bolliger et al. 2011; Zhu et al. 2012; Baker et al. 2016; 

Motschman et al. 2016). These outcomes could in part be explained by the ability 

of Var clinical trials to recruit nicotine-dependent individuals into abstinence but 

fail to prevent instances of relapse over placebo-treated smokers (Agboola et al. 

2015). Examination of AUDs and nicotine dependence separately in preclinical 

research and during clinical trials has resulted in approved therapeutics of Nal 
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and Var with relapse rates at greater than one third of patients at a 6-month 

follow-up and up to 75% at 1 year, respectively (Jorenby et al. 2006; Volpicelli et 

al. 1997).  

The current study demonstrates the failure of Var or Nal to reduce 

EtOH+NIC consumption. However, potential limitations to the above model 

should be considered when evaluating these findings. First, future studies should 

examine the impact of Var or Nal treatment on EtOH+NIC intake when presented 

separately in the three-bottle choice drinking paradigm, rather than in a combined 

solution. This would provide further insight into the effect of Var or Nal on their 

respective reinforcers. When presented together, potential reductions in just 

EtOH or NIC intake during treatment would be highlighted that otherwise could 

be obscured with the combined solution paradigm. Second, increasing the 

number of Var or Nal treatment days would provide additional time for the blood 

levels of each therapeutic to stabilize. Finally, the inclusion of measurements 

taken at specific time points during 24-hour access would be beneficial. A better 

representation of drinking behavior during Var or Nal treatment could be 

determined with data collection points at 2, 4, and 6 hours post-treatment.  

These results indicate that the standard pharmacological treatments for 

nicotine dependence or AUD were effective at reducing the consumption of a 

single targeted drug but neither reduced the amount of EtOH+NIC consumed. 

Overall, the findings suggest that failures to develop successful treatment for 

comorbid AUD and nicotine dependence may result from limitations in models 

used to develop such treatments, specifically through a failure to address the 
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unique neuroadaptations produced by co-use of these drugs. Continued 

refinement of the preclinical co-abuse model described herein will be invaluable 

in the pursuit of assessing future pharmacotherapies for the treatment of heavy 

alcohol drinking smokers.  
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Chapter Three: Peri-adolescent, but not adult, alcohol consumption 

increases sensitivity and dopaminergic response to nicotine during 

adulthood: alterations in α7 nicotinic acetylcholine receptor expression 

 

An important aspect of alcohol and nicotine co-use/abuse is the age of 

onset. Early initiation of alcohol drinking has been linked to increased risk for 

alcohol use disorder (AUD) during adulthood. Additionally, adolescent alcohol 

drinking is associated with increased adulthood use of tobacco, cannabis, and 

other drugs of abuse. There is little preclinical research examining the 

consequences of adolescent alcohol consumption and the response to other 

drugs of abuse during adulthood. Therefore, this chapter aimed to investigate 

how peri-adolescent ethanol (EtOH) drinking affects the response to nicotine 

during adulthood. Previously, our laboratory demonstrated that nicotine 

microinjected directly into the posterior ventral tegmental area (pVTA) stimulates 

dopamine (DA) release in the nucleus accumbens (NAc) shell. The α7 nicotinic 

acetylcholine receptor (nAChR) is a potent regulator of dopaminergic activity in 

the pVTA. Specifically, the current experiments examined the effects of peri-

adolescent EtOH drinking on the ability of intra-pVTA nicotine to stimulate DA 

release during adulthood and alterations in α7 nAChR expression within the 

pVTA. Alcohol-preferring (P) female rats consumed EtOH and/or water during 

adolescence (post-natal day [PND] 30–60) or adulthood (PND 90–120). Thirty 

days following removal of EtOH, subjects received microinjections of 1 µM, 10 

µM, or 50 µM nicotine into the pVTA concurrently with microdialysis for 
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extracellular DA in the NAc shell. Brains were harvested from an additional 

cohort after PND 90 for quantification of α7 nAChR within the pVTA. The results 

indicated that only adolescent EtOH consumption produced a leftward and 

upward shift in the dose response curve for nicotine to stimulate DA release in 

the NAc shell. Investigation of α7 nAChR expression within the pVTA revealed a 

significant increase in animals that consumed EtOH during adolescence 

compared to naïve animals. The data suggest that peri-adolescent EtOH 

consumption produced cross-sensitization to the effects of nicotine during 

adulthood. The interaction between adolescent EtOH consumption and inflated 

adult risk for drug dependency could be predicated, at least in part, upon 

alterations in α7 nAChR expression within the mesolimbic reward pathway. 

 

Introduction 

The prevalence of alcohol (ethanol, EtOH) drinking in adolescence is high 

in the United States with 80-90% having consumed EtOH before graduating high 

school (Johnston et al. 2004). This includes 58% of 12th graders reporting the 

use of EtOH within the past year and 28% of which engaged in binge drinking 

within the previous 2 weeks (i.e. > 5 consecutive drinks per drinking episode; 

Miech et al. 2016; Johnston et al. 2004). Epidemiological data suggest that early 

initiation of EtOH consumption is associated with a greater risk of developing an 

alcohol use disorder (AUD) during adulthood (Dawson et al. 2008). Additionally, 

adolescent EtOH drinking has been linked to increased adulthood use of opioids, 

cannabis, and other drugs of abuse (Anthony and Petronis 1995). Specific to 

nicotine, adolescent binge drinking enhances the likelihood of smoking during 
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adolescence by 88% as well as during adulthood (Best et al. 2000). Conversely, 

individuals who do not engage in binge drinking have lower rates of smoking 

during adolescence and adulthood (Bobo and Husten 2000). 

Adolescence is a gradual period of transition characterized by widespread 

neuronal remodeling eventually resulting in the mature adult brain (Spear 2000). 

Studies of the adolescent brain have consistently demonstrated that numerous 

regions continue to undergo significant development including the refinement of 

several neurotransmitter systems. Maturation of cortical and limbic regions during 

adolescence is marked by excess production of neuronal networks later followed 

by extensive pruning (Spear 2000; Brenhouse and Andersen 2011). 

Dopamine (DA) neurons of the ventral tegmental area (VTA) project to the 

dorsal striatum, nucleus accumbens (NAc; ventral striatum), amygdala, and 

prefrontal cortex (PFC; Figure 1). The number of connections, activation of these 

projections, and firing rate of DA neurons in the VTA reaches its peak during 

peri-adolescence (i.e. 10 – 19 years old in humans; McCutcheon et al. 2012; 

Marinelli and McCutcheon 2014). Moreover, studies in both humans and animals 

found that mesolimbic and mesocortical DA projections have a heightened 

sensitivity to reward-related events in the peri-adolescent brain (Hoogendam et 

al. 2013). Thus, the reorganization and subsequent pruning of connections within 

this system during adolescence is associated with maturation of the reward 

pathway with altered excitatory afferents into the VTA. Glutamatergic inputs from 

the PFC to the VTA are pruned during adolescence, which is associated with a 

reduction in glutamate receptors (Brenhouse and Andersen 2011; Spear and 
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Swartzwelder 2014). Relevant to the current study, α7 nicotinic acetylcholine 

receptors (nAChR) are located presynaptically on glutamatergic inputs into the 

VTA, on GABA interneurons in the VTA, and on VTA DA neurons (Jones and 

Wonnacot 2004). 

Alcohol drinking during adolescence affects development through 

alterations to ongoing neuronal remodeling processes (Spear and Swartzwelder 

2014). Lasting alterations found within the mesolimbic system of the adult brain 

resulting from adolescent EtOH exposure involves (i) reduced cholinergic 

regulation, (ii) elevated DA stimulation and release, as well as (iii) epigenetic 

reprogramming (Vetreno et al. 2014; Sahr et al. 2004; Toalston et al. 2014; Kyzar 

et al. 2019). A number of studies have investigated how these changes affect the 

response to ethanol (EtOH) in adulthood. For example, animals given voluntary 

access to EtOH throughout adolescence were able to acquire operant self-

administration of EtOH faster and resisted extinction of self-administration 

compared to animals without prior EtOH exposure (Gass et al. 2014; Rodd-

Henricks et al. 2002a, 2002b; Toalston et al. 2015). Adolescent EtOH drinking 

was also shown to enhance sensitivity to EtOH reward within the posterior VTA 

(Toalston et al. 2014). This was in addition to increased stimulated DA release 

within the NAc shell by either peripheral EtOH administration or direct VTA 

infusions of EtOH during adulthood (Sahr et al. 2004; Toalston et al. 2014). 

Research continues to provide evidence demonstrating the influence of 

adolescent EtOH drinking on long-term EtOH abuse susceptibility. However, 

there is little preclinical research examining the consequences of adolescent 
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EtOH consumption on responses to other drugs of abuse during adulthood. 

Specifically, a single study was found to have examined the effect of adolescent 

EtOH exposure with intragastric administration of up to 5 g/kg three times per 

day followed by nicotine self-administration in adulthood (Boutros et al. 2016). 

The limited research in this area provides the opportunity to investigate the 

impact of voluntary adolescent EtOH exposure on the response to nicotine within 

the mesolimbic system during adulthood. Additionally, lasting expression 

changes and the potential involvement of interaction sites for EtOH and nicotine 

can be explored. 

Previous research has established the activation of nAChRs found on DA 

neurons in the VTA is the principal mechanism behind the psychoactive effects of 

nicotine (De Biasi and Dani 2011; Doyon et al. 2013). Evidence indicates the 

expression levels of nAChRs are significantly altered within the VTA following 

adolescent EtOH exposure and contribute to increased DA release by EtOH and 

nicotine (Morel et al. 2018; Hauser et al. 2019). These long-lasting changes 

within the mesolimbic circuitry likely alter reward processing and response 

providing some biological explanation for an increased adult risk for nicotine use. 

Overall, evidence demonstrates significant perturbations in both the 

dopaminergic and cholinergic systems following adolescent EtOH exposure 

(Vetreno et al. 2018). 

The present study aimed to determine the long-term effects of voluntary 

peri-adolescent EtOH consumption on the action of nicotine within the 

mesolimbic DA system during adulthood. The first experiment determined 
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whether a history of adolescent EtOH drinking produced persistent 

neuroadaptations in VTA DA neurons. This was tested by examining the ability of 

intra-VTA nicotine to stimulate DA release in the NAc shell. This was followed by 

an examination of α7 nAChR levels within the posterior VTA as an indicator of 

significant and lasting changes to the cholinergic system, following adolescent 

EtOH consumption. 

 

Materials and methods 

Subjects 

Female adolescent alcohol-preferring (P) rats from the 79th—85th 

generations at Indiana University School of Medicine (IUSM; Indianapolis, IN) 

were utilized in the current study. In order to build on previously published work, 

as well as the ability to maintain body weight throughout the duration of the 

study, the following experiments were carried out only in female rats (Ding et al. 

2009; Toalston et al. 2014, 2015; Hauser et al. 2019; Waeiss et al. 2019). The 

animals used in these experiments were maintained in facilities fully accredited 

by the Association for the Assessment and Accreditation of Laboratory Animal 

Care. All research protocols were approved by the IUSM Institutional Animal 

Care and Use Committee and followed the National Institutes of Health Guide for 

Care and Use of Laboratory Animals (NRCC 2011). Importantly, research 

indicates the number of females diagnosed with AUD has increased 85% over 

the past 10 years as well as being more susceptible to EtOH induced 

neurodegeneration, liver injury, and cancer (Ceylan-Isik et al. 2010; Peltier et al. 
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2019). These significant differences provide evidence of a dimorphic response to 

EtOH and highlight the necessity of examining female rats in the following 

experiments. 

 

Peri-adolescent and adult EtOH consumption procedure 

The peri-adolescent EtOH drinking model utilized in the present study was 

carried out in a similar fashion to those published previously (Toalston et al. 

2014, 2015; Waeiss et al. 2019). Beginning on PND 28, P female pups were 

double-housed in plastic shoebox cages. Rats were maintained on a 12-hour 

reverse light cycle with lights off at 0900. Food and water were available ad 

libitum to all animals throughout the experiment. Ethyl alcohol (95%; McCormick 

Distilling Co., Weston, MO) was diluted to 15% and 30% (v/v). Rats were 

provided 24-hour access to water and both EtOH concentrations in the 3-bottle 

choice (3BC) paradigm beginning on PND 30 until PND 60. A second cohort of P 

rats, housed under identical conditions, did not receive access to EtOH during 

this period. Fluid weights were recorded daily while body weights were measured 

every other day. After PND 60, all animals remained pair housed in plastic 

shoebox cages without access to EtOH through at least PND 90. 

A third cohort of adult female P rats underwent the same drinking 

procedure. Briefly, beginning at PND 90 the animals were double-housed in 

plastic shoebox cages. At this time, animals were provided continuous access to 

water, 15%, and 30% EtOH (v/v) through PND 120. All adult animals were then 

maintained in plastic shoebox cages while pair housed until at least PND 150. It 
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would be redundant to have both naïve adolescent and adult water drinking 

control groups since the animals would have the same experience. Therefore, 

the total number of animals in the experiments was reduced by utilizing a single 

water control group. 

 

Microinjection-Microdialysis protocol 

The microinjection-microdialysis (micro-micro) procedure was carried out 

as described previously (Ding et al. 2009, Toalston et al. 2014; Deehan et al. 

2018). Given the global effects of adolescent EtOH drinking, the micro-micro 

procedure allows specific investigations of whether EtOH induced 

neuroadaptations in the pVTA modulate the activity and DA response to nicotine 

within the mesolimbic system. Following PND 90 for the adolescent cohorts or 

PND 150 for the adult cohort, rats were stereotaxically implanted with two 

ipsilateral guide cannulas in the right hemisphere. While under isoflurane 

anesthesia, a 22-guage microinjection cannula (Plastics One, Inc., Roanoke, VA) 

was aimed 1.0 mm above the posterior ventral tegmental area (pVTA). An 18-

guage microdialysis cannula was also implanted 3.0 mm above the NAc shell. 

