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ABSTRACT 

 

INVESTIGATING THE MODULATION AND MECHANISMS OF α7 NICOTINIC 

ACETYLCHOLINE RECEPTORS IN NICOTINE DEPENDENCE 

 

 

By Asti B. Jackson 

 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy at Virginia Commonwealth University 

 

Virginia Commonwealth University, 2017 

 

Major Director: M. Imad Damaj, PhD, Professor, Pharmacology and Toxicology 

 

 

   Tobacco dependence dramatically increases health burdens and financial costs. Limitations of 

current smoking cessation therapies indicate the need for improved molecular targets. Nicotine, 

the main addictive component of tobacco, exerts its dependency effects via nicotinic 

acetylcholine receptors (nAChRs). The homomeric α7 nAChR is one of the most abundant 

receptors found in the brain and has unique features in comparison to other nAChR subtypes 

such as high calcium permeability, low probability of channel opening, and a rapid 

desensitization rate. α7 nAChR agonists reduce nicotine's rewarding properties in the 

conditioned place preference (CPP) test and i.v. self-administration. Recently, the peroxisome 

proliferator-activated receptor type-α (PPARα) has been implicated as a downstream signaling 

target of the α7 nAChR in ventral tegmental area dopamine cells. It is unknown whether the 

intrinsic characteristics of the α7 nAChR and PPARα are involved in its attenuation of nicotine 

reward. Therefore, this dissertation sought to investigate the role of α7 nAChRs in a mouse 
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model of nicotine CPP and nicotine withdrawal by 1) investigating the impact of 

pharmacological modulation of α7 nAChR function in nicotine dependence and 2) evaluating a 

possible role for PPARα as a downstream mediator of α7 nAChRs in nicotine dependence.  

Positive allosteric modulators (PAMs) and a silent agonist were used to investigate the role of α7 

nAChR conformations. The utilization of  the α7 nAChR Type I PAM NS1738, Type II PAM 

PNU120596, and silent agonist NS6740 provided insight about the probability of channel 

opening (NS1738, PNU120596), desensitization (PNU120596, NS6740), and modulation of the 

endogenous acetylcholine/ choline tone (NS1738, PNU120596) as it relates to the α7 nAChR in 

nicotine CPP and withdrawal. In addition, this dissertation sought to elucidate the role of the α7 

nAChR and PPARα in nicotine dependence using pharmacological interventions. The results 

suggest that the role of the α7 nAChR in nicotine dependence is conformation-dependent and 

PPARα-mediated. This dissertation is the first to report PPARα-mediation of the effects of α7 

nAChR in nicotine reward and attenuation of nicotine withdrawal signs by PPARα activation. 

This data supports the development of α7 nAChR agonists and PPARα activators as possible 

smoking cessation aids. 
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CHAPTER ONE 

 

GENERAL INTRODUCTION 

 

 A. Nicotine Dependence 

 

    Tobacco dependence remains one of the leading sources of preventable death worldwide 1,2. In 

the United States alone, approximately 550,000 deaths are caused by smoking-related diseases 

such as cardiovascular disease, chronic obstructive pulmonary disease, diabetes and 12 types of 

cancers 3. In particular, it is estimated that 80% of lung cancer cases are caused by smoking 4. 

The economic burden of smoking is over $280 billion dollars annually (including smoking-

related health costs and productivity losses)5. Although the rate of smoking has declined  (20.9% 

in 2005 to 15.1% in 2015)6, there are still about 40 million individuals who engage in tobacco 

use in the United States7. There are possible explanations that can account for this continued 

tobacco use. The perpetuation of tobacco use may be due to the switching of traditional tobacco 

products such as cigars and cigarettes to smokeless tobacco products, hookah and e-cigarettes8. 

This transition to newer tobacco products is thought to be driven by the reduced harm perception 

of these products compared to cigarettes 9. Due to the limited scientific evidence available, it is 

unclear whether e-cigarettes have any long-term harmful effects or can act as smoking cessation 

treatment 10. In addition, there is a growing concern that e-cigarette use may normalize smoking 

behaviors and promote the use of traditional tobacco products11. This is even more alarming 

since e-cigarette use has doubled in adolescents in recent years8. Smoking initiation during 

adolescence is another factor that may sustain tobacco-smoking rates nationally. Adolescence is 

a unique period marked by considerable neurobiological changes12,13 risking taking behavior14 

and experimentation with drugs of abuse including tobacco products5. In addition, drug use 
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during adolescence is a predictor for substance abuse in adulthood. It is estimated that  90% of 

adult smokers have reported having their first cigarette before age 18 5.  Another explanation for 

the continued tobacco use may lie with the modest success rate of current smoking cessation 

therapies with less than 30% of individuals remaining abstinent for more than 1 year 15. The 

current smoking cessation aids (varenicline , bupropion, and nicotine replacement  therapies) all 

share a common mechanism of action by interacting with nicotinic acetylcholine receptors 

(nAChRs) 16,17. Varenicline (Chantix® ) is marketed as a high affinity α4β2* (* denotes the 

inclusion of other subunits in the receptor) nAChR partial agonist with other targets including the 

α7 nAChRs and α3β4* nAChRs where it acts as a full agonist18,19. Bupropion is an FDA-

approved antidepressant marketed under the name Wellbutrin XL® and is also indicated as a 

smoking cessation aid (Zyban®)20. Its mechanisms of action include dopamine reuptake inhibitor 

21 and  noncompetitive antagonist of α3β2, α4β2*, and α7 nAChRs22–25. Nicotine replacement 

therapies such as the nicotine patch (NicoDerm CQ®) partially replace nicotine at nAChRs in an 

attempt to relieve withdrawal symptoms26. The modest efficacy of the current smoking cessation 

aids raises the need for a better understanding of the complex neurobiology underlying nicotine 

dependence. This in turn will aid in the discovery of new molecular targets and the development 

of more effective treatments.  

 

B. Nicotine and Nicotinic Acetylcholine Receptors 

 

   Cigarette smoke has over 4,000 components27; however, nicotine is thought to primarily 

mediate the rewarding effects of tobacco. Nicotine has been shown to have reinforcing and 

positive subjective effects in humans 28,29. Nicotine is also self-administered in rodents30–32 and 

non-human primates33,34 and induces a preference in the conditioned place preference test35–37. 
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Nicotine  mediates its effects through nAChRs38 which belong to the Cys-loop receptor family 

and are ligand gated ion channels that form pentamers arranged around a water-filled pore39,40. 