The coordinates for the pVTA were AP -5.6 mm, ML +2.1 mm, DV -8.0 mm and 

those for the NAc shell were +1.5 mm, ML +2.0 mm, DV -5.3 mm (Paxinos and 

Watson 1998). Both cannulas were implanted at a 10° angle and protected with 

stylets until the micro-micro stages of these experiments. Following surgery, 

animals were single housed in shoebox cages and allowed at least one week of 



 

61 

recovery. During this time, the animals were habituated to the experimental 

housing and handled daily. 

Loop-style microdialysis probes were constructed as previously described 

(Engleman et al. 2000; Ding et al. 2009; Toalston et al. 2014). Probes were 

manufactured with an active length of 2.0 mm from regenerated cellulose 

Spectra/Por (Spectrum Laboratories, Inc., Rancho Dominguez, CA) hollow fiber 

tubing with an inner diameter of 200 µm and molecular weight cut-off of 13 kDa. 

One day prior to testing, animals were placed under isoflurane anesthesia and 

the microdialysis probes were inserted into the NAc shell by extending 3.0 mm 

below the guide cannula. The micro-micro procedure was carried out the 

following day. 

Experiments were performed in awake freely moving animals. Subjects 

were placed in the experimental chambers and the microdialysis probes were 

connected to a Harvard pump (Harvard Apparatus, Holliston, MA) used to 

continuously perfuse the NAc shell with artificial cerebrospinal fluid (aCSF) at a 

rate of 1 µL/minute throughout the experiment. Microdialysis aCSF was 

composed of 140.0 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, 2.0 mM Na2HPO4 • 

7H2O, and 1.0 mM MgCl2 with a pH 7.2 to 7.4. Following a 90-minute washout 

period, samples were collected in 20-minute intervals beginning with five 

baseline samples. 

Next, rats received a single microinjection challenge directly into the pVTA 

of either aCSF, 1 μM nicotine, 10 μM nicotine, or 50 μM nicotine solutions. 

Nicotine HCl (Sigma-Aldrich, St. Louis, MO) concentrations were calculated 



 

62 

based on the salt-form. Nicotine concentrations known to be reinforcing and 

stimulate DA release were selected based on previous intracranial self-

administration (ICSA) and micro-micro studies within the pVTA (Hauser et al. 

2014a, b; Truitt et al. 2015; Deehan et al. 2018). Importantly, the in vivo 

concentration of nicotine within the pVTA following microinjection is not known 

but is expected to be lower than that emitted due to local metabolism and 

diffusion during the session. Although intra-pVTA injections produce distinct 

spatial and temporal gradients not experienced in smokers, nicotine 

concentrations likely approach what was observed in previous experiments 

investigating peripheral treatment or self-administration in P rats (27 ng/ml; 

Hauser et al. 2012b; Katner et al. 2015). Passive microinjections were carried out 

with an electrolytic microinfusion transducer (EMIT) system as described 

previously (Gatto et al. 1994; Rodd-Henricks et al. 2000; Ding et al. 2009). 

Briefly, subjects received 30 pulse injections over a 10-minute period designed to 

simulate average intracranial self-administration (ICSA) levels (Rodd-Henricks et 

al. 2000; Toalston et al 2014). Each infusion injected 100 nl of solution over 5 

seconds and was followed by a 15-second timeout period for a total of 3 µl over 

the 10-minute infusion session. After the microinjection challenge, six additional 

20-minute samples of dialysate samples were collected into tubes containing 5 µl 

of 0.1 N perchloric acid. All samples were immediately frozen on dry ice and 

stored at -80 °C until analysis for DA content with high performance liquid 

chromatography (HPLC). 
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The present microdialysis study utilized 85 female P rats. Subjects were 

randomly assigned to one of four microinjection conditions with n = 8–9/group of 

naïve, n = 7–9/group adolescent EtOH drinkers, and n = 4–6/group of adult EtOH 

drinkers. 

 

Dialysate analysis 

DA was analyzed using a reversed phase HPLC system with 

electrochemical detection (Engleman et al. 2000; Ding et al. 2009; Toalston et al. 

2014). Samples were loaded into a 10 µl loop and injected onto an analytical 

column (BDS Hypersil C18, 3 µm, 150 mm x 2.1 mm, Thermo Fisher Scientific, 

Waltham, MA). Mobile phase consisted of 0.1 mM EDTA, 8 mM KCl, 50 mM 

phosphoric acid, 100 mg/L OSA, and 10% MeOH with a pH of 6.0. DA detection 

occurred with a glassy-carbon electrode and an amperometric detector with the 

oxidation potential set at 350 mV and sensitivity of 100 pA/V (Decade II EC 

Detector, Antec Scientific, Netherlands). Signal analysis was carried out with a 

ChromePerfect (Justice Innovations, Inc., Palo Alto, CA) data station. DA content 

was then determined through comparison to a standard curve generated from 1 

nM, 5 nM, and 10 nM DA solutions. 

 

Histology 

Once the experiments were completed, subjects were euthanized and a 

solution of 1% bromophenol blue was infused into each microdialysis probe and 

microinjection cannula. Brains were removed, immediately frozen on dry ice, and 
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stored at -80 °C. Forty-micron sections were then collected with a cryostat 

microtome for verification of microdialysis probe and microinjection placements. 

 

Immunohistochemistry 

On PND 90, naïve rats (n = 6) and adolescent EtOH drinkers (n = 7) were 

deeply anesthetized with isoflurane and transcardially perfused with phosphate-

buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS. 

Perfused brains were then removed and post-fixed overnight in 4% PFA at 4 °C. 

Next, brains were transferred to 30% sucrose in PBS and stored at 4 °C until 

processed. Serial coronal sections were collected at a thickness of 30 μm using a 

freezing microtome, immediately placed in a cryoprotectant solution, and stored 

at -20 °C until processing. Based on results from the micro-micro experiment 

demonstrating a similar response between adult EtOH drinkers and naïve rats, 

adult EtOH drinkers were not included in the immunohistochemical analysis to 

reduce the total number of animals used in the present study. 

Immunohistochemistry was carried out as described previously (Johnson 

et al. 2015). Free-floating sections containing the VTA were initially washed with 

PBS for 30 minutes at room temperature prior to incubation in 1% H2O2 in PBS 

for 20 minutes. Sections were then washed in PBS for 10 minutes and PBS with 

0.3% Triton X-100 (PBST) for an additional 20 minutes. Sections were then 

incubated overnight for 12-16 hours in PBST containing mouse anti-α7 nAChR 

subunit monoclonal antibody (1:100; Catalog # 836701, BioLegend, San Diego, 

CA) at room temperature. Following a 30-minute wash in PBST, sections were 
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incubated in biotinylated horse anti-mouse IgG secondary antibody (1:500; 

Catalog # BA-2000, Vector Laboratories, Burlinghame, CA) for 2 hours. Sections 

were again washed in PBST for 30 minutes and incubated for 1.5 hours with an 

avidin–biotin–horseradish peroxidase complex provided in a standard Vector 

Elite kit (1:1000; Catalog # PK-6100, Vector Laboratories). The resulting 

peroxidase complexes were visualized by exposure for 10 minutes to a 

chromogen solution containing 0.02% 3, 3’-diaminobenzidine tetrahydrochloride 

(DAB, Sigma-Aldrich, St. Louis, MO) to produce a dark brown reaction product 

for α7 nAChR subunit staining. Repeated washing in 0.1 M PB was used to 

terminate the reaction. Sections were then mounted on clean glass slides, dried 

overnight, dehydrated, and coverslipped with DPX (Electron Microscopy 

Sciences, Fort Washington, PA). 

Due to known concerns with antibodies directed toward α7 nAChRs, steps 

were taken to investigate specificity (Garg and Loring 2017). An experiment to 

determine non-specific binding was carried out on separate tissue sections by 

applying the above-mentioned procedure and substituting the primary antibody 

with an isotype control (IgG1). Another round of immunohistochemistry was 

conducted with the omission of the primary antibody to determine the contribution 

of other components to background staining. These experiments (data not 

shown), as well as those conducted by other research groups, have determined 

there was relatively little non-specific binding and likely would not influence the 

analysis (Dominguez del Toro et al. 1994; Mielke and Mealing 2009; Garg and 

Loring 2017). Additionally, Western blotting was conducted with a different α7 
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nAChR antibody as a complementary technique to increase confidence in the 

immunohistochemical findings. Finally, orthogonal data recently published by our 

group indicate similar alterations to α7 nAChRs following EtOH exposure with 

TaqMan low-density array (TLDA) cards for real-time PCR (Hauser et al. 2019). 

Sections were analyzed by an observer blind to the treatment conditions 

and the number of α7 nAChR subunit-immunoreactive (α7-IR) cells were 

counted. Only tissue sections containing the pVTA, located between -5.2 mm 

bregma and -6.2 mm bregma, were included in the analysis (Paxinos and 

Watson, 1998). Overall, four to seven sections per brain were analyzed. The total 

number of cells counted per section was divided by the total volume of each 

section. Total volumes from the sections counted for the pVTA were calculated 

by multiplying the sum of area, determined with ImageJ analysis software (NIH, 

Bethesda, MD), by a depth of 19 μm. Data are presented as number of cells per 

mm3. 

 

Protein quantification, SDS-PAGE, and Western blotting 

On PND 90, naïve rats (n = 6) and adolescent EtOH drinkers (n = 6) were 

deeply anesthetized with isoflurane and rapidly decapitated. Brains were quickly 

removed, flash frozen in isopentane on dry ice, and stored at -80 °C until 

processed. Serial coronal sections were then collected at a thickness of 300 μm 

with a freezing microtome. Micro-punches containing the pVTA were obtained 

using a 1 mm diameter Harris micro-punch (Electron Microscopy Sciences, 

Hatfield, PA) as described previously (McBride et al. 2009). The tissue was 
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immediately homogenized in 150 µl of ice-cold N-PER lysis buffer supplemented 

with Halt Protease inhibitor cocktail (Thermo Scientific, Waltham, MA). At 4 °C, 

samples were incubated in the lysis buffer on a nutator for 2 hours followed by 

centrifugation at 10,000 x g for 20 minutes. Supernatants were removed and 

protein concentrations were measured by the bicinchoninic acid assay (Pierce, 

Rockford, IL). Protein concentrations were determined with 10 µl of lysate and 

200 µl of working reagent at an absorbance of 570 nM with a microplate reader 

(Bio-Rad, Hercules, CA). All samples were analyzed in duplicates and 

absorbance values averaged. Adult EtOH drinkers were not included based on 

neurochemical results from the micro-micro experiment. 

Approximately 10 µg of processed tissue protein was loaded per lane and 

separated on 7.5% polyacrylamide denaturing gels (Bio-Rad, Hercules, CA). This 

was followed by transfer to nitrocellulose membranes (Amersham, Pittsburgh, 

PA). Membranes were blocked with 5% milk in TBST buffer (50 mM Tris-Cl, pH 

7.6; 150 mM NaCl; 0.1% Tween 20) overnight at 4 °C. Next, membranes were 

incubated for 2 hours at room temperature with rabbit anti-α7 nAChR subunit 

(1:10,000; ab10096, Abcam, Cambridge, UK) and mouse anti-GAPDH 

(1:100,000; Catalog # MA5-15738, Thermo Scientific, Waltham, MA). Secondary 

antibodies were HRP conjugated goat anti-mouse (1:20,000; Catalog # 31430, 

Invitrogen, Carlsbad, CA) or HRP-conjugated goat anti-rabbit (1:20,000; 

ab205718, Abcam, Cambridge, UK). Protein band signals were visualized by 

adding chemiluminescent HRP substrate reagent (Millipore, Billerica, MA). Films 
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were scanned and densitometry was performed with ImageJ software (NIH, 

Bethesda, MD). 

The second α7 nAChR antibody, ab10096, was also scrutinized for 

specificity. First, ab10096 was preincubated with a synthetic blocking peptide 

(ab101467, Abcam, Cambridge, UK) corresponding to a region of the human α7 

nAChR subunit, and the ab10096 antigen, in a ratio of 1:5 overnight at 4 °C prior 

to immunoblotting. Next, in order to exclude the possibility of non-specific 

interactions with other antigens, a comparison was made using liver tissue, which 

has been determined to express negligible levels of α7 nAChR (Mielke and 

Mealing 2009; Fagerberg et al. 2014). Finally, omitting ab10096 from the 

Western blotting procedure was also carried out to substantiate specificity. In 

each of the three control experiments described above, bands at the expected 

molecular weight were faint or not detected. 

 

Statistical analysis 

The average EtOH intake of adolescent drinkers and adult drinkers was 

calculated based on the last 10 sessions of the 30-day drinking procedure. 

Contrasting differences between adolescent and adult EtOH consumption was 

examined with an overall mixed factor ANOVA with between subject factor of 

‘Age’ and a within subject factor of ‘Day’. Individual “Day’ differences were 

determined with an unpaired Student’s t-test (p < 0.05). Microdialysis data are 

expressed as a percentage of basal DA values to correct for subject-to-subject 

variability (Engleman et al. 2000). Basal dialysate DA values were calculated as 
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the mean of three baseline samples collected prior to the challenge 

microinjection. The effects of pVTA nicotine microinjections on extracellular DA 

were analyzed using a Time × Drinking Condition × Nicotine mixed analysis of 

variance (ANOVA). Post-hoc comparisons used to determine significance were 

Tukey’s b for between group differences or Student’s two-tailed t for within group 

differences. Immunohistochemical data were analyzed with the mean number of 

α7-IR cells per mm3 calculated from the naïve treatment group and adolescent 

EtOH drinkers. These values were then compared using a univariate ANOVA (p 

< 0.05). Western blot densitometric signals were normalized to GAPDH. Analysis 

of signals were then also compared using a univariate ANOVA (p < 0.05). 