The subunits of mammalian neuronal nAChRs range from α2-α7, α9, α10 and β2-β4. These 

receptors are permeable to both Na+ and Ca2+ and can form homomeric and heteromeric 

receptors41. Nicotinic subunits can assemble in different combinations resulting in a diversity of 

functions of nAChR subtypes. These receptors have three broad conformational states: resting 

closed states, open states, and desensitized states 42. The typical resting closed state is induced 

when the orthosteric site (traditional ligand binding site) is unoccupied and the cation channel is 

closed. Upon binding of an orthosteric agonist, the cation channel is opened which allows the 

influx of cations into the cell.  Following the open state the receptor is then desensitized; despite 

agonist binding the cation channel is closed rendering the receptor inactive43. However, there are 

new compounds known as “silent agonists” that do not behave as typical orthosteric agonists. 

Silent agonists are orthosteric agonists that do not cause channel opening after binding, but 

instead promote conformational changes associated with the desensitized state44–46. nAChRs are 

located pre-, post and extrasynaptically throughout the central nervous system 47 where they aid 

in fast synaptic transmission and modulation of neurotransmitter release 48. The most abundant 

nicotinic receptors found in the mammalian brain are the nicotinic low affinity homomeric  α7 

and the nicotinic high affinity heteromeric α4β2*49. These two classes of nAChRs have diverse 

characteristics. The α7 nAChR has high calcium permeability, low probability of opening,  rapid 

desensitization (in milliseconds) and binds α-bungarotoxin50,51. In contrast, the α4β2* nAChR  

has a high probability of opening, desensitizes at a slower rate (in seconds) and does not bind α-

bungarotoxin52. nAChRs, like most proteins, have orthosteric binding sites (traditional agonist 

binding sites) and allosteric binding sites (nontraditional agonist binding sites)53,54. This has 
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allowed for the development of pharmacological tools that can induce activation of nAChRs via 

various mechanisms. Positive allosteric modulators (PAMs) bind to the allosteric site of nAChRs 

and  enhance the efficacy of endogenous agonists (acetylcholine and choline) and the probability 

of channel opening, decrease the rate of desensitization, and increase the affinity of ligands 

without having an effect on their own42,55,56. Pharmacological interventions along with 

preclinical animal models of nicotine reward and withdrawal will further the understanding of 

the underlying mechanisms of nicotine dependence. 

 

C. Preclinical Models for Measuring Nicotine Dependence 

 

   Animal models are invaluable to drug abuse research. Research conducted with animal subjects 

can be controlled for variables and allow for thorough investigation of underlying mechanisms57.  

There are multiple models used to assess various aspects of nicotine dependence in rodents and 

nonhuman primates such as reward, reinforcement and withdrawal. Self-administration is a 

model of drug reinforcement that is thought to mimic drug seeking and drug taking behavior in 

humans 58.  With the exception of hallucinogens, drugs that are abused in humans are typically 

self-administered in animal models given it a high degree of face validity and  predictive validity 

59. Nicotine self-administration has even been demonstrated in humans in a laboratory setting 28. 

In this operant conditioning paradigm nonhuman subjects range from monkeys to rodents and the 

typical drug reinforced behaviors include lever presses and nose pokes for rodents and a panel 

press response for nonhuman primates57. The delivery of the drug can vary from oral, 

intramuscular, and most commonly via intravenous catheterization. In the case of nicotine, the 

primary route of administration in humans is through inhalation which produces a rapid onset of 
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action; therefore, the most desirable and controlled drug delivery method that allows for a rapid 

onset for nicotine self-administration in rodents is intravenous catheterization32.  

      Drug discrimination is a paradigm that classifies and categorizes drugs based on their 

interoceptive effects 60. Commonly abused drugs in humans produce interoceptive effects that 

may contribute to their abuse liability. Abused drugs that produce discriminative effects in 

animals produce subjective effects in humans 61,62 including nicotine 63. However, drugs that 

have no abuse liability, such as the atypical antipsychotic drug clozapine 64, can produce 

discriminative stimulus effects 60.  Drug discrimination has predictive validity for CNS-mediated 

compounds 65 . This technique consists of a food reinforced operant response of a lever press or 

nose poke in the case of rodents. During training sessions, rodents are pretreated with drug or 

vehicle and the correct lever press results in food pellet presentation. Drug discrimination 

investigates whether other drugs produce similar interoceptive effects as the training drug or 

whether another compound can augment the interoceptive effects of the training drug 66.   

    Intracranial self-stimulation (ICSS) is a model of operant conditioning that measures abuse 

liability of drugs. A monopolar or bipolar electrode is implanted in brain regions such as the 

medial forebrain bundle. Medial forebrain bundle excitation produces stimulation of the 

mesolimbic pathway (pathway associated with reward)67.The electrical stimulation from the 

electrode reinforces a behavioral response such as lever presses in rodents68. The frequency or 

amplitude of electrical stimulation can be manipulated. Drugs of abuse are said to ‘facilitate’ 

ICSS if the drug causes a leftward shift of ICSS stimulation frequency-rate curves and decrease 

ICSS thresholds 69. Nicotine along with other drugs of abuse facilitate ICSS stimulation 70. Drug-

induced ICSS facilitation is thought to correlate with drug abuse potential in humans giving this 

model predictive validity 68. 
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   Conditioned place preference (CPP)  is a Pavlovian conditioning paradigm used to asses drug 

reward 71. CPP involves associative learning where animals are thought to pair the rewarding 

effects of a drug (unconditioned stimulus) with the context the drug was once received 

(conditioned stimulus). This drug-induced association is clinically relevant.  It has been reported 

that exposure to drug-related cues in dependent users induces drug cravings 72. In particular, 

smoking cues such as a burning cigarette or a lighter associates with rewarding effects induced 

by nicotine which perpetuates smoking behavior in humans73,74.  Smoking cues not only induce 

cravings that can reinforce smoking but also induce physiological responses such as increased 

blood pressure and heart rate 75,76. Drugs abused in humans induce a preference in the CPP test in 

animal models giving the model predictive validity. The CPP test has also been performed in 

humans77.  

a. Conditioned Place Preference Methods  

 

Our lab uses an unbiased, counterbalanced and randomized CPP protocol. In the typical CPP 

test, there are a set of distinct contextual cues. Our CPP apparatus has three chambers in a linear 

arrangement. The white external chamber (visual cue) consists of a mesh floor texture (tactile 

cue) and the black external chamber (visual cue) has a rod floor texture (tactile cue). The 

external chambers are separated by a smaller gray chamber with a smooth PVC floor. Mice are 

then conditioned with drug or vehicle in the white or black chambers. On baseline day mice are 

free to roam all three chambers, the time spent in the white, and black chambers are recorded. On 

conditioning days after drug injection mice are confined to one compartment for 20 min and 4 

hrs. later they were confined to the other compartment with the injection they did not receive in 

the morning session (be that vehicle or drug). On test day, mice are allowed access to all 

chambers for 15 min in a drug free state. The preference score was calculated by determining the 
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difference between the time spent in the drug paired side during test day versus the time in drug-

paired side during the baseline day. The nicotine CPP paradigm has been well established by our 

lab and others 36,37,78,79. Nicotine has a narrow dose response curve in the CPP test and the dose 

of 0.5mg/kg of nicotine that is typically used in our studies has been shown to induce a 

significant preference in mice in the CPP test78,80. CPP has some limitations that could be 

considered potential confounding factors for the interpretation of the results (locomotor activity 

changes, novelty-seeking behavior on test day, and contextual preferences for one side or the 

other). To address the potential effect that drugs may have on locomotor activity, our CPP boxes 

are equipped with infrared beams that measure the locomotor activity of animals during the test. 

During the test day, animals are in a drug free state and there are typically no differences 

observed of locomotion between treatment groups. Also, mice naturally explore novel areas or 

objects 81. To address this possible confound our boxes are 3-chamber compartments (with a 

central compartment), which limits the impact of novelty-seeking behavior on test day. The most 

novel chamber is the center chamber that is not paired with drug or vehicle. Mice are only 

exposed to this chamber on baseline and test day whereas they are exposed to the other chambers 

throughout the duration of the experiment. In addition, our extensive work with mice on an ICR 

background over the years in the CPP test showed that this propensity for contextual preference 

is rare in this strain, and any mouse showing preference for one side higher than 65% on the 

baseline day was not used in the study.   

     Nicotine withdrawal is one aspect of nicotine dependence that is considered to be a negative 

reinforcer for perpetuating tobacco use 29. The current smoking cessation therapies are thought to 

attenuate this important component of nicotine dependence82. Nicotine withdrawal symptoms in 

humans consist of physical signs (bradycardia, gastrointestinal discomfort, increased appetite), 
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cognitive signs (difficulty concentrating, impaired memory), and affective signs (anxiety, 

depressed mood, anhedonia) 83,84. Rodents serve as a model to investigate nicotine withdrawal. 

To mimic human nicotine exposure, rodents receive chronic nicotine via various routes of 

administration such as orally 85,86, intravenous infusion 87, subcutaneous (s.c.) minipump (MP) 88–

90, and chronic systemic injections 91,92. Nicotine withdrawal is induced either spontaneously 

(removal of chronic nicotine) or precipitated via the administration of nAChR antagonists such 

as the nonselective nAChR antagonist mecamylamine. Physical signs of nicotine withdrawal 

assessed in rodents are hyperalgesia 85,93, somatic signs, such as paw tremors, body tremors, 

grooming, and backing 89,94 and alterations in locomotor activity 95. Cognitive signs induced by 

nicotine withdrawal in rodents manifest as deficits in the number of reversals, increased 

omissions, and reduced speed of responding in the probabilistic reversal learning task96. 

Affective signs of nicotine withdrawal are anxiety-like behaviors as measured in the elevated 

plus maze test and light-dark boxes 97,98, dysphoric-related behaviors in the conditioned place 

aversion (CPA) test 99,100, and anhedonia as observed with elevated reward thresholds in ICSS 

101,102. Current smoking cessation therapies are thought to target the nicotine withdrawal 

syndrome in humans and are effective in preclinical models of nicotine withdrawal attributing 

predictive validity to these models. Varenicline and bupropion reduce cognitive deficits 103,104 , 

bupropion attenuates somatic and affective signs 105,106 and nicotine replacement reverses 

physical, affective, and cognitive signs 89,107 associated with the nicotine withdrawal syndrome in 

rodents. 
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b. Nicotine Withdrawal Methods 

 

   In our lab, mice receive chronic nicotine via s.c. osmotic MPs that are implanted under 

isoflurane anesthesia. Nicotine (24mg/kg/day) or saline is infused for 14 days and the 

concentration of nicotine is adjusted according to animal weight and mini pump flow rate.  On 

the morning of day 15, mice are injected with vehicle or test drug before the challenge with the 

nAChR antagonist, mecamylamine (2 mg/kg, s.c.). Withdrawal is assessed 10 min after 

mecamylamine administration.  Affective (anxiety-like behavior) and physical (somatic signs, 

hyperalgesia) signs of nicotine withdrawal are evaluated in this paradigm. Anxiety-related 

behavior is measure in the elevated plus maze test for 5 minutes. Time spent on the open arms of 

the plus maze is assessed as a measure of anxiety-related response. The number of arm crosses 

between the open and closed arms are counted as a measure of locomotor activity. Somatic signs 

are assessed immediately following the plus maze test for 20 min. Somatic signs are measured as 

paw and body tremors, head shakes, backing, jumps, curls, and ptosis. Mice are placed in clear 

activity cages without bedding for the observation period. The total number of somatic signs is 

tallied for each mouse and the average number of somatic signs during the observation period is 

plotted for each test group. Hyperalgesia is evaluated using the hot plate test immediately 

following the somatic sign observation period. Mice are placed into a 10-cm wide glass cylinder 

on a hot plate (Thermojust Apparatus, Richmond, VA) maintained at 52°C. The latency to 

reaction time (jumping or paw licking) is recorded.  The specific testing sequence was chosen 

based on our prior studies showing that this order of testing reduced within-group variability and 
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produced the most consistent results 93. An observer blinded to experimental treatment performs 

all studies.  

 

D. Mechanisms Underlying Nicotine Reward 

 

     Nicotine initiates its rewarding effects by activating the natural reward system of the brain 

known as the mesolimbic pathway. This pathway is comprised of dopaminergic neurons 

originating in the ventral tegmental area (VTA) that project to regions such as the  nucleus 

accumbens (NAc), prefrontal cortex (PFC), amygdala and hippocampus 108–110. Dopamine 

release, especially in the NAc, is associated with the rewarding and reinforcing effects of all 

drugs of abuse 111.There have been many studies implicating this pathway in nicotine reward. 