 

Results 

Mean EtOH intake analysis 

Average daily EtOH intake over the final 10 drinking days were 10.2 ± 0.6 

g/kg/day for adolescent drinkers and 10.6 ± 1.2 g/kg/day for adult drinkers 

(Figure 14). Analysis revealed that the average EtOH consumption was not 

significantly different between adolescent drinkers and adult drinkers (F1,53 = 

0.47, p = 0.50). 
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Figure 14. Average daily EtOH consumption for all animals given free-choice 
access to 15% and 30% EtOH during adolescence (PND 30–60; n = 32) or 
adulthood (PND 90–120; n = 24). Intake values are calculated as grams per 
kilogram per day and averaged into a block of the final 10 days. All data shown 
are mean +SEM. 
 

Dopamine microinjection-microdialysis analysis 

The mean DA levels in dialysate samples from the NAc shell were 1.22 ± 

0.12 nM for the naïve group, 1.28 ± 0.11 nM for adolescent drinkers, and 1.17 ± 

0.18 nM for adult drinkers. The basal DA levels in dialysis samples are strongly 

influenced by the rate of recovery through the microdialysis probe. An accurate 

assessment of extracellular DA levels with microdialysis can only be determined 

by a quantitative method such as with the No-Net-Flux protocol. 

The overall analysis that included individual time points revealed a 

significant Time × Drinking History × Nicotine interaction term (F48,584 = 1.65; p = 

0.005; Figure 15). The 3-way interaction term was initially decomposed by 

holding Time constant. A significant Drinking History × Nicotine interaction was 

found for both the first (F6,73 = 2.84; p = 0.015) and second (F6,73 = 4.00; p = 
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0.002) samples collected following nicotine microinjection. To determine the 

effect of Drinking History on the ability of nicotine microinjected into the pVTA to 

stimulate DA release in the NAc shell at each time point was derived by reducing 

the significant 2-way interaction term by holding Nicotine constant. There were 

no significant group differences during the first and second sample period 

following treatment with aCSF into the pVTA (F2,18 < 1.69; p values > 0.21). In 

animals treated with 1 μM, 10 μM, or 50 μM nicotine there were significant group 

differences during the first and second sample period following microinjection 

(F2,18 values > 7.24; p values < 0.01). Tukey’s b post-hoc comparisons revealed 

that all nicotine concentrations and both sample time points, adolescent EtOH 

consuming rats had significantly higher levels of DA than adult EtOH drinkers or 

naïve rats.
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Figure 15. Average change in DA of rats microinjected with nicotine. Mean (+SEM) percentage change in extracellular DA 
in the NAc shell of adult rats microinjected with 0, 1, 10, or 50 µM nicotine directly into the pVTA previously allowed to 
consume EtOH during adolescence (Adolescent EtOH; n = 7–9/group), during adulthood (Adult EtOH; n = 4–6/group), or 
water only (Naïve; n = 8–9/group). Asterisk (*) indicates significantly greater DA levels in Adolescent EtOH rats compared 
to Naïve, Adult EtOH, and respective baseline DA at the specified time points. Plus sign (+) indicates Naïve and Adult 
EtOH extracellular DA was significantly higher than respective baseline levels. Carrot (^) indicates Naïve DA levels were 
significantly increased over baseline.



 

73 

The overall 3-way interaction term was also reduced by holding Drinking 

History constant. For the naïve animals, individual ANOVAs revealed a 

significant effect of nicotine concentration during the first three samples following 

microinjection (F3,28 values > 2.99; p values < 0.05; Figure 15). During the first 

and second samples following pVTA microinjection, Tukey’s b post-hoc indicated 

DA levels in the NAc shell were significantly greater in naïve rats administered 10 

and 50 μM nicotine compared to aCSF. During the third sample, DA levels 

remained significantly elevated in the NAc shell following administration of 50 μM 

nicotine compared to animals receiving 1 μM nicotine. Within-subject 

examination of individual nicotine concentrations revealed a significant effect of 

50 μM nicotine (F8,56 = 6.19; p < 0.001). Post hoc comparisons indicated DA 

levels of the first post microinjection sample were significantly higher (t7 = 5.71, p 

= 0.001) at 162% of baseline. 

Adult EtOH drinkers also exhibited a significant effect of nicotine 

concentration during the first sample following microinjection (F3,17 = 5.96; p = 

0.006; Figure 15). Adult drinkers receiving 50 μM nicotine into the pVTA 

produced significantly elevated DA levels in the NAc shell compared to those 

receiving 1 μM nicotine or aCSF. Within-subject analysis of individual nicotine 

concentrations revealed a significant effect of 10 μM (F8,24 = 2.52; p = 0.038) and 

50 μM nicotine (F8,40 = 2.23; p = 0.046). Post hoc comparisons indicated DA 

levels of the first sample following 10 μM nicotine microinjection were significantly 

higher than baseline (t3 = 3.35, p = 0.044). Additionally, microinjection of 50 μM 
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nicotine resulted in significantly increased extracellular DA during the first sample 

to 157% compared to baseline (t5 = 3.01, p = 0.027). 

Analyses of adolescent EtOH drinkers revealed a significant effect of 

nicotine concentration during all six samples collected following nicotine 

treatment (F3,28 values > 3.24; p values < 0.05; Figure 15). Specifically, 1 μM, 10 

μM, and 50 μM nicotine produced significantly higher DA levels during the first 

and second samples post microinjection compared to aCSF. The third post 

microinjection sample revealed NAc shell DA following 50 μM nicotine treatment 

was significantly higher than aCSF controls. During the fourth sample, both 10 

μM and 50 μM nicotine treated animals exhibited significantly greater DA levels 

compared to aCSF controls. Additionally, samples five and six indicated elevated 

extracellular DA in adolescent drinkers that received 1 μM nicotine over aCSF 

microinjections. Analyses of individual nicotine concentrations within-subjects 

revealed a significant effect of 1 μM, 10 μM, and 50 μM nicotine (F8,56 values > 

6.98; p < 0.001). Post hoc comparisons demonstrated DA levels of samples 1-3 

and 5 following 1 μM nicotine microinjection were significantly higher than 

baseline (t8 values > 2.31, p values < 0.05). Microinjection of 10 μM nicotine 

resulted in significantly increased extracellular DA during the first four samples 

compared to baseline (t7 values > 7.72, p values < 0.05). Lastly, adolescent 

drinkers that received pVTA microinjections of 50 μM nicotine had significantly 

greater extracellular DA during the first five samples compared to baseline levels 

(t7 values > 3.80, p values < 0.01). Microinjections of 1 μM, 10 μM, and 50 μM 
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nicotine produced maximal DA response during the second sample reaching 

197%, 223%, and 232% compared to baseline levels, respectively. 

A final area under the curve (AUC) analysis of DA levels determined 

whether there were general effects of Drinking History or a dose-response to 

nicotine over the duration of the experiment. AUC is a summary analysis that 

provides a definite integral of a value across time to generate a quantitative 

value. The analysis indicated a significant Drinking History × Nicotine interaction 

term (F6,73 = 7.11; p < 0.001; Figure 16). Reducing the significant 2-way 

interaction by holding Nicotine constant indicated there were no significant group 

differences following microinjection of aCSF into the pVTA (F2,18 = 0.56; p = 

0.945). However, there were significant group differences in animals treated with 

1 μM, 10 μM, or 50 μM nicotine (F2,18 values > 15.77; p values < 0.001; Figure 

16). Post-hoc comparisons with Tukey’s b revealed that at all nicotine 

concentrations, adolescent EtOH consuming rats had a significantly greater DA 

response than adult EtOH drinkers or naïve rats. 
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Figure 16. Average (+SEM) area under the curve (AUC) values of DA depicting 
general effects of drinking history and dose-response to nicotine. DA response 
was determined following microinjections of 0 (aCSF), 1, 10, or 50 µM nicotine 
administered to adult rats previously allowed to consume EtOH during 
adolescence (Adolescent EtOH; n = 7–9/group), during adulthood (Adult EtOH; n 
= 4–6/group), or water only (Naïve; n = 8–9/group). Plus sign (+) indicates 
significantly greater AUC in rats treated with 50 µM nicotine than respective 
aCSF treatment. Asterisk (*) indicates significantly greater AUC in Adolescent 
EtOH rats treated with 1, 10, or 50 µM nicotine compared to respective Naïve, 
Adult EtOH, and aCSF treatment groups. 
 

Immunohistochemical and Western blot analyses 

Immunohistochemistry was used to assess α7-IR cells in the pVTA of 

adolescent EtOH drinkers and naïve rats in adulthood (>PND 90). In naïve rats 

and adolescent drinkers, examination of α7-IR cells revealed darkly stained cell 

bodies and processes (Figure 17). Within the pVTA, α7-IR cells were significantly 

increased in adolescent drinkers compared to naïve animals (F1,11 = 16.44, p = 

0.002). Adolescent EtOH drinking resulted in an increase of α7-IR cells/mm3 to 

193% relative to naïve rats (Figure 17). 
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Figure 17. Average α7-IR cell counts within the pVTA and representative 
photomicrographs. Left: Mean (+SEM) α7-IR cell counts within the pVTA of adult 
rats allowed to consume water only (Naïve; n = 6) or EtOH during adolescence 
(Adolescent EtOH; n = 7). Asterisk (*) indicates significantly greater α7-IR cells 
compared to Naïve rats. Right: Representative photomicrographs (5x 
magnification, 20x inset) of α7-IR cells in the pVTA of Naïve and Adolescent 
EtOH during adulthood. 
 

Western blot analysis was then utilized to assess α7 nAChR expression in 

the pVTA. Relative expression levels of α7 nAChR in the pVTA are presented in 

Figure 18. Adolescent EtOH consumption significantly increased α7 nAChR 

expression levels 33% within the pVTA compared to naïve rats (F1,10 = 6.54, p = 

0.003). 
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Figure 18. Representative western blots and group data illustrating increased α7 
nAChR levels in the pVTA. Data were normalized to GAPDH and indicate 
increased α7 nAChR protein levels in the pVTA of rats allowed to consume EtOH 
during adolescence (Adolescent EtOH; n = 6) compared to water only controls 
(Naïve; n = 6) in adulthood. Asterisk (*) indicates significantly greater than 
controls. 
 

Discussion 

Overall, the findings of the current study indicate that voluntary 

adolescent, but not equivalent adult, EtOH consumption resulted in long-lasting 

functional and neurochemical alterations to the mesolimbic DA system. 

Specifically, adolescent EtOH drinkers developed a cross-sensitization to 

nicotine during adulthood. Adolescent EtOH consumption produced a leftward 

and upward shift in the ability of nicotine microinjected into the pVTA to stimulate 
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DA release in the NAc shell that was not present in naïve animals or adult EtOH 

drinkers (Figures 15 and 16). Additionally, rats allowed to consume EtOH during 

adolescence had significantly elevated α7 nAChR expression in the pVTA 

compared to naïve rats (Figures 17 and 18). 

Overwhelmingly convergent data have indicated that adolescent EtOH 

exposure results in persistent alterations to the adult brain that mediates future 

drug responsivity and self-administration. The rewarding and reinforcing 

properties of EtOH and nicotine are well known to be associated with increased 

DA release within the NAc (Di Chiara and Imperato 1988; Wise and Rompre 

1989). Furthermore, the associated reinforcing effects of pharmacologically 

relevant levels of EtOH and nicotine within the pVTA has also been established 

(Exley et al. 2011; Hauser et al. 2014; Rodd-Henricks et al. 2000; Truitt et al. 

2014). The pVTA acts as a neural substrate where EtOH and nicotine are self-

administered and interact to enhance DA release in the NAc shell (Tizabi et al. 

2002, 2007; Rodd et al. 2010; Corrigall et al. 1994). It has been suggested that 

the hyperdopaminergic state induced by adolescent EtOH exposure could occur 

through both independent actions as well as through shared neurotransmitter 

systems of EtOH and nicotine. Repeated observations have identified 

neuroadaptations in the dopaminergic and cholinergic systems in adulthood 

following adolescent EtOH exposure (Crews et al. 2016). Alterations in DA 

function in adulthood is observed following voluntary consumption or 

experimenter administered EtOH during adolescence (Toalston et al. 2014; Sahr 

et al. 2004; Pascual et al. 2009). 
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A critical question of adolescent research is whether any observed 

consequence of EtOH exposure is specific to adolescence. Multiple reports now 

indicate that adolescent EtOH exposure produces unique adaptations in the 

dopaminergic system that are not observed following comparable adult 

consumption. Rats exposed to EtOH during adolescence expressed alterations in 

DRD1 and DRD2 during adulthood but adult rats treated with EtOH did not 

display comparable effects (Pascual et al. 2009; Coleman et al. 2011). In 

addition, an increased sensitivity of neuronal activity within a subset of VTA DA 

neurons to EtOH is observed specifically following adolescent EtOH self-

administration (Avegno et al. 2016). 

Importantly, it has also been demonstrated that after almost complete 

denervation of the NAc and the mesolimbic DA system, voluntary responding for 

EtOH failed to change (Rassnick et al. 1993). This undoubtedly suggests there 

are DA-independent neurochemical systems that contribute critically to mediating 

the reinforcing actions of EtOH and nicotine. The cholinergic system has also 

been shown to be especially susceptible to the effects of adolescent binge-like 

EtOH exposure. Numerous studies demonstrated long-lasting and global 

reductions in neurons expressing choline acetyltransferase (ChAT), a marker for 

cholinergic neurons and enzyme responsible for acetylcholine (ACh) 

biosynthesis, following an adolescent intermittent EtOH (AIE) binge protocol 

(Coleman et al. 2011; Ehlers et al. 2011; Vetreno et al. 2014). In addition to an 

overall reduction in neurons expressing ChAT, chronic EtOH reduced the 

endogenous function of ChAT, ACh uptake, and expression of 
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acetylcholinesterase (Arendt et al. 1989; Floyd et al. 1997). Alterations in the 

expression of nAChRs in multiple brain regions have also been reported (Figures 

17 and 18; McClintick et al. 2015, 2016; Hauser et al. 2019). These data add to 

the current findings indicating that the persistent reduction of ChAT produced by 

adolescent EtOH exposure results in a compensatory upregulation of nAChRs, 

specifically α7, in adult brains. 

 Voluntary EtOH consumption in adolescence, but not adulthood, 

produced lasting upregulation of α7 nAChRs in the pVTA as well as alterations to 

the actions of EtOH and nicotine at the α7 nAChR (Doyon et al. 2013; Hauser et 

al. 2019). The homomeric α7 nAChRs are strongly expressed presynaptically on 

glutamatergic afferents to the VTA and have been found to contribute to NMDA-

dependent LTP through a 20-fold greater permeability for calcium than the other 

nAChRs (Mansvelder and McGehee 2000; Mansvelder et al. 2002; Gao et al. 

2010). The involvement of glutamate and plasticity have been implicated in 

several drugs of abuse including EtOH and nicotine (Gipson et al. 2013; Berglind 

et al. 2009; Campbell et al. 2009; Wang et al. 2008). Specifically, glutamate 

signaling from the mPFC has been shown to play a significant role in both EtOH 

and nicotine addiction. Several studies have demonstrated that experience with 

EtOH increases AMPA receptor mediated synaptic transmission and can induce 

LTP of glutamatergic synaptic afferents onto VTA DA neurons (Stuber et al. 

2008; Oliva and Wanat 2016). This has also been associated with increased 

NMDA receptor expression as well as elevated phosphorylation of GluN2B 

receptor subtype (Pascual et al. 2009). Research also found elevated levels of 
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NR1 and GluR1 subunits, indicating higher levels of glutamate receptors, 

following long-term exposure to EtOH (Ortiz et al. 1995). Activation of nAChRs by 

nicotine induces rapid desensitization and internalization, of which α4β2* 

nAChRs are particularly susceptible (Fenster et al. 1997; Pidoplichko et al. 

1997). Despite the rapid transition of α7 nAChRs to a desensitized state, 

signaling can be spatially and temporally extended through interaction with 

heterotrimeric GTP-binding proteins (G proteins) via a G protein-binding cluster 

(GPBC) located on the receptor (Kabbani and Nichols, 2018). Specifically, 

evidence suggests an agonist induced α7 nAChR interaction with Gαq at the 

GPBC that activates a signaling pathway resulting in prolonged calcium 

transients and increased neurotransmitter release via inositol trisphosphate (IP3) 

receptor-induced calcium release (IICR; Kabbani and Nichols, 2018). This unique 

feature of α7 nAChRs could explain the enhanced dopaminergic response to 

nicotine by the associated increase in expression levels and subsequent 

glutamatergic signaling onto VTA DA neurons (Figures 15–18) following 

voluntary adolescent EtOH consumption. Collectively, enhanced DA release by 

nicotine during adulthood may be partly driven by increased levels of α7 nAChRs 

and subsequent prolonged excitatory signaling of glutamatergic inputs within the 

VTA. Future experiments hope to establish a causal link between α7 nAChR 

expression and the enhanced responsivity to nicotine within the mesolimbic 

system through pharmacological manipulations. 

The ability of EtOH and nicotine to cross sensitize is bidirectional. 

Adolescent, but not adult rats, administered nicotine consumed more EtOH 
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during adulthood than saline treated controls as well as an alteration in GABAA 

signaling (Thomas et al. 2018). Similarly, exposure to cigarette smoke enhances 

EtOH consumption during adolescence and adulthood (Burns and Procter, 

2013). The current data are first to indicate a persistent alteration in the 

neurochemical response to nicotine within the mesolimbic DA reward system 

following voluntary adolescent EtOH consumption. The research described 

above also suggests EtOH and nicotine actions can interact at specific sites, in 

addition to independent actions, to increase DA release within the NAc. Thus, for 

both nicotine and EtOH, adolescent exposure to drugs of abuse produce unique 

neuroadaptations that cross-sensitizes to others during adulthood. The 

upregulation of α7 nAChRs in the pVTA may be part of the biological basis for 

reports in humans that heavy adolescent EtOH use greatly enhances adult 

nicotine use (Dierker et al. 2013). 
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Chapter Four: Co-administration of ethanol and nicotine heightens 

sensitivity to ethanol reward within the nucleus accumbens (NAc) shell: 

increasing NAc shell BDNF is sufficient to enhance ethanol reinforcement 

in naïve rats 

 

Alcohol use disorder (AUD) most commonly presents as a polydrug 

disorder where greater than 85% are estimated to smoke with additional patients 

co-administering other drugs. Published research often ignores the complex 

nature of drug use in humans and relies heavily on studies examining ethanol 

(EtOH) alone. EtOH and nicotine (NIC) co-abuse or exposure results in unique 

neuroadaptations that are linked to behaviors that promote drug use. The current 

chapter contains experiments that were conducted to identify some of the unique 

neuroadaptations within the mesolimbic reward system produced by concurrent 

EtOH and NIC exposure. Furthermore, these studies aimed to determine whether 

these alterations impact subsequent EtOH reinforcement. The experiments used 

four overall groups consisting of vehicle, EtOH or NIC alone, and EtOH+NIC. The 

effects of drug exposure directly into the posterior ventral tegmental area (pVTA) 

on stimulated release of glutamate and dopamine in addition to protein 

expression of brain-derived neurotrophic factor (BDNF) in the nucleus 

accumbens (NAc) shell were determined. A second experiment investigated the 

effects of drug pretreatment within the pVTA on the reinforcing properties of 

EtOH within the NAc shell. The concluding experiment evaluated the effect of 

NAc shell pretreatment with BDNF on EtOH reward within that region. The data 
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indicated that only EtOH+NIC administration into the pVTA simultaneously 

increased glutamate, dopamine, and protein expression of BDNF in the NAc 

shell. Moreover, only pretreatment of the pVTA with EtOH+NIC enhanced the 

reinforcing properties of EtOH in the NAc shell. BDNF pretreatment in the NAc 

shell was also sufficient to enhance the reinforcing properties of EtOH in the NAc 

shell. The collected data suggest that concurrent EtOH+NIC exposure results in 

a distinct neurochemical response and neuroadaptations within the mesolimbic 

reward pathway that alter EtOH reward. The failure to develop successful 

pharmacotherapeutics for the treatment of AUD could be linked to examining 

potential targets in models that fail to reflect the neuroadaptations produced by 

polydrug exposure. 

 

Introduction 

Alcohol is the most commonly used drug of abuse worldwide and 

accounts for more than 5% of global deaths annually (WHO, 2018). Nearly 14% 

of the US population currently meets the diagnostic criteria for alcohol use 

disorder (AUD) which is associated with numerous adverse health, economic, 

and social consequences (Hasin and Grant 2015; Grant et al. 2015, 2017). 

Importantly, the majority of individuals with AUD have comorbid disorders 

involving other drugs of abuse. This includes an estimated 65 - 90% that also use 

tobacco products comprising the largest group of polysubstance abusers (Falk et 

al. 2006; Grant et al. 2015; Saha et al. 2018). The high comorbidity of alcohol 

and tobacco use is associated with more severe levels of dependency and 
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increased tendency to consume more of each drug (John et al. 2003; McKee et 

al. 2007). Additionally, concurrent use decreases the likelihood of initiating 

abstinence (Weinberger et al. 2013; Adams 2017). The propensity to consume 

alcohol and nicotine together creates an obstacle where each drug hinders 

successful cessation of the other.  

Despite the high levels of alcohol (EtOH) and nicotine (NIC) comorbidity in 

humans, preclinical research often focuses on investigating the effects of 

individual drugs of abuse. In order to develop successful therapeutics for AUD as 

a polydrug disorder, a better understanding of the mechanisms behind these 

associations is needed. It is necessary to examine the shared neurobiological 

mechanisms and subsequent effects on behavior by concurrent EtOH and NIC 

exposure, rather than individually. A growing body of research suggests the 

interactions between EtOH and NIC may stem from direct and indirect 

modulation of the mesocorticolimbic pathway as well as dysregulation of 

neurotransmitter regulatory systems (Van Skike et al. 2016). Previous research 

from our laboratory has demonstrated EtOH and NIC co-exposure consistently 

results in unique alterations to the mesocorticolimbic pathway that is not evident 

with either drug alone. For example, chronic self-administration of EtOH and NIC, 

but not equivalent amounts of EtOH or NIC alone, increases sensitivity to the 

reinforcing properties of NIC within the nucleus accumbens (NAc) shell. This 

chronic exposure also alters glutamate neurochemistry within the medial 

prefrontal cortex (Deehan et al. 2015). Tizabi and colleagues (2002, 2007) 

demonstrated that systemically administered EtOH and NIC generated an 
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additive effect when measuring stimulated dopamine release in the NAc shell. 

EtOH and NIC was likewise found to interact within the posterior ventral 

tegmental area (pVTA) and produce synergistic effects on drug reward in the 

pVTA (Truitt et al. 2015). Furthermore, a single administration of EtOH and NIC 

directly into the pVTA results in numerous gene changes within the NAc shell 

which was not observed following comparable acute administration of EtOH or 

nicotine alone (Truitt et al. 2015). Specifically, acute intra-pVTA co-exposure to 

EtOH and NIC produced a robust upregulation of brain-derived neurotrophic 

factor (bdnf) and a significant reduction in glial cell-derived neurotrophic factor 

(gdnf) mRNA in the NAc shell (Truitt et al. 2015). 

Few studies have investigated BDNF protein expression following 

exposure to EtOH and NIC within the mesolimbic pathway and how these 

changes may influence reward sensitivity. The NAc shell is well established as a 

critical brain region involved in motivated behaviors and reward (Sesack and 

Grace 2010). Preclinical models of EtOH and/or NIC associated drug-seeking 

and reward indicate the behavioral changes are potentially linked to altered 

neurotransmitter and BDNF levels in the NAc (Deehan et al. 2015; Truitt et al. 

2015). 

The overall hypothesis is that limited and concurrent exposure to EtOH 

and NIC results in distinct neurochemical responses within the mesolimbic 

system that facilitate the development of neuroadaptations and promote future 

drug self-administration. The goal of the present study was to characterize 

alterations in neurochemistry and behavior that are specific to co-exposure of 
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naïve animals to EtOH and NIC. The first experiment determined how acute 

intra-pVTA microinfusions of vehicle, EtOH, NIC, or EtOH+NIC stimulate 

dopamine and glutamate release within the NAc shell. Building on previous work, 

the second experiment determined alterations in BDNF protein levels of the NAc 

shell produced by acute or repeated intra-pVTA exposure to vehicle, EtOH, NIC, 

or EtOH+NIC as well as a temporal assessment of the observed effects. The 

biological consequence of concurrent exposure to EtOH+NIC was assessed by 

determining the effects of repeated intra-pVTA pretreatment with vehicle, EtOH, 

NIC, or EtOH+NIC on the reinforcing properties of EtOH in the NAc shell. The 

significant elevation in levels of BDNF was identified as a potential mediator for 

the enhancement of EtOH reward within the NAc shell following exposure to 

EtOH+NIC in the pVTA. Thus, exogenous BDNF was directly infused into the 

NAc shell to determine whether elevated levels of BDNF were sufficient to 

enhance EtOH reward and increase self-administration. 

 

Materials and methods 

Subjects 

Adult male Wistar rats (Envigo, Indianapolis, IN) were utilized in the 

current study. All animals were maintained in fully accredited facilities by the 

Association for the Assessment and Accreditation of Laboratory Animal Care. 

Research protocols were approved by the Indiana University School of Medicine 

Institutional Animal Care and Use Committee and followed the National Institutes 

of Health Guide for Care and Use of Laboratory Animals (NRCC. 2011). 
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Animals were received around post-natal day (PND) 70 and double-housed in 

plastic shoebox cages for at least 2 weeks prior to use. All rats were kept on a 

12-hour reverse light cycle with lights off at 0900. Food and water were available 

ad libitum to all animals throughout the experiment. Experiments were carried out 

following PND 90. 

 

EtOH and/or NIC microinjection-microdialysis and dialysate analysis 

The microinjection-microdialysis procedure was implemented as 

previously described (Ding et al. 2009, Toalston et al. 2014; Deehan et al. 2018). 

Briefly, rats were stereotaxically implanted with two ipsilateral guide cannulas in 

the right hemisphere. A 22-guage microinjection cannula (Plastics One, Inc., 

Roanoke, VA) was aimed 1.0 mm above the pVTA with an 18-guage 

microdialysis cannula implanted 3.0 mm above the NAc shell while under 

isoflurane anesthesia. Coordinates for the pVTA and NAc shell were AP -5.6 

mm, ML +2.1 mm, DV -8.2 mm and +1.4 mm, ML +2.2 mm, DV -5.3 mm, 

respectively (Paxinos and Watson, 1998). Cannulas were implanted at a 10° 

angle and inserted with sterile stylets while no experiments were being carried 

out to prevent blockage and infection. After surgery, rats were single housed in 

new shoebox cages and allowed one week of recovery. Rats were also 

habituated to the experimental housing and handled daily during this time. 

Loop-style microdialysis probes were constructed as previously described 

with an active length of 2.0 mm and molecular weight cut-off of 13 kDa (Kohl et 

al. 1998; Engleman et al. 2000; Ding et al. 2009; Toalston et al. 2014). Rats were 
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placed under isoflurane anesthesia and the microdialysis probes were inserted 

into the NAc shell by extending 3.0 mm below the guide cannula. The 

microinjection-microdialysis procedure was carried out the following day. 