Blockade of dopamine receptors or  6-hydroxydopamine lesions in the mesolimbic pathway 

results in a decrease in nicotine reward-like behavior in several preclinical tests such as self-

administration, CPP and ICSS 112,113. Infusion of nicotinic antagonists directly in the VTA 

attenuates nicotine self-administration114. Nicotine increases dopamine neuron firing rate and  

dopamine release in areas of the brain such as the NAc shell, extended amygdala and PFC 

108,112,115,116 via nAChRs 117. This pathway has a complex circuitry that also involves other 

neurotransmitters such as glutamate, γ-aminobutyric acid (GABA), acetylcholine, 

endocannabinoids, and opiod peptides. Glutamatergic, GABAergic, and cholinergic inputs  

converge on dopamine neurons modulating dopamine release 118.  

     The excitatory neurotransmitter glutamate has been implicated in nicotine reward. Systemic 

administration of glutamate ionotropic receptor antagonists attenuated nicotine-evoked increases 

of dopamine levels in the NAc119. Behaviorally it has been shown that the glutamate N-methyl-

D-aspartic acid (NMDA) receptor antagonist LY235959 infused into the VTA and the central 
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nucleus of the amygdala (CeA) reduces the reinforcing effects of nicotine i.v. self-administration  

and block nicotine ICSS facilitation in rats 120. Acute doses of nicotine have been shown to 

increase glutamate release in the NAc 121,122 . It has been suggested that dopamine release in the 

NAc is dependent upon NMDA activation in the VTA123.  

     An enhancement of the inhibitory neurotransmitter GABA has been shown to reduce the 

rewarding effects of nicotine. The GABAB  receptor agonist, baclofen, attenuates nicotine-

induced dopamine release in the NAc shell and reduces nicotine i.v. self-administration in rats 

124,125. In addition, the effect of baclofen in nicotine self-administration is dependent on GABAB 

receptors in the VTA and the pedunculopontine tegmentum (PDT), an area in the brain stem 

containing cholinergic and glutamatergic neurons 126,127. Also, the GABAB receptor PAM 

BHF177 reduces nicotine self-administration in rats after chronic exposure 128. This suggests that 

modulation of the GABAB receptor is important in nicotine reward. 

    Cholinergic and glutamatergic neurons in the laterodorsal tegmentum (LDT) and the PDT 

initiate excitation of dopamine neurons in VTA that project to the NAc 129,130. Lesions of 

cholinergic neurons in the PDT reduce nicotine self-administration in rats 131. nAChRs  are 

located pre and postsynaptically throughout the mesolimbic circuitry 130,132,133.  The utilization of 

genetically mutant mice, pharmacological interventions, and viral re-expression approaches have 

implicated particular brain areas and specific nicotinic subtypes involved in nicotine reward. The 

nicotinic high-affinity β2-containing nAChRs are required for nicotine reward and reinforcement 

as revealed in  nicotine CPP and nicotine i.v. self-administration studies in  β2 knockout (KO) 

mice 37,134,135. The β2 subunit co-assembles with the α6 and α4 subunits to form several α6β2*, 

α4β2*,α4α6β2* nAChR subtypes, which have been notably expressed in the midbrain region 

such as the VTA 136–138.  Nicotine CPP revealed a critical role of the α4, α6, and β2 subunits in 
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the NAc via genetic mutant mice and site specific infusions139. In addition, a  genetic ablation of 

the β2, α6, and α4 nAChR subunits attenuated nicotine self-administration in mice but nicotine 

self-administration was maintained in KO mice where the analogous  subunit was only re-

expressed in the VTA via a lentiviral vector 31,135. Furthermore, in the nicotine CPP test α4 

“knock-in” mice (Leu9’ Ala mutation renders animals hypersensitive to nicotine) produced a 

preference for nicotine at a dose 50-fold lower than the typical nicotine dose that induces a 

preference in wild type (WT) mice 140.  In recent years genome wide association studies in 

humans revealed a variant in the CHRNB4/A3/A5 gene cluster (encodes α3, α5, β4 nicotinic 

subunits), located in chromosome region 15q25, serves as a risk factor for lung cancer and 

nicotine dependence141–143. More specifically, a reduction of function of CHRNA5 (D398N) is 

linked to increased risk for tobacco dependence 144,145. Indeed, in human pluripotent cells that 

were induced into midbrain dopaminergic neurons, nAChRs that contained the nonsynonymous 

human CHRNA5  D398N polymorphism (rs16969968) had a decreased  potency of nicotine 

compared to controls146and increased consumption of nicotine in intravenous self-administration 

in mice147. Similarly, α5 KO mice have an increase in nicotine intake in the nicotine intravenous 

self-administration test and do not display raised brain stimulated thresholds after administration 

of an aversive dose of nicotine in comparison to their WT counterparts 147,148. Similar 

observations occurred in the nicotine CPP paradigm where α5 KO mice exhibited a maintained 

nicotine preference at higher doses not maintained by  α5 WT mice 149. This suggests that the α5 

subunit may act as  an inhibitory responder that limits nicotine consumption and rewarding 

effects 148,149. α3β4* nAChRs mediate nicotine reward. The α3β4*-selective antagonist AuIB  

attenuated nicotine preference in α5 WT and KO mice 150 suggesting the α3β4*nAChR 

influences nicotine reward independent of the α5 subunit. In addition, β4 KO mice had a 
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reduction in nicotine reinforcement and motivation to self-administer nicotine in the  nicotine 

intravenous self-administration paradigm 151. However, β4 subunit overexpression in Tabac mice 

(transgenic mouse model of the Chrnb4-Chrna3-Chrna5 gene cluster) results in nicotine CPA 

and a reduction in nicotine consumption 152. The divergent effects of the β4 subunit in these 

studies may be the result of different doses of nicotine used and the different aspects of nicotine 

intake investigated (i.e. reward and aversion). 

    The nAChRs and cannabinoid (CB) receptors are both expressed in overlapping rewarding 

brain regions and it has been shown that these two systems interact with each other 153,154. 