All experiments were carried out in awake freely moving animals. Subjects were 

placed in the experimental housing and the microdialysis probes were connected 

to a syringe pump to continuously perfuse the NAc shell with artificial 

cerebrospinal fluid (aCSF) at a rate of 1 µL/minute. Microdialysis aCSF was 

made up of 140.0 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, 2.0 mM Na2HPO4 • 

7H2O, and 1.0 mM MgCl2 with a pH 7.2 to 7.4. Samples were collected in 20-

minute intervals beginning with five baseline samples that start follow a 90-

minute washout period. 

Rats received challenge microinjections directly into the pVTA consisting 

of aCSF, EtOH only, NIC only or combinations of EtOH and NIC. Nicotine HCl 

(Sigma-Aldrich, St. Louis, MO) concentrations were calculated based on the salt. 

Ethyl alcohol (95.0%; McCormick Distilling Co., Weston, MO) was diluted to the 

desired concentration with aCSF. Treatment groups are as follows: aCSF, 100 

mg% EtOH, 150 mg% EtOH, 10 μM NIC, 50 μM NIC, 100 mg% EtOH+10 μM 

NIC, or 150 mg% EtOH+50 μM NIC. Drug concentrations were selected based 

on previous intracranial self-administration (ICSA) studies within the pVTA (Gatto 

et al. 1994; Rodd et al. 2004; Hauser et al. 2014a; Truitt et al. 2015). Lower drug 

doses represent “subthreshold” levels that are not readily self-administered. 

Higher doses considered “suprathreshold” have been consistently shown to be 

reinforcing and are self-administered at levels significantly greater than vehicle 
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controls. Passive microinjections were carried out with an electrolytic 

microinfusion transducer (EMIT) system (Rodd-Henricks et al. 2000; Ding et al. 

2009). Subjects underwent 30 pulse injections during a 10-minute period 

designed to match ICSA levels (Rodd-Henricks et al. 2000; Toalston et al. 2014). 

Pulse injections infused 100 nl over 5 seconds that was followed by a 15-second 

timeout for a total of 3 µl. 

Following the intra-pVTA microinjection challenge, six 20-minute samples 

of dialysate samples were also collected from the NAc shell into tubes containing 

five µl of 0.1 N perchloric acid. Samples were frozen on dry ice and stored at -80 

°C until analysis for dopamine and glutamate content with high performance 

liquid chromatography (HPLC). The current microdialysis study utilized 57 male 

Wistar rats. Subjects were randomly assigned to one of seven microinjection 

conditions with n = 7–10/group for dopamine analysis and n = 6–9/group for 

glutamate analysis. 

Dopamine content was determined as described previously with a 

reversed-phase HPLC system and electrochemical detection (Engleman et al. 

2000, 2006; Ding et al. 2009; Toalston et al. 2014). Dialysate samples were 

loaded into a 10 µl loop and injected onto an analytical column (Hypersil BDS 

C18, 150 mm x 2.1 mm, 3 µm, Thermo Fisher Scientific, Waltham, MA). Mobile 

phase was made up of 0.1 mM EDTA, 8 mM KCl, 50 mM phosphoric acid, 100 

mg/L OSA, and 10% MeOH with a pH of 6.0. Detection occurred with a glassy-

carbon electrode and an amperometric detector. The oxidation potential was set 

at 350 mV with a sensitivity of 100 pA/V (Decade II EC Detector, Antec Scientific, 
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Netherlands). Dopaminergic signal analysis was resolved with ChromePerfect 

chromatography data system (Justice Innovations, Inc., Palo Alto, CA). 

Extracellular glutamate concentrations were also determined using a 

reversed-phase HPLC system with electrochemical detection as described 

previously (Donzanti and Yamamoto 1988; Ding et al. 2012, 2013; Deehan et al. 

2015). Precolumn glutamate derivatization was carried out on 5 µl of dialysate 

with o-phthalaldehyde and performed using an ESA Model 542 autosampler 

(ESA, Inc., Chelmsford, MA). Mobile phase was composed of 35% MeOH and 

100 mM Na2HPO4 • 7H2O with a pH of 6.75. Samples were injected onto a 

Hypersil ODS C18 column (150 mm x 2.1 mm, 3 µm, Thermo Fisher Scientific, 

Waltham, MA). Separation and detection of glutamate was done with an 

amperometric detector (BAS LC-4C, Bioanalytical Systems, Inc., West Lafayette, 

IN) with the oxidation potential of 550 mV and sensitivity of 0.2 µA. Glutamatergic 

signal analysis was again determined with ChromePerfect data system (Justice 

Innovations, Inc., Palo Alto, CA). 

 

EtOH and/or NIC microinjections, tissue preparation, and BDNF ELISA 

A separate cohort of male Wistar rats were stereotaxically implanted with 

a guide cannula aimed at the pVTA. The same passive microinjection protocol 

and EMIT units outlined in the microinjection-microdialysis procedure were used 

to administer aCSF, EtOH only, NIC only or combinations of EtOH and NIC 

directly to the pVTA (n = 77). Additionally, rats either underwent a single (acute) 

microinjection session or one microinjection session every day (repeated) for 
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seven consecutive days with n = 4–8/group (Figure 21, top panel). Single session 

treatment groups include aCSF, 100 mg% EtOH, 150 mg% EtOH, 10 μM NIC, 50 

μM NIC, 100 mg% EtOH+10 μM NIC, or 150 mg% EtOH+50 μM NIC. Repeated 

microinjection session groups consisted of the same treatments. Following pVTA 

pretreatment, rats were returned to home-cage for 3 or 24 hours. 

At the assigned time points, rats were deeply anesthetized with isoflurane 

and rapidly decapitated. Brains were removed immediately and flash frozen in 

isopentane on dry ice. Brains were stored at -80 °C until ready for analysis. Serial 

coronal sections at a thickness of 300 μm were collected with a freezing 

microtome. Micro-punches containing the ipsilateral NAc shell were obtained 

using a 1 mm diameter Harris micro-punch (Electron Microscopy Sciences, 

Hatfield, PA) as previously described (McBride et al. 2009; Ding et al. 2013). The 

tissue was immediately homogenized in 150 µl of ice-cold N-PER lysis buffer with 

Halt Protease inhibitor cocktail (Thermo Scientific, Waltham, MA). Samples were 

incubated at 4 °C for 20 minutes on a nutator followed by centrifugation at 10,000 

x g for 20 minutes. Supernatant protein content was measured with the Pierce 

BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). Protein concentrations 

were determined with 10 µl of lysate and 200 µl of working reagent on a 

microplate reader (Bio-Rad, Hercules, CA). Samples were analyzed in duplicate 

and absorbance values averaged. The levels of BDNF in the NAc shell were 

determined with a rat ELISA kit for BDNF from RayBiotech, Inc. (Norcross, GA) 

according to the manufacturer’s guidelines. ELISA samples were run in duplicate 

and absorbance values normalized to total protein content. 
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EtOH and/or NIC microinjections and ICSA 

 Another cohort of male Wistar rats were stereotaxically implanted with 

microinjection cannulas placed ipsilaterally 1.0 mm dorsal to the pVTA as well as 

the NAc shell. The NAc shell coordinates for this experiment were different than 

those of the microdialysis study with +1.4 mm, ML +2.2 mm, DV -7.3 mm relative 

to bregma (Paxinos and Watson, 1998). The EMIT units and passive 

microinjection protocol were again utilized to administer aCSF, EtOH only, NIC 

only, or EtOH and NIC. Subjects were randomly assigned to undergo one or 

seven microinjection sessions for aCSF, 100 mg% EtOH, 10 μM NIC, or 100 

mg% EtOH+10 μM (n = 105). Following the final pretreatment session, rats were 

maintained in home-cage for 2 days prior to initiating ICSA testing for EtOH 

reward in the NAc shell (Figure 21, bottom panel). 

 Standard two-lever operant chambers contained within sound attenuating 

boxes were used in all ICSA experiments as described previously (Rodd et al. 

2004; Engleman et al. 2009; Hauser et al. 2014a; Toalston et al. 2014; Deehan 

et al. 2015; Truitt et al. 2015). The EMIT system was used to control 

microinfusions of drug or vehicle. On testing days, subjects had stylets removed 

and an airtight tank fitted with an injection cannula containing the designated 

infusate tightened onto the NAc shell guide cannula extending 1.0 mm past the 

end. A single, non-contingent administration of infusate was delivered during 

insertion of the injector to prime the system and avoid trapping air. ICSA test 

sessions occurred every other day and lasted 4 hours. The position of active 

lever and inactive lever were counterbalanced between subjects but remained 
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the same for individual rats. Throughout the 4-hour session, depression of the 

active lever, set to a fixed ratio-1 (FR1) schedule of reinforcement, delivered a 

100 nl infusion over the course of 5 seconds followed by a 5 second timeout. 

During this period, responses on the active lever did not generate additional 

infusions but were recorded. Responses on the inactive lever were always 

recorded but did not cause an infusion. Subjects were randomly assigned aCSF, 

75 mg% EtOH, or 125 mg% EtOH to self-administer into the NAc shell with n = 

6–10/pretreatment/EtOH concentration. As done with the previous experiments 

targeting the pVTA, the EtOH doses for ICSA were chosen based on previous 

work investigating EtOH reward specifically within the NAc shell of female P rats 

(Engleman et al. 2009). Subjects received their respective doses of aCSF or 

EtOH during acquisition sessions 1 through 4. All subjects then received only 

aCSF during extinction sessions 5 and 6. The original concentration was then 

made available during session 7 for reinstatement. The vehicle control group 

received only infusions of aCSF for all seven sessions. 

 

BDNF microinjections and ICSA 

 A final cohort of male Wistar rats were stereotaxically implanted with a 

single microinjection cannula aimed 1.0 mm dorsal to the NAc shell (+1.4 mm, 

ML +2.2 mm, DV -7.3 mm, 10° angle). Rats were single housed after surgery and 

allowed at least one week of recovery. During this time, rats were habituated to 

the testing chambers and handled daily. Microinjections of BDNF (0 or 0.125 µg) 

into the NAc shell were delivered using a PHD ULTRA syringe pump (Harvard 
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Apparatus, Holliston, MA) in a volume of 1.0 µl administered over 2 minutes, with 

the injector left in place for an additional 2 minutes to allow sufficient diffusion. 

Recombinant human BDNF (Sigma-Aldrich, St. Louis, MO) was prepared in 

aCSF immediately prior to microinfusion. Doses of BDNF were chosen based on 

previously published reports (Lu et al. 2004; Vargas-Perez et al. 2014; Bobadilla 

et al. 2018; Haun et al. 2018). 

 Subjects were randomly assigned to undergo one or seven microinfusion 

sessions for aCSF or BDNF (n = 61). Rats were then maintained in home cage 

for 2 days prior to beginning the ICSA protocol for EtOH reward in the NAc shell 

described for the previous experiment (Figure 21, bottom panel). Rats were 

randomly assigned to self-administer aCSF, 75 mg% EtOH, or 125 mg% EtOH 

with n = 6–8/pretreatment/EtOH concentration. During the first four sessions, 

subjects received their assigned doses of aCSF or EtOH. Only aCSF was 

available to self-infuse during sessions 5 and 6. During session 7, the original 

concentration of aCSF or EtOH was made available. The control group only 

received infusions of aCSF for all seven sessions. 

 

Histology 

Upon completion of the experiments, rats were euthanized and a 1% 

solution of bromophenol blue was infused into each cannula. Brains were quickly 

removed, frozen on dry ice, and stored at -80 °C until examined. Serial sections 

were collected with a thickness of 40 µm on a cryostat microtome for verification 

of microdialysis probe, microinjection, and/or ICSA placements. Cannula 
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placements determined to be outside the region of interest were excluded from 

further analysis. 

 

Statistical Analysis 

Microdialysis data are expressed as a percentage of basal extracellular 

dopamine and glutamate values to correct for subject-to-subject variability 

(Engleman et al. 2000). Basal baseline values for dialysate were calculated as 

the mean of the three samples collected prior to the challenge microinjection. 

The effects of pVTA EtOH, NIC, or EtOH+NIC microinjections on extracellular 

dopamine and glutamate were analyzed using a Time × Treatment mixed 

analysis of variance (ANOVA). Post-hoc comparisons to identify significance 

were Student’s two-tailed t for within group differences or Tukey’s b for between 

group differences. BDNF protein levels were normalized to total protein content 

for each sample and presented as a percentage of control treatments. Data were 

analyzed with mean BDNF pg/mg protein calculated for each treatment group. 

BDNF protein levels were comparable to those previously reported for the NAc 

(Liu et al. 2018). These values were then compared using a univariate ANOVA (p 

< 0.05). The ICSA data were analyzed with a Pretreatment × EtOH Dose × 

Session mixed ANOVA on the mean number of self-infusions during sessions 1–

4. Additionally, responses on active and inactive levers were examined for each 

group with a Pretreatment × EtOH Dose × Session × Lever mixed ANOVA with 

repeated measures on session and lever. Post hoc tests were used when 

significant main effects were found (p < 0.05). Extinction was determined through 
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comparison of active lever responses during sessions 4–6. Reinstatement was 

identified by comparing responses on the active lever during sessions 5–7. 

 

Results 

Microinjection-Microdialysis 

Dopamine levels in the NAc shell dialysate had a mean of 1.31 ± 0.11 nM 

during baseline sample collection and were comparable to previous reports 

(Engleman et al. 2000; Ding et al. 2009; Deehan et al. 2018). Mean levels of 

glutamate during baseline were 1.42 ± 0.22 µM and are also consistent with past 

studies (Ding et al. 2016). Importantly, microdialysis can only provide an accurate 

assessment of extracellular neurotransmitter levels through a quantitative No-

Net-Flux protocol that was not applied in the present study. 

The overall analysis for stimulated dopamine release revealed a 

significant Time × Treatment interaction term (F48,400 = 2.38; p < 0.001; Figure 

19). Individual ANOVAs indicate a significant effect of Treatment during the first 

three sample periods following microinjection (F values > 2.49; p values < 0.04). 

Tukey’s b post-hoc comparisons found that only rats treated with combinations of 

EtOH and NIC (100 mg% EtOH+10 μM NIC and 150 mg% EtOH+50 μM NIC) 

had significantly higher dopamine levels within the NAc shell than rats treated 

with aCSF during the first sample period. During the second and third 20-minute 

samples, rats treated with 100 mg% EtOH+10 μM NIC had significantly elevated 

dopamine levels compared to aCSF controls. 
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Figure 19. Average change in DA of rats microinjected with EtOH and/or NIC. 
Depicts the mean (+SEM) percent change in DA levels (n = 7–10/group) within 
the NAc shell of rats receiving intra-pVTA infusions of aCSF control, 100 mg% 
EtOH, 150 mg% EtOH, 10 μM NIC, 50 μM NIC, 100 mg% EtOH+10 μM NIC, or 
150 mg% EtOH+50 μM NIC. Treatment groups were analyzed together but 
presented separately for clarity. Asterisk (*) indicates significantly elevated DA 
levels in both EtOH+NIC treated groups compared to aCSF controls. Plus sign 
(+) indicates 150 mg% EtOH+50 μM NIC and 150 mg% EtOH treatment groups 
were significantly higher than respective baseline levels. 
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Within-subject examination of individual microinjection groups revealed a 

significant effect of 150 mg% EtOH (F8,48 = 2.95; p = 0.009), 10 μM NIC (F8,56 = 

7.15; p < 0.001), 50 μM NIC (F8,56 = 2.23; p = 0.038), 100 mg% EtOH+10 μM NIC 

(F8,72 = 9.12; p < 0.001), and 150 mg% EtOH+50 μM NIC (F8,48 = 6.51; p < 

0.001). Compared to corresponding baseline levels, 10 μM NIC (t7 = 3.96, p = 

0.005) and 50 μM NIC (t7 = 5.26, p = 0.001) significantly increased extracellular 

dopamine during the first sample to 137% and 125%, respectively. Additionally, 

150 mg% EtOH and 150 mg% EtOH+50 μM NIC (t values > 2.61, p values < 

0.04) significantly increased dopamine levels over baseline during the first and 

second sample periods. Finally, post hoc comparisons of rats treated with 100 

mg% EtOH+10 μM NIC indicated dopamine levels of the first three post 

microinjection samples were significantly higher than baseline (t values > 2.38, p 

values < 0.05) at 201%, 172%, and 163%. 
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Figure 20. Average change in glutamate of rats microinjected with EtOH and/or 
NIC. Depicts the mean (+SEM) percent change in glutamate levels (n = 6–
10/group) within the NAc shell of rats receiving intra-pVTA infusions of aCSF 
control, 100 mg% EtOH, 150 mg% EtOH, 10 μM NIC, 50 μM NIC, 100 mg% 
EtOH+10 μM NIC, or 150 mg% EtOH+50 μM NIC. Treatment groups were 
analyzed together but presented separately for clarity. Dagger (†) indicates 
significantly higher glutamate levels in both EtOH+NIC treated groups than all 
other treatment groups. Carrot (^) indicates significantly greater glutamate levels 
in both EtOH+NIC treated groups than those treated with 10 μM NIC or 50 μM 
NIC. 
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Repeated-Measure ANOVA of stimulated glutamate release indicated a 

significant effect of Time × Treatment interaction (F48,376 = 2.28; p < 0.001; Figure 

20). Reducing the interaction term to individual ANOVAs performed for each 

sample time period revealed significant differences between the treatment 

groups during the first four samples collected post-microinjection (F values > 

2.52; p values < 0.04). Tukey’s b post hoc comparisons indicated during the first 

20-minute sample period that rats microinjected with combinations of EtOH and 

NIC had significantly elevated glutamate levels compared to all other treatment 

groups. During the second 20-minute time period following microinjections, post 

hoc comparisons revealed glutamate levels in the NAc shell were higher in rats 

treated with combinations of EtOH and NIC compared to rats that received 10 μM 

NIC or 50 μM NIC. The third 20-minute time period following microinjections 

indicated glutamate levels in the NAc shell were elevated only in rats treated with 

100 mg% EtOH+10 μM NIC compared to rats that received 150 mg% EtOH. The 

fourth post-microinjection sample collected indicated that glutamate levels were 

higher in rats that received 100 mg% EtOH+10 μM NIC compared to the 10 μM 

NIC treatment group. Within-subject examination of individual microinjection 

treatments revealed a significant effect of 100 mg% EtOH+10 μM NIC (F8,64 = 

4.48; p < 0.001) and 150 mg% EtOH+50 μM NIC (F8,40 = 7.88; p < 0.001). Post 

hoc comparisons indicated glutamate levels within the NAc shell of the first post 

microinjection sample were significantly greater than baseline (t values > 3.97, p 

values < 0.003) at 140% and 143%. 
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Figure 21. Illustration of the experimental timelines. Top panel: Experimental timeline that investigated the effect of 1 
(acute) or 7 (repeated) intra-pVTA microinjection sessions on NAc shell BDNF protein levels. Treatment groups included 
doses of EtOH and/or NIC (aCSF control, 100 mg% EtOH, 150 mg% EtOH, 10 μM NIC, 50 μM NIC, 100 mg% EtOH+10 
μM NIC, or 150 mg% EtOH+50 μM NIC). Bottom panel: Experimental timeline to determine the effects of repeated 
microinjection sessions of aCSF, EtOH, NIC, EtOH+NIC, or BDNF on EtOH reward in the NAc shell.
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NAc shell BDNF following intra-pVTA drug pretreatment 

Previous research has demonstrated significant changes to neurotrophic 

gene expression within the NAc shell following microinjections of EtOH and NIC 

directly into the pVTA. In order to expand on these results, an ELISA kit was 

used to assess BDNF protein levels in the NAc shell of rats treated with sub- and 

suprathreshold doses of EtOH and/or NIC within the pVTA. The results indicate 

that only combinations of EtOH and NIC microinjected directly into the pVTA 

significantly increased BDNF protein in the NAc shell compared to aCSF 3 hours 

following treatment (F6,43 = 4.66, p = 0.001; Figure 22, top panel). Microinjection 

of subthreshold or suprathreshold EtOH+NIC increased NAc shell BDNF to 179% 

and 168% of aCSF levels, respectively. Microinjections of EtOH only and NIC 

only showed no change to BNDF levels. The next experiment aimed to determine 

whether the significantly elevated BDNF is sustained over repeated exposure to 

EtOH+NIC or was a transient phenomenon. Repeated microinjection sessions of 

subthreshold EtOH+NIC into the pVTA were found to consistently increase the 

protein expression of BDNF in the NAc shell 3 hours after the final session over 

both acute and repeated aCSF treatments (F4,26 = 3.11, p = 0.032; Figure 22, 

middle panel). Next, BDNF levels in the NAc shell were determined 24 hours 

after both acute and repeated microinjection sessions of EtOH+NIC. The data 

indicated that repeated microinjections of EtOH+NIC into the pVTA resulted in a 

lasting elevation of BDNF in the NAc shell at 24 hours that was not present after 

a single administration of EtOH+NIC (F2,21 = 11.37, p < 0.001; Figure 22, bottom 

panel). 
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Figure 22. Average change in BDNF relative to aCSF controls of rats 
microinjected with EtOH and/or NIC. Top Panel: Mean (+SEM) BDNF levels in 
the NAc shell relative to aCSF controls 3 hours following a single microinjection 
session into the pVTA (n = 5–8/group). Middle Panel: Mean (+SEM) BDNF levels 
in the NAc shell relative to aCSF controls 3 hours following 7 microinjection 
sessions into the pVTA (n = 6–8/group). Bottom Panel: Mean (+SEM) BDNF 
levels in the NAc shell relative to aCSF controls 24 hours following 1 or 7 
microinjection sessions into the pVTA (n = 4–6/group). Asterisk (*) indicates 
significantly greater BDNF levels compared to aCSF controls. 
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EtOH reward in the NAc shell following intra-pVTA drug pretreatment 

A mixed ANOVA was conducted on the average number of infusions 

received during the first four acquisition ICSA sessions of rats pretreated with 

intra-pVTA EtOH and/or NIC (Figure 23, top panel). The analysis revealed a 

significant Pretreatment × EtOH Dose interaction (F6,77 = 3.89, p = 0.002). 

Reducing the interaction term was performed by examining the average number 

of infusions for each EtOH dose. Rats allowed to self-administer aCSF or 125 

mg% EtOH showed no effect of pretreatment on the number of infusions 

received (F values < 0.59; p values > 0.63). Conversely, there was a significant 

difference in rats allowed to self-administer a subthreshold EtOH dose of 75 

mg% between rats pretreated with repeated EtOH+NIC and those pretreated with 

repeated aCSF, EtOH only, or NIC only (F3,26 = 9.15, p < 0.001). Tukey’s b post 

hoc indicated that rats pretreated with repeated EtOH+NIC received significantly 

more self-infusions than all other groups (Figure 23, top panel). In rats pretreated 

with repeated aCSF, EtOH, or NIC, there was a significant effect of EtOH dose 

on the number of self-infusions (F values > 6.27; p values < 0.01). Post hoc 

comparisons revealed that rats pretreated with repeated aCSF, EtOH, or NIC 

self-infused significantly more of the 125 mg% EtOH suprathreshold dose 

compared to infusions of aCSF or subthreshold 75 mg% EtOH. In rats pretreated 

with repeated EtOH+NIC, there was also a significant effect of EtOH dose on the 

number of self-infusions (F2,16 = 9.56, p = 0.002). Interestingly, post hoc 

comparisons indicated that rats given repeated EtOH+NIC pretreatment self-
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infused significantly more 125 mg% EtOH as well as the subthreshold 75 mg% 

EtOH dose compared to aCSF self-infusions. 

The number of active and inactive lever responses across the 7 ICSA 

sessions were examined and revealed a significant Pretreatment × EtOH Dose × 

Lever × Session interaction term (F36,456 = 3.90, p < 0.001). Overall analysis of 

inactive lever responses indicated no significant interaction Pretreatment × EtOH 

Dose × Session interaction (F36,456 = 0.83, p = 0.743). However, analysis of 

active lever responses revealed a significant Pretreatment × EtOH Dose × 

Session interaction (F36,456 = 2.69, p < 0.001). Further investigation of active lever 

responses by all pretreatment groups allowed to self-administer aCSF or 125 

mg% EtOH into the NAc shell did not indicate significant interactions of 

Pretreatment × Session (F values < 0.73, p > 0.774). Examining active lever 

responses by all pretreatment groups allowed to self-administer 75 mg% EtOH 

revealed a significant Pretreatment × Session interaction (F18,156 = 5.27, p < 

0.001). Performing individual ANOVAs on active lever responses for 75 mg% 

EtOH in each session indicated significant differences for all sessions (F3,26 

values > 5.09, p < 0.007) except during extinction sessions 5 and 6 (F3,26 values 

< 1.09, p > 0.371). Tukey’s b post hoc analysis revealed that rats pretreated with 

repeated EtOH+NIC responded significantly more on the active lever for 75 mg% 

EtOH than all other groups during sessions 1–4 and 7. 
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Figure 23. Average number of EtOH self-infusions into the NAc shell by rats 
pretreated with aCSF, EtOH and/or NIC, or BDNF. Top Panel: Mean (+SEM) 
number of self-infusions of EtOH during the first 4 ICSA sessions by rats 
pretreated with 7 microinjection sessions of aCSF, EtOH, NIC, or EtOH+NIC (n = 
4–8/group). Middle Panel: Mean (+SEM) number of self-infusions of EtOH during 
the first 4 ICSA sessions by rats pretreated with 7 microinjection sessions of 
aCSF or BDNF (n = 6–8/group). Bottom Panel: Mean (+SEM) number of self-
infusions of a subthreshold EtOH dose during the first 4 ICSA sessions by control 
rats pretreated with a single microinjection session of aCSF, EtOH+NIC, or 
BDNF (n = 8/group). Asterisk (*) indicates significantly more self-infusions of 75 
mg% EtOH compared to all other pretreatment groups. Plus sign (+) indicates 
significantly more self-infusions than corresponding pretreatment groups allowed 
to self-administer aCSF. 
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EtOH reward in the NAc shell following repeated intra-NAc BDNF 

pretreatment 

Next, a mixed ANOVA was conducted on the average number of infusions 

received over the first four ICSA sessions of rats pretreated with intra-NAc shell 

BDNF or aCSF (Figure 23, middle panel). The analysis revealed a significant 

interaction of Pretreatment × EtOH Dose (F2,39 = 5.11, p = 0.011). The interaction 

term was then reduced by examining the average number of infusions for each 

EtOH dose. There was no effect of pretreatment found on number of infusions 

received by rats allowed to self-infuse aCSF or 125 mg% EtOH (F values < 0.74, 

p values > 0.406). However, there was a significant difference found in rats 

allowed to self-administer the subthreshold dose of 75 mg% EtOH between those 

pretreated with repeated BDNF and rats that received repeated aCSF (F1,11 = 

6.05, p = 0.032). Tukey’s b post hoc analysis revealed rats pretreated with BDNF 

had significantly more self-infusions than aCSF pretreated rats. The Pretreatment 

× EtOH Dose interaction term was then reduced by investigating the average 

number of infusions for each pretreatment. In rats that received repeated intra-

NAc shell infusions of aCSF, there was a significant effect of EtOH dose on the 

number of self-infusions (F2,20 = 10.60, p = 0.001). Post hoc comparisons 

indicated that rats pretreated with repeated aCSF within the NAc shell self-

infused significantly more 125 mg% EtOH compared to infusions of aCSF or 

subthreshold 75 mg% EtOH. Rats that underwent repeated BDNF infusions also 

showed a significant effect of EtOH dose on the number of self-infusions (F2,19 = 

64.84, p < 0.001). Tukey’s b post hoc analysis revealed that unlike repeated 
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aCSF pretreatment, repeated BDNF pretreated rats received significantly more 

self-infusions for both the subthreshold 75 mg% EtOH dose as well as the 

suprathreshold dose of 125 mg% EtOH. 