Genetic deletion of the CB1 receptor and administration of the CB1 receptor antagonist 

rimonabant attenuates nicotine i.v. self-administration and nicotine CPP 155–157. Conversely, a 

synthetic CB1 receptor agonist WIN 55,212-2 enhances nicotine self-administration in rodents 

158. In addition, CB2 receptors play a role in nicotine reward. Nicotine CPP was abolished in CB2 

KO mice and blocked after administration of the CB2 antagonist SR144528 159. In addition, 

pharmacological blockade or deletion of fatty acid amide hydrolase (FAAH), the degradative 

enzyme for the endogenous CB receptor ligand anandamide (AEA),  enhances nicotine reward as 

seen in the nicotine CPP test 155. This suggests that indirect activation of CB receptors is capable 

of enhancing nicotine reward.  

   The opioid system also plays a role in nicotine reward. The endogenous opioid system consists 

of three receptors: mu (MOR), delta (DOR), and kappa (KOR) opioid receptors 160. The 

endogenous peptide β-endorphin binds the MOR with high affinity, met- and leu-enkephalin 

bind to the DOR, and dynorphins preferentially bind to KORs 161. The MOR antagonist naloxone 

attenuated nicotine intravenous self-administration 162 and nicotine CPP 163.  In addition, mice 

lacking the endogenous MOR agonist β-endorphin and MOR KO mice both showed an 
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attenuation of nicotine CPP 163,164. This suggests that the MOR may mediate nicotine reward and 

reinforcement. Pharmacological blockade and genetic deletion of the DOR attenuates nicotine 

CPP and self-administration as well 165. In contrast, activation of KORs attenuate nicotine self-

administration 162, which supports its involvement in emotional states.  

 

  

E. Mechanisms Underlying Nicotine Withdrawal 

 

   Reward systems in the brain undergo neuroadaptations after chronic exposure to nicotine in 

tobacco products, which leads to nicotine dependence. Cessation from cigarette smoking induces 

a withdrawal syndrome comprised of physical, affective and cognitive symptoms. The severity 

of these symptoms is a risk factor for relapse 29,166. Therefore, understanding the mechanisms 

involved in nicotine withdrawal may aid in the production of more successful smoking cessation 

therapies. Neuroadaptations caused by nicotine withdrawal involve neurotransmitter systems that 

are also involved in nicotine reward:  glutamate, GABA, dopamine, endocannabinoid, and opioid 

systems 154,167.  

   There is evidence to suggest that glutamate plays a role in the affective and somatic signs 

produced by nicotine withdrawal in rodents. It has also been shown that glutamate release and 

NMDA activation is necessary for the manifestation of somatic signs in nicotine withdrawn mice 

168. Nicotine withdrawal-induced elevations of brain reward thresholds in ICSS are interpreted as 

depression-like behavior 169. Similar to nicotinic antagonists, antagonism of the α-Amino-3-

Hydroxy-5-Methyl-4-Isoxazole Propionic Acid (AMPA) glutamatergic receptor  results in this 

brain reward threshold elevation in nicotine-dependent rats170. Furthermore, activation of 

glutamatergic autoreceptors produced elevation in reward thresholds170. This suggests that a 
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reduction in glutamatergic transmission may possibly be responsible for the affective signs 

induced by nicotine withdrawal. However, genetic deletion of the metabotropic glutamate 

receptor 5 in mice attenuated the affective signs associated with nicotine withdrawal 101. Taken 

altogether, the glutamate system plays a role in the affective signs of withdrawal but different 

glutamate receptor classifications may have divergent effects.  

     There is evidence to suggest that GABA neurotransmission plays a role in nicotine 

withdrawal. Mice that lack the GABAB  receptor exhibited attenuated somatic signs 171. In 

addition, GABAergic neurons in the interpeduncular nucleus (IPN) are activated during nicotine 

withdrawal and attenuating the excitability of these neurons was shown to alleviate nicotine 

withdrawal somatic signs in mice 168. However, administration of GABAB receptor agonist, 

PAM, and antagonist all elicited an exacerbation of depressive-like behavior as indicative of 

elevated brain reward thresholds in ICSS 172. Further studies are needed to provide clarity for the 

role of GABA in the affective signs induced by nicotine withdrawal. 

      Nicotine withdrawal is thought to produce a hypodopaminergic state evidenced by decreased 

dopamine levels in the NAc of rats 173,174, reduction in dopamine release in the NAc 175, and 

brain reward deficits 169. KOR signaling may play a part in inducing this hypofunctional 

dopaminergic state. KOR signaling has been associated with mood and depressive-like states 

176,177. KOR activation decreases dopamine levels in the NAc 178 by blocking dopamine release 

and enhancing dopamine reuptake 179,180. This has sparked interest in its involvement in nicotine 

withdrawal, especially the affective signs. Indeed, KOR antagonists nor-BNI, JDTic, and 

LY2456302 alleviated the physical and affective signs of the nicotine withdrawal syndrome in 

rodents 97,149,181. 
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      nAChRs are the predominate mediator of nicotine withdrawal symptoms. The nonselective 

nAChR antagonist mecamylamine is known to precipitate nicotine withdrawal  signs in nicotine-

dependent rodents 89,93,94,182. Pharmacological interventions and mouse KO studies revealed that 

nicotinic receptor subunits modulate different aspects of the nicotine withdrawal syndrome. The 

differential expression and pharmacological profiles of nAChR subtypes may account for their 

various involvement in nicotine withdrawal. The affective signs are primarily mediated by the β2 

93,183  α6  184 β4 185, and α7 185 as indicated in the elevated plus maze test, CPA and ICSS. The 

physical signs of the nicotine withdrawal syndrome are mediated by α3150 α5 93,186, α2 186, β4  

150,185 and a subset are mediated by α7 subunits 93,187. One interesting feature of chronic nicotine 

exposure is the upregulation of nAChRs, most notably α4β2*188. This phenomenon has been 

observed in vitro 189,in preclinical animal studies 190,191 and in humans 192. Upregulation of 

nAChRs after chronic administration may be in response to receptor desensitization to 

compensate for receptors no longer responding to agonist activation; however, it is unknown 

whether or not the upregulated receptors are functional 193. Interestingly, rodent and human 

studies suggest a positive correlation of nicotine withdrawal signs with upregulation of 

α4β2*nAChRs 194,195.  