Responses across the 7 ICSA sessions on the active and inactive levers 

revealed a significant overall interaction term of Pretreatment × EtOH Dose × 

Lever × Session (F12,228 = 2.26, p = 0.01). Reducing this interaction with analysis 

of inactive lever responses indicated no significant effect of Pretreatment × EtOH 

Dose × Session (F12,228 = 1.39, p = 0.173). Next, active lever responses were 

examined and further analysis indicated a significant Pretreatment × EtOH Dose 

× Session interaction (F12,228 = 2.19, p = 0.013). Additional analysis of active lever 

responses by rats allowed to self-administer aCSF into the NAc shell did not 

indicate a significant interaction of Pretreatment × Session (F6,84 = 0.61, p = 

0.723). However, examination of active lever responses by BDNF or aCSF 

pretreated groups allowed to self-administer 75 mg% EtOH or 125 mg% EtOH 

revealed significant Pretreatment × Session interactions (F6,66 = 2.77, p = 0.021 

and F6,78 = 2.64, p = 0.022; respectively). Though rats pretreated with repeated 

BDNF had higher mean responses on the active lever than those pretreated with 

aCSF during all sessions, individual ANOVAs performed on active lever 

responses for 75 mg% EtOH revealed only statistically significant differences 

during sessions 2 and 7 (F values > 12.07, p values < 0.005). Analysis of active 

lever responses for 125 mg% EtOH indicated session 5 was significantly different 

between BDNF and aCSF pretreated groups. 
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A final analysis aimed to determine whether single microinjection sessions 

of intra-NAc shell BDNF, intra-pVTA 100 mg% EtOH+10 μM NIC, and 

corresponding aCSF controls altered subthreshold EtOH self-administration 

within the NAc shell (Figure 23, bottom panel). The results indicate no significant 

difference between pretreatment groups and self-infusion rates at similar levels 

to control groups from previous experiments (F3,28 = 1.32, p = 0.287; Figure 23). 

 

Discussion 

The results of the present study indicate that co-administration of 

EtOH+NIC directly into the pVTA induced a distinct neurochemical response, 

compared to either drug alone, within the NAc shell (Figures 19, 20, 22, and 23). 

A single intra-pVTA microinjection session of EtOH+NIC produced significant 

increases in dopamine, glutamate, and BDNF that were not present for either 

drug alone. Moreover, repeated exposure to EtOH+NIC resulted in a significant 

elevation of endogenous BDNF in the NAc shell lasting at least 24 hours that was 

not seen after a single pretreatment session. This repeated intra-pVTA exposure 

to EtOH+NIC also produced an enhancement of EtOH reward within the NAc 

shell (Figure 22). Repeated microinfusions of exogenous BDNF into the NAc 

shell recapitulated the increased sensitivity to the reinforcing properties of EtOH 

within the NAc shell produced by intra-pVTA pretreatment with EtOH+NIC. 

Collectively, these results indicate that co-administration of EtOH+NIC functions 

within the pVTA to generate discrete responses and subsequent 
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neuroadaptations of the NAc shell via BDNF that augment EtOH reward in that 

region. 

 It is well established that exposure to EtOH or NIC elevates VTA neuronal 

activity and is associated increased dopamine release within the NAc shell (Di 

Chiara and Imperato 1988; Lecca et al. 2006; Ding et al. 2009; Robinson et al. 

2009). Furthermore, combinations of EtOH and NIC have been shown to interact 

within the VTA to enhance dopaminergic activity and increase NAc shell 

dopamine release beyond the levels of either drug alone (Figure 19; Clark and 

Little 2004; Tizabi et al. 2002, 2007). The mechanisms responsible for the 

exaggerated dopamine response produced by EtOH+NIC could be through 

interactions with shared neurotransmitter systems in addition to independent 

actions. A specific site of interaction between nicotine and EtOH within the pVTA 

occurs through α6-containing nicotinic receptors, which with sufficient activation 

initiates a signaling cascade resulting in enhanced AMPA receptor function 

(Engle et al. 2015). Other neuronal nicotinic acetylcholine receptors (nAChRs) 

have been investigated as sites contributing to the disproportionate co-use of 

EtOH and NIC (Tizabi et al. 2002, 2007; Van Skike et al. 2016; Adams 2017). 

Within the VTA, nAChRs are expressed on dopamine, GABA, and glutamate 

neurons and the distinct subunit combinations alter channel properties as well as 

agonist binding. Importantly, the high-affinity α4β2 is most densely expressed on 

dopaminergic VTA neurons while the α7-homomeric nAChRs are primarily 

located on excitatory glutamatergic terminals that synapse on dopamine neurons. 

Both of which have been demonstrated to increase dopamine signaling via 
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activation by EtOH and/or NIC (reviewed in Morel et al. 2018). Evidence 

suggests that EtOH may potentiate the actions of most nAChRs, through 

stabilization of the receptor open state, while inhibiting nicotine-induced receptor 

desensitization (Aistrup et al. 1999; Marszalec et al. 1999; Zuo et al. 2004). 

Furthermore, another member of the Cys-loop ion channel superfamily, the 

serotonin-3 (5-HT3) receptor, has been implicated as a convergent site of action 

for EtOH and NIC (Lovinger and White 1991; Breitinger et al. 2001; Rodd et al. 

2007, 2010; Hauser et al. 2014b). EtOH increases the excitatory action of 5-HT3 

receptor activation and promotes stimulated dopamine release within the 

mesolimbic system (Campbell et al. 1996; Rodd et al. 2010). Together, evidence 

suggests intra-pVTA co-administration of EtOH and NIC interact and promote 

enhanced dopamine release within the NAc shell over either drug alone through 

convergent actions on specific nAChRs and 5-HT3 receptors. 

 It has been suggested that glutamatergic inputs of the NAc play a critical 

role in the initiation and learning of drug-seeking behaviors (Spencer et al. 2016). 

These projections into the NAc are involved in stimuli response to previously 

established associations and cues (Scofield et al. 2016). Several studies have 

demonstrated alterations in basal extracellular glutamate levels or clearance 

rates within the NAc following both voluntary and forced chronic exposure to 

EtOH and/or NIC (Figure 20; Reid et al. 2000; Liechti et al. 2007; Lallemand et al. 

2011; Ding et al. 2013; Griffin et al. 2014; Carcoba et al. 2018). The significant 

increase seen here of stimulated glutamate release within the NAc shell of only 

naïve rats exposed to intra-pVTA EtOH+NIC suggests a transient alteration in 
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post-synaptic glutamate signaling. The prior studies examining NAc shell basal 

glutamate levels demonstrated changes in glutamatergic regulatory genes or 

proteins following chronic, repeated exposure or withdrawal conditions providing 

support for the reported results (Ding et al. 2013; Griffin et al. 2014; Carcoba et 

al. 2018). The present study reveals a response to EtOH+NIC under acute 

conditions by naïve rats suggesting a unique pVTA activation profile that occurs 

immediately and is a distinct response than either drug alone. The simultaneous 

increase of both dopamine and glutamate, specific to EtOH+NIC, provides some 

explanation for the subsequent gene changes and neurochemical alterations 

within the NAc shell found in previous work (Deehan et al. 2015; Truitt et al. 

2015). 

A single co-administration of EtOH+NIC combinations into the pVTA 

results in significantly increased BDNF protein in the NAc shell at three hours 

post-treatment (Figure 22). Repeated exposure to EtOH+NIC was found to result 

in BDNF increases lasting more than 24 hours, which was not observed following 

equivalent treatment of EtOH or NIC alone (Figure 22). These results are 

consistent with mounting research implicating a role for BDNF in the regulation of 

drug-related behaviors (Figure 23; Lu et al. 2004; Logrip et al. 2009; Vargas-

Perez et al. 2014; Bobadilla et al. 2018; Haun et al. 2018). 

BDNF is part of the neurotrophin family and via binding with tropomyosin 

receptor kinase B (TrkB) promotes neuronal development, modulates synaptic 

function, and regulates synaptic plasticity (Park and Poo 2013; Nakahata and 

Yasuda 2018). A number of studies have examined BDNF in response to acute 
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exposure, seeking, dependence, and relapse to EtOH or NIC (Logrip et al. 2015; 

Machaalani and Chen 2018). Preclinical research has demonstrated a 

relationship between BDNF expression and drug-related changes in the brain 

that is dependent upon a variety of factors including duration of exposure, drug 

dose, and region of interest (Lu et al. 2004; Logrip et al. 2009; Vargas-Perez et 

al. 2014; Bobadilla et al. 2018; Haun et al. 2018). In order to determine whether 

the associated neurochemical changes in the current study had any significant 

impact on reward-related behaviors, rats were allowed to self-administer EtOH 

into the NAc shell following single or repeated intra-pVTA microinjections of 

aCSF, EtOH, NIC, or EtOH+NIC. EtOH reward in the NAc shell was only 

significantly altered in rats pretreated with EtOH+NIC in the pVTA. Specifically, 

the average number of self-infusions for 75 mg% EtOH during the first 4 sessions 

by aCSF, EtOH, or NIC pretreated rats was 10-17 infusions/session. In contrast, 

rats pretreated with EtOH+NIC self-infused 75 mg% EtOH significantly more with 

an average of almost 38/session into the NAc shell. The apparent shift in 

sensitivity to EtOH reward within the NAc shell suggests pVTA co-exposure to 

EtOH+NIC results in unique alterations with the mesolimbic dopamine system. 

 Rats pretreated with repeated BDNF were the only group that readily self-

infused 75 mg% EtOH into the NAc shell. Single infusion sessions of aCSF, 

BDNF, or EtOH+NIC did not alter sensitivity to EtOH reward. Additionally, there 

was no effect of repeated BDNF pretreatment on self-infusions for aCSF or 125 

mg% EtOH, a dose known to be reinforcing within the NAc shell. Taken together, 

the data indicate that direct pretreatment of the NAc shell with exogenous BDNF 
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is sufficient to recapitulate previous results demonstrating repeated exposure to 

EtOH+NIC within the pVTA increases the sensitivity to the rewarding properties 

of EtOH in the NAc shell. One caveat of these studies is that the elevation of 

BDNF in the NAc shell following microinjections of EtOH+NIC into the pVTA was 

not blocked through direct manipulation. Future work is planned to reduce TrkB 

receptor expression with viral knockdown to establish the necessity of BDNF 

signaling via TrkB receptor and the altered EtOH sensitivity within the NAc shell. 

Thus, although BDNF infusions into the NAc shell are sufficient to mimic the 

effects of intra-pVTA EtOH+NIC and enhance EtOH reinforcement in the NAc 

shell, other factors could be involved in mediating these changes. 

 Collectively, the results of the present study support previous work 

demonstrating that co-administration of EtOH+NIC produces a unique initial 

physiological response which facilitates the development of neuroadaptations 

within the mesolimbic reward pathway (Figures 19, 20, 22, and 23; Tizabi et al. 

2002, 2007; Truitt et al. 2015). Multiple reports have indicated that naltrexone 

and varenicline, the pharmacological ‘gold standards’ for treating AUD and 

nicotine dependence, both fail to alter the concurrent co-administration of 

EtOH+NIC (Van Skike et al. 2016; Waeiss et al. 2018; Maggio et al. 2018). The 

current results provide clear preclinical data indicating that EtOH+NIC co-

administration results in a unique neurological cascade that is not observed 

following comparable exposure to EtOH or NIC alone. Evaluating potential 

pharmacotherapeutics for the treatment of AUD or nicotine dependence using a 

single drug of abuse fails to reflect the reality of how humans ingest EtOH and 
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NIC. This method of investigating individual drugs of abuse is likely a major 

reason that efficacious treatments for these substance disorders has not 

occurred. Future research should focus on co-exposure models to better 

elucidate the specific effects of EtOH+NIC within the CNS if better 

pharmacotherapeutics are to be developed. 
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Chapter Five: Conclusions 

 

Summary 

 The series of experiments reported above examined different factors 

related to the disproportionate rates of alcohol and nicotine comorbidity. The 

regularity of concurrent use has demonstrated that each drug essentially creates 

a barrier to the cessation of the other. This is especially clear in research 

investigating naltrexone and varenicline, the preferred treatments for AUD and 

nicotine dependence. Previous investigations consistently demonstrate the vast 

majority of treated individuals will relapse within one year (Garbutt et al. 2005; 

Volkow and Skolnick 2012). Each chapter aimed to identify specific features 

associated with the interactions alcohol and nicotine with different experimental 

models and approaches. The overall goal was to provide some insight into the 

complex neurobiological mechanisms underlying the co-abuse of alcohol and 

nicotine to support the development of improved treatments. 

The experiments in the second chapter were designed to determine the 

efficacy of naltrexone or varenicline in reducing drug intake with a preclinical 

model of voluntary concomitant consumption of alcohol and nicotine. The 

alcohol-preferring (P) rat provides a useful genetic model to investigate addiction-

like behaviors. P rats were originally developed from a closed-colony of Wistar 

rats with selection for an alcohol preference using two metrics. First, rats needed 

to show preference for 10% alcohol over water by a ratio of 2:1 or greater. 

Additionally, the rats had to consume at least 5 g of alcohol/kg body weight/day. 
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Relative to humans, that amount would roughly equate to a 165 lb. male drinking 

a fifth of whiskey per day (Bell et al. 2017). Importantly, P rats will also voluntarily 

consume oral nicotine sweetened with saccharin or combinations of alcohol and 

nicotine, which produce significant concurrent blood alcohol and nicotine levels 

(Hauser et al. 2012b; Deehan et al. 2015). Drug intake of P rats has been 

demonstrated to produce binge-like blood alcohol levels and blood nicotine levels 

comparable to that observed in heavy smokers. This offers a powerful preclinical 

model to examine the neurobiological impact of alcohol and nicotine co-abuse, 

and as in Chapter Two, the effectiveness of standard pharmacotherapeutics on 

concurrent drug intake. 

Varenicline was found to reduce maintenance of nicotine self-

administration and inhibited the expected increase in nicotine self-administration 

that occurs following a period of deprivation. Notably, there was no effect present 

on alcohol alone or alcohol and nicotine self-administration under maintenance or 

relapse conditions. Naltrexone reduced alcohol maintenance and relapse intake 

of alcohol while demonstrating no effect on nicotine alone or alcohol and nicotine 

self-administration. Furthermore, relapse consumption was increased and 

prolonged in rats concurrently consuming alcohol and nicotine regardless of 

treatment with the FDA approved pharmacotherapeutics. These findings support 

the hypothesis that the failure to develop efficacious treatments for AUD or 

nicotine dependence may partly stem from investigating drugs alone, rather than 

with the more accurate comorbid condition. 
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The third chapter investigated another important aspect of alcohol and 

nicotine co-use by identifying potential long-term repercussions of peri-

adolescent alcohol drinking on the mesolimbic pathway. Specifically, this study 

determined the impact of adolescent alcohol drinking on NAc shell DA response 

to nicotine microinjected directly into the pVTA during adulthood. P rats were 

again used for the ability to voluntarily consume binge-like levels of alcohol. 

Peri-adolescent alcohol consumption was found to induce a shift in the 

dose response curve for nicotine microinjected into the pVTA to stimulate DA 

release in the NAc shell. Microinjections of the lowest dose of nicotine stimulated 

DA release in rats that consumed alcohol during adolescence, but not adult 

drinkers or naïve rats. Peri-adolescent alcohol drinking also increased the 

percentage of DA released in the NAc shell produced by all nicotine doses 

compared to adult drinkers or naïve rats. Additionally, alterations to a potential 

interaction site for alcohol and nicotine was identified. Rats allowed to consume 

alcohol during adolescence had significantly greater levels of α7 nAChR in the 

pVTA compared to naïve rats. These data indicate that exposure to alcohol 

during adolescence results in distinct and lasting neuroadaptations that enhance 

and prolong the neurochemical response to nicotine within the pVTA. Persistent 

alterations to the mesolimbic reward pathway provide some explanation for 

human studies reporting increased tobacco use during adulthood after heavy 

adolescent alcohol use (Dierker et al. 2013). The cross-sensitization to nicotine in 

adulthood and inflated adult risk for drug dependency could, in part, be 
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predicated upon alterations to α7 nAChR within the mesolimbic pathway 

produced by adolescent drinking. 

The fourth chapter extended previous work by exploring the effects of 

acute or repeated exposure to alcohol and/or nicotine within the pVTA on the 

neurochemical response in the NAc shell. A second experiment aimed to 

determine whether repeated exposure to alcohol and nicotine within the pVTA 

produced neuroadaptations within the NAc shell that altered subsequent alcohol 

reward. Finally, the role of elevated NAc shell BDNF in the enhanced sensitivity 

to the reinforcing properties of alcohol following exposure to alcohol and nicotine 

was investigated with Wistar rats. 

A single exposure to combinations of alcohol and nicotine in the pVTA 

resulted in a significant increase of DA and glutamate release within the NAc 

shell not seen with either drug alone. This acute pVTA exposure to alcohol and 

nicotine also increased BDNF in the NAc shell that was not observed following 

comparable alcohol or nicotine treatments. Increased BDNF was sustained at 

least 24 hours after repeated exposure to alcohol and nicotine. This effect was 

not present following acute alcohol and nicotine treatment. Alcohol reward in the 

NAc shell was found to be significantly altered in rats pretreated with repeated 

alcohol and nicotine in the pVTA. Interestingly, the enhancement in alcohol 

reward within the NAc shell could be recapitulated with exogenous BDNF 

infusions in the same region. These data indicate that a single exposure to 

pharmacologically relevant levels of alcohol and nicotine in the pVTA results in 

neurochemical changes within the mesolimbic pathway that, with repeated 
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exposure, can enhance reward sensitivity to drugs of abuse. This lasting 

elevation of glutamate produced specifically by combinations of alcohol and 

nicotine, may initially support neuroadaptations that enhance the rewarding 

action of alcohol within the mesolimbic pathway. The role of BDNF in plasticity, 

development, learning, and memory suggests the sustained increases within the 

NAc shell could partly mediate the enhanced propensity to self-administer lower 

doses of alcohol. Overall, the data clearly indicate that co-exposure within the 

mesolimbic reward pathway creates distinct neuroadaptations that may promote 

addiction. 

In summary, these data demonstrate the importance of investigating AUD 

and nicotine dependence as a polydrug disorder rather than in isolation. 

Researching AUD as a comorbid condition more accurately represents the 

disorder as it occurs in humans. Chapter Two highlighted the utility of 

investigating potential therapeutics in a model of concurrent alcohol and nicotine 

consumption. This preclinical study reflects similar findings in humans that show 

some effectiveness with the targeted reinforcers while failing to reduce 

simultaneous intake. Chapter Three provided support for epidemiological studies 

indicating that adolescent alcohol drinking is associated increased risk of nicotine 

use as an adult. Lasting neurobiological changes within the mesolimbic system 

were readily apparent in response to nicotine and alterations in protein 

expression. Chapter Four built upon findings that consumption of either alcohol 

or nicotine increases the likelihood of using the other as well as the amount. Brief 

and repeated exposure to alcohol and nicotine within the mesolimbic pathway 
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increased sensitivity to alcohol reward following a specific neurochemical 

response. Collectively, these results demonstrate the necessity of researching 

alcohol and nicotine simultaneously. 

It is important to develop a robust foundation of the pharmacological 

interactions of alcohol and nicotine to discover novel targets through valid models 

of polysubstance abuse. However, there is also a critical need to better 

understand the subpopulations within those with AUD. This integration of both 

components will greatly enhance the generation of novel medications and 

improved therapeutic approaches to treat addiction. 

 

Limitations and future directions 

 Findings from the aforementioned experiments have yielded a significant 

amount of novel information about the mesolimbic system under conditions of, or 

related to, the co-use/abuse of alcohol and nicotine. Additionally, this work 

established a basis on which new research questions can be interrogated. 

Though the results described in Chapters Two and Three were compelling, a 

number of limitations create the opportunity for additional experiments to support 

and extend the conclusions. For example, the experiments in Chapters Two and 

Three utilized exclusively female rats. It has become increasingly apparent there 

is a growing need to examine drugs of abuse as well as therapeutics in both 

sexes. Significant differences between male and female response to drugs of 

abuse in preclinical models have been discovered at distinct biological levels. For 

example, recent work has indicated that the response to alcohol within the 
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amygdala is sex dependent in some cases. Outbred female rats have a blunted 

cell type-specific response to alcohol within the amygdala compared to male rats 

(Logrip et al. 2017). Additionally, unpublished data from our laboratory have 

indicated that Wistar females will consistently self-administer less than half the 

alcohol dose required for males to develop self-administering behaviors in 

specific brain regions. Gene expression analysis has also indicated that there are 

innate sex differences for cholinergic and dopaminergic related genes, which are 

impacted by alcohol exposure. 

This research reiterates the necessity to fully develop the co-abuse model 

employed in Chapter Two by conducting experiments on male and female rats. 

The benefit becomes apparent when determining efficacy of potential 

therapeutics with known and unknown sex differences in drug pharmacokinetics 

and pharmacodynamics that can influence dependence and addiction as well as 

side effects of drugs. Furthermore, adding male cohorts to the experiments in 

Chapter Three would demonstrate whether the increased sensitivity to nicotine 

and elevated response during adulthood was specific to female adolescent 

drinkers. Chapters Two and Three would also benefit from the inclusion of a non-

selected rat line. The P rat provides the tremendous advantage of voluntary self-

administration and consumption. However, direct comparison between males 

and females as well as rat strains would generate the strongest data and the 

potential identification of key genetic or sex differences. 

There are a number of experiments possible in Chapter Four that would 

substantially bolster the findings and answer key questions. Moreover, expanding 
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on data from Chapter Four provides the opportunity to make general hypotheses 

regarding co-exposure to alcohol and nicotine and subsequent mechanistic 

changes. First, the addition of pretreatments, as done in the ICSA experiments, 

to the micro-micro study would offer important temporal information on stimulated 

DA and glutamate. Identifying whether the increased neurotransmitter release by 

alcohol and nicotine was a transient phenomenon, remained at the same level, or 

was sensitized by repeated exposure would offer insight into the mechanisms 

and pathways responsible for altered alcohol reward. The addition of a complete 

dose-response to alcohol and nicotine combinations would also clarify whether 

the neurochemical response was synergistic or additive in nature. Holding one 

drug constant while increasing the other would indicate the individual 

contributions to the induced neurotransmitter release. Following these 

experiments with pharmacological manipulations could then identify the integral 

systems involved. Dependent upon the neurotransmitter temporal analysis, the 

concurrent administration of DA, glutamate, or BDNF antagonists during the 

alcohol and nicotine pretreatment would indicate which, or if, signaling through 

these receptor systems is necessary for the change in alcohol reward. The 

combination of findings described in Chapter Four with the addition of these 

experiments would provide a much clearer picture of the specific pathways 

responsible and time course of neuroadaptations following co-exposure to 

alcohol and nicotine. 

Importantly, BDNF levels should be investigated through Western blot 

analysis. The use of ELISA provides a quantitative measure of BDNF content 



 

 126 

within a given sample. However, this particular ELISA uses an antibody for an 

immunogen region corresponding to amino acids 128 - 247 from recombinant 

human BDNF (accession P23560), which is located within the mature form. 

BDNF is initially translated as a pre-pro-protein that is sequentially cleaved into 

the pro-form and then into mature BDNF. The significance of this process is that 

pro-BDNF binds with much higher affinity to p75 neurotrophin receptor (p75NTR) 

and activates a signaling cascade that leads to cell degeneration and apoptosis 

(Park and Poo 2013). In order to confirm the elevated protein levels detected via 

ELISA are mature-BDNF, rather than pro-BDNF, a Western blot would indicate 

heavier bands at the predicted molecular weights of 13.2 – 15.9 kDa for the 

mature form rather than ~32 kDa of pro-BDNF (Nikulina et al. 2014; Foltran and 

Diaz 2016). 

Convincing evidence for neuroadaptations within the mesolimbic pathway 

following co-exposure to alcohol and nicotine could be generated from a dendritic 

spine analysis. The significant role of BDNF in promoting neuronal development, 

modulating synaptic function, and regulating synaptic plasticity could be partially 

quantified in the NAc shell after drug treatment (Park and Poo 2013; Nakahata 

and Yasuda 2018). Increased spine numbers and size within the NAc shell would 

suggest the prolonged elevation in BDNF protein is altering the reward circuit at 

the synaptic level. Another important study to build on these findings should 

determine where the BDNF is localized within the NAc shell (Figure 2). Under 

physiological conditions, the NAc contains low levels of BDNF that is 

predominately transported to the ventral striatum from the PFC and VTA. 
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Previous work by Truitt and colleagues (2015) found significantly greater BDNF 

mRNA within the NAc shell following a similar procedure. Localizing BDNF to a 

specific neuronal subset within the NAc would provide important information 

regarding the specific circuits involved and how these relate to the behavioral 

output. This indicates BDNF may differentially regulate actions depending on the 

anatomical source (Nikulina et al. 2014; Bobadillo et al. 2018).  

Results from the current report have provided important information about 

how co-use/abuse of alcohol and nicotine generates unique responses within the 

mesolimbic pathway and subsequent neuroadaptations. A consistent theme 

throughout the findings is that simultaneous exposure to alcohol and nicotine 

induces alterations distinct from either drug alone. Exposure to alcohol and 

nicotine is hypothesized to increase DA and glutamate release within the NAc 

shell through enhanced activation of the VTA (Clark and Little 2004; Tizabi et al. 

2004, 2007; Figures 19 and 20). The combination of increased DA and glutamate 

signaling within the NAc shell then upregulates local BDNF mRNA as well as 

BDNF protein. Repeated exposure was found to prolong the significant elevation 

in BDNF allowing continued signaling via TrkB receptor. The resulting effect 

within the NAc shell is potentially increased spine numbers, size, and dendritic 

arborization of MSNs (Figure 2; Nikulina et al. 2014). This form of structural 

plasticity could be initiated through downstream activation of ERK and de novo 

protein synthesis following extended TrkB receptor activation in the NAc. These 

alterations at the synaptic level reflect a stable molecular event that may explain 

some of the long-term behavioral changes associated with drug addiction. 
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Sustained BDNF signaling in the NAc generating increased dendritic 

arborizations on MSNs could underlie the sensitized behavioral response to 

alcohol reward and potentially enhance drug-related memories fundamental to 

relapse and addiction. Additional work is needed on the hypothesized 

relationship between structural and behavioral plasticity that occurs following 

exposure to alcohol and nicotine. 

Not only do standard pharmacological treatments in a co-abuse model fail 

to reduce drug intake, there are distinct changes within the mesolimbic pathway 

resulting from alcohol and nicotine. Undoubtedly, future research is necessary to 

determine the specific interactions of alcohol and nicotine responsible for the 

disproportionate rates of co-abuse and key for the treatment of AUD. These 

studies will both complete the present data and address questions that have 

arisen from interpretation and conclusions. 
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