      Recently, neural circuitry such as the habenulo-interpeduncular pathway has been implicated 

in nicotine withdrawal and aversion 148,186. The habenula is subdivided into two regions: medial 

habenula (MHb) and the lateral habenula (LHb)196. The MHb is predominately thought to play a 

role in nicotine dependence and it has afferents that project to the IPN 197. nAChRs are densely 

expressed in the MHb-IPN pathway 198. Indeed, microinjection of the nonselective nAChR 

antagonist mecamylamine into the MHb or the IPN precipitated nicotine withdrawal in mice 186. 

In particular, blockade of the β4 subunit in the IPN induced nicotine withdrawal-induced somatic 
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signs in mice168. In addition, infusion of the α6* nAChR-selective antagonist α-conotoxin MII in 

the MHb attenuated anxiety-like behavior in nicotine withdrawn mice 199.  

     The endocannabinoid system has also been implicated in nicotine withdrawal. Activation of 

CB1 receptors with delta 9-tetrahydrocannabinol (THC)  has been shown to reduce the physical 

signs of withdrawal in rodents 200. FAAH KO mice and pharmacological inhibition of FAAH 

results in an increase level of the endocannabinoid AEA 201. AEA is an endogenous agonist at 

the CB1 receptor; therefore, blockade of FAAH is thought to indirectly activate CB1 receptors. 

Contrary to the effect of THC on nicotine withdrawal induced somatic signs, pharmacological 

and genetic blockade of FAAH resulted in exacerbated somatic signs 155. Also, CB1 genetic 

ablation did not affect  nicotine withdrawal-induced somatic signs 200. The lack of effect on 

nicotine withdrawal in CB1 KO mice could be the result of compensatory effects because the 

CB1 receptor antagonist rimonabant attenuates somatic signs in nicotine withdrawn mice 155. In 

addition, there is a report to suggest fluctuations in AEA levels in nicotine withdrawn rats 202. 

Even though the levels of the endocannabinoid 2-arachidonylglycerol (2-AG) were unchanged in 

nicotine withdrawn rats 202, monoacylglycerol lipase (MAGL), enzyme responsible for the 

degradation of 2-AG, KO mice exhibited attenuated nicotine withdrawal- induced somatic signs 

and administration of the MAGL inhibitor, JZL184, reduced somatic and affective withdrawal 

signs in a CB1-dependent manner 182. CB2 KO mice did not produce altered nicotine withdrawal 

signs compared to their WT counterparts 159 while another study suggested that CB2 KO mice 

had an attenuation of somatic signs 203. The genetic backgrounds of the mice used in the studies 

were different and may account for the divergent effect observed in nicotine withdrawal.  Taken 

together, more investigation is warranted to understand the role of the endocannabinoid system 

in nicotine withdrawal.  
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F. α7 nAChR Physiological and Pharmacological Properties 

 

  Many potential targets and neurotransmitter systems involved in the various aspects of 

nicotine dependence have been discussed above. These neurotransmitter systems are important, 

but nAChRs are the primary targets of nicotine. Thus, this dissertation will primarily focus on 

the nAChRs of the cholinergic system. There are two abundant nicotinic subtypes found in the 

brain, β2* and α7 nAChRs49. However, the role of the α7 nAChR is understudied in nicotine 

dependence in comparison to β2* nAChRs. β2* nAChRs have been the primary focus of nicotine 

dependence research. It has been shown that low nicotine levels that smokers are exposed to 

occupy the majority of high affinity β2* nAChRs in the brain 204,205. These receptors are also 

upregulated in postmortem brains of smokers 206 and animals 207 who received nicotine 

chronically. In addition, preclinical studies showed that the β2 subunit is required for nicotine 

reward, reinforcement, and some aspects of withdrawal 93,134,135,183. However, given the ability of 

the β2 subunit to co-assemble with multiple subunits forming various nicotinic receptor subtypes 

with different pharmacological and expression profiles, it has become arduous to identify which 

β2* nAChR subtypes are involved in nicotine dependence. In addition, β2-targeting smoking 

cessation aids such as varenicline and nicotine replacement therapies have modest efficacy. 

Thus, it is important to investigate other molecular targets. The other most abundant nicotinic 

receptor found in the brain, α7 nAChR, is found in areas related to reward such as the 

hippocampus, amygdala, VTA, NAc, and IPN 41,122,208. In addition, the α7 nAChR has unique 

characteristics that set it apart from other nAChR subtypes. The structure of the α7 nAChR 

shares a high homology with the acetylcholine binding protein (AChBP) found in snails 209. The 

α7 nAChR is made up of five identical α7 subunits creating five potential binding sites between 
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the interfaces in contrast to the heteromeric (α4)2(β2)3 nAChRs with only two binding sites 

210,211. There has been evidence to suggest that the α7 subunits can co-assemble with β2 subunits 

forming a heteromeric receptor with the following combinations: (α7)3(β2)2 and (α7)4(β2)1 
212–

215.  However, the implications and function of this receptor subtype in the mammalian brain is 

not well understood. All nAChRs are permeable to cations such as Na+ and Ca2+; however, α7 

nAChRs favor Ca2+ influx over Na+ in a ratio of 10:1 216,217 which is a critical feature for its role 

in neurotransmitter release. α7 nAChRs located on presynaptic mesolimbic neurons function as 

modulators of neurotransmitter release 48. Activation of presynaptic α7 nAChRs on 

glutamatergic terminals in the VTA 218, modulate glutamate release that activates dopaminergic 

neurons and causes dopamine release in the NAc 218,219. In addition,  α7 nAChRs are found on 

glutamatergic terminals in the VTA that synapse to GABAergic neurons 220 that upon activation 

inhibit dopamine neurons. In the NAc, α7 nAChRs on glutamatergic afferents that synapse to 

medium spiny neurons can potentiate glutamate release and concomitantly activate ionotropic 

glutamate receptors on dopaminergic axon terminals 221,222 inducing dopamine release. 

Furthermore, preterminal α7 nAChRs on glutamatergic terminals in the NAc can also induce 

metabotropic glutamate receptor activation on dopaminergic terminals, resulting in an 

attenuation of dopamine release 223. A depiction of the neurocircuitry of α7 nAChRs in the VTA 

and NAc can be found in Fig.1. In the PFC preterminal α7 nAChRs on glutamatergic terminals 

induce dopamine release in this brain region via involvement of ionotropic glutamate receptors 

on dopaminergic terminals 224,225.  α7 nAChRs are also located post and extrasynaptically in 

brain areas such as the hippocampus, VTA and PFC where they are thought to aid in traditional 

fast synaptic transmission 218,226–228. Postsynaptic α7 nAChRs in the CA1 region of the 

hippocampus are involved in the induction of long term potentiation 229 In contrast to β2* 
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nAChRs, α7 nAChRs have a low probability of being open and are profoundly desensitized in 

the presence of high agonist concentrations 230.  The desensitization of the α7 nAChRs alters it 

function throughout the neurocircuitry and may lead to different net outcomes on 

neurotransmitter release. 
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Figure 1: Schematic of α7 nAChR Neurocircuitry in the VTA and NAc (Adapted from 231)  

A: (1) α7 nAChRs located on glutamatergic terminals synapse onto dopaminergic neurons in the 

VTA. (2) Somatodendritic α7 nAChRs are located on dopamine neurons in the VTA. (3) 

Preterminal α7 nAChRs on glutamatergic afferents synapse with medium spiny neurons and 

glutamate release stimulates ionotropic glutamate receptors on dopaminergic neurons in the 

NAc. B: (4) Glutamatergic terminals in the VTA possess α7 nAChRs. The glutamatergic 

afferents synapse onto GABAergic neurons and they inhibit dopamine neurons. (5) In the NAc, 

presynaptic α7 nAChRs are located on glutamatergic terminals. They synapse onto medium 

spiny neurons and glutamate release activates metabotropic glutamate receptors on dopaminergic 

terminals.  
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G. Conformational Regulation of α7 nAChRs by Pharmacological Interventions 

 

     The conformational changes of the α7 nAChR may play an important role in its 

pharmacological and molecular effects in different disease states. The α7 nAChR is an allosteric 

protein with orthosteric (traditional) binding sites and allosteric binding sites. Activation of the 

α7 nAChR which an orthosteric agonist is known to produce intrinsically limiting factors such as 

a low probability of opening and a rapid desensitization rate 51. To circumvent these limitations 

and/or understand the effects of desensitization and enhanced channel opening in different 

behavioral responses, several types of allosteric modulators of α7 nAChRs were developed. For 

example, PAMs bind to allosteric sites most likely in the transmembrane domain of the receptors 

232,233 and increase the effectiveness of an orthosteric agonist. The presence of an orthosteric 

agonist is required for activation to occur. In comparison to orthosteric agonists, PAMs modulate 

the endogenous tone and restrict activation to only where acetylcholine is released and choline is 

present 234. PAMs are broadly classified into two groups: Type I PAMs and Type II PAMs. Type 

I PAMs, such as NS1738, increase the probability of opening of α7 nAChRs by attenuating the 

energy barriers that prevent transitions to the active state of the receptor. In contrast, Type II 

PAMs, such as PNU120596, not only increase the opening probability, but alter the equilibrium 

of the receptor in such a way that the active state is favored over the desensitized state resulting 

in prolonged opening 235,236. Both PAMs increase the probability of channel opening and thus 

increase channel conductance; however, this is a sole feature attributed to Type 1 PAMs. 

Therefore, Type I PAMs can serve as pharmacological tools to investigate the effect of enhanced 

channel conductance of the α7 nAChRs. Type II PAMs not only increase the probability of 

opening but also reduce the desensitization rate. They can also reactivate receptors that are 

desensitized 42. These pharmacological tools can be used to identify the role of α7 nAChR 
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desensitization rate especially if both categories of PAMs are used in the same studies along with 

an orthosteric agonist. PAMs could also provide more selectivity for α7 nAChR activation since 

α7 nAChRs and serotonin 5-HT3 receptors have a high homology of their ligand binding 

domains 237. Both categories of PAMs were shown to have potential procognitive properties 

238,239, and anti-inflammatory and anti-allodynic effects in rodents 240,241. 

    Ligands known as dual allosteric agonist-PAMs (Ago-PAMs) were reported in vitro to have 

both agonist and PAM properties 242. The Ago-PAM GAT107 is the active isomer of the Type II 

α7 nAChR PAM TQS and is thought to bind to the same site as PNU120596 to induce its 

allosteric modulation effects. GAT107 does not bind to the orthosteric site to induce its direct 

receptor activation but another distinct allosteric site. The orthosteric site does not need to be 

occupied for GAT107 to induce its effect 243. The Ago-PAMs may be used to understand α7 

nAChR activation independent of the orthosteric site. GAT107 has been shown to reduce 

inflammatory and neuropathic pain in rodents 244. 

    The recent emergence of silent agonists for the α7 nAChR, such as NS6740, represents an 

interesting and new approach to modulate α7 nAChR subtypes. α7 nAChR silent agonists are 

high affinity ligands that bind to the orthosteric binding site but possess very low efficacy (<2-

3%) 245. They are considered “desensitizers” that bind to α7 nAChRs and induce conformational 

changes that favor the desensitization state over the active state 246. The agonist properties of the 

silent agonist are revealed once co-applied with a type II PAM 44 suggesting that it acts as a 

typical agonist after the destabilization of desensitization. α7 nAChR silent agonists can serve as 

pharmacological tools to assess the effect of α7 nAChR desensitization/ lack of conductance in 

disease states. For example, while NS6740 was ineffective in rodent cognition assays 245, it has 

shown analgesic-like properties in chronic pain models 246, suggesting that there may be a  
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necessity of ion conductance/ desensitization of the α7 nAChR for CNS-related behavioral 

effects.  

      The pharmacological effect of these new α7 nAChR ligands is unknown in preclinical 

nicotine dependence models. The utilization of these ligands could implicate distinct 

conformations of the α7 nAChR that are necessary for certain aspects of nicotine dependence.  
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Figure 2: Schematic of proposed α7 nAChR binding sites and conformations (Adapted from 
243,247) 

A. PAMs such as NS1738 and PNU120596 are thought to bind to the PAM site (P). Ago-PAMs 

such as GAT107, are thought to bind two separate sites on the receptor: a PAM site (P) and a 

unique site for direct allosteric activation (DAA) (D). Silent Agonists (NS6740) and traditional 

agonists (acetylcholine or nicotine) bind to the orthosteric site (A).B. nAChRs have three general 

conformation states: the closed state (C), the open state (O), and the desensitized state (D). Silent 

agonists induce conformational changes that favor the desensitized state over the active state. 

Silent agonists bind to the receptor yet do not produce ion conductance of the receptor like 

typical orthosteric agonists.   
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Table 1: α7 nAChR Modulators 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Type of α7 

nAChR 

Modulator 

Structure,  Efficacy/Potency Selectivity for 

alpha 7 nAChR 

PNU282987 

 

Affinity:  

Ki: 27nM 
248 

Orthosteric full 

agonist 

 
 

         EC50 154nM 248 

> 400 times more 

selective for α7 

than α3β4  

> 100 times more 

selective for α7 

than α4β2 nAChR 
248 

 

NS1738 

 

 

Affinity: N/A 

Type I PAM 

 
~2-3 fold increase in the maximal efficacy of 

ACh  232,249 

~ 8- and 26-fold 

selectivity for 

potentiation of α7 

versus inhibition 

of α3β4 and α4β2 

nAChRs 

respectively. 
232,249 

PNU120596 

 

 

Affinity: N/A 

Type II PAM 

~3-

fold increase in the maximal efficacy of ACh 
250,251 

 no change in 

current in α4β2, 

α9α10 , and α3β4  

nAChRs 
250  

NS6740 

 

Affinity  

Ki:1.1 nM 
245 

Silent Agonist 

NS6740 efficacy: <3% of the response to ACh 

at both human and rat α7 nAChR245 

> 1000 times more 

selective for α7 

than α4β2 nAChR 
245 
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H. α7 nAChR Involvement in Nicotine Dependence 

 

  The α7 nAChR plays an important role in inflammation and cognition. However, there is recent 

evidence implicating α7 nAChRs in nicotine dependence. Polymorphisms of the CHRNA7 gene 

(encodes for α7 nAChR) have been linked to nicotine dependence in various human studies 252–

254. Initially, in preclinical studies null mutant mice and pharmacological studies revealed that α7 

nAChRs were not necessary for nicotine reward 31,37,255 and did not play a significant role in 

nicotine withdrawal93. In nicotine CPP, a dose of nicotine (0.5mg/kg) known to produce a 

significant preference78,80 was unaltered in α7 KO mice 37. However, it was recently observed 

that α7 KO mice have nicotine preferences for lower doses of nicotine that do not induce a 

preference in their WT counterparts 35. This observation suggested that genetic deletion of α7 

nAChRs increases sensitivity to nicotine in the CPP test. Similar findings were reported with 

nicotine reinforcing properties. Nicotine intravenous self-administration studies either observed 

dose-related reduction 90,256 or no effect255 by systemic administration of the relatively selective 

α7 nAChR antagonist methyllycaconitine (MLA). In contrast, selective pharmacological 

blockade of α7 nAChRs by the α-conotoxin ArIB in the NAc shell enhanced nicotine intake in 

the intravenous self-administration procedure 30. ArIB is more than 500 times more selective for 

α7 nAChRs than other nAChR subtypes 257. MLA has been shown to have off-target effects at 

α6*, α3*, β3* nAChRs at similar doses used to block α7 nAChRs258. In fact, MLA has been 

shown to precipitate nicotine withdrawal signs in α7 KO mice 94. Thus, non-α7 nAChRs may be 

responsible for the effects of MLA in these studies and ArIB may be a more selective antagonist 

to probe the effect of pharmacological blockade of α7 nAChRs in nicotine reward. Similarly, the 

use of MLA in ICSS yielded equivocal results with reports suggesting that MLA had no effect on 
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nicotine-induced ICSS facilitation90 or attenuated nicotine facilitation259. In the drug 

discrimination paradigm MLA 260  and α7 nAChR genetic deletion 261 did not alter the 

discriminative stimulus effect of nicotine suggesting that the α7 nAChR is not involved in this 

effect. Until recently, the effect of α7 nAChR activation in nicotine reward was unknown. α7 

nAChR orthosteric agonists, such as PHA543613 and PNU282987, attenuated nicotine reward in 

the CPP test 35, and nicotine reinforcement in intravenous nicotine self-administration 30. 

Similarly, α7 knock-in mice (mice heterozygous for a Leu250-to-Thr substitution in the channel 

domain of α7 subunit, which creates a gain-of-function mutation) had abolished nicotine 

preference 35. Taken together, these studies suggest that activation of α7 nAChRs reduce the 

rewarding and reinforcing properties of nicotine in rodents. Interestingly, as mentioned 

previously, activation of α7 nAChRs and β2* nAChRs, which are required for nicotine reward 

114,135. induce dopamine release 123,136,262,263 but have divergent effects behaviorally in nicotine 

reward paradigms. β2* nAChR agonists substitute for nicotine in self-administration 264 drug 

discrimination 265 and facilitate ICSS 266. In contrast, α7 nAChR agonists do not substitute for 

nicotine in drug discrimination 265 facilitate ICSS 266 or induce self-administration 30. 

Collectively, this suggests that α7 nAChRs may play a modulatory role on nicotine reward in 

comparison to β2* nAChRs. There is a need to understand signaling pathways involved in this 

effect.  

   There is limited literature implicating α7 nAChRs in the nicotine withdrawal syndrome.  

Nicotine withdrawn α7 KO mice exhibit an attenuation of hyperalgesia 93,187. There have been 

reports suggesting that α7 KO mice do not exhibit altered somatic signs compared to their WT 

counterparts93,185,187; however, one study observed a reduction in somatic signs in α7 KO mice 94. 

The latter study may differ from the previous reports due to the different somatic signs that were 
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recorded. The α7 nAChR antagonist MLA precipitates a subset of nicotine withdrawal somatic 

signs 89,94,95 while in another study MLA had no effect 90. This may be due to species difference. 

The studies that observed precipitation of somatic signs by MLA used mice while MLA had no 

effect in rats. α7 KO mice withdrawn from nicotine had an attenuation of anhedonia as measured 

by ICSS 185, but anxiety-like behavior and CPA is unaffected in α7 KO mice 93. This suggests 

that different mechanisms may underlie these affective nicotine withdrawal signs. A recent study 

investigated the effect of α7 nAChR activation in nicotine withdrawal. The α7 full agonist ABT-

107 attenuated nicotine withdrawal-induced anxiety as measured in the novelty-induced 

hypophagia (NIH) test 267. There is a need of further investigation of α7 nAChR activation in 

nicotine withdrawal.  

 

I. Possible Mechanisms of α7 nAChRs in Nicotine Dependence 

 

   The high Ca 2+ permeability of the α7 nAChR results in increases of intracellular Ca 2+, causing 

the opening of other channels such as voltage dependent Ca 2+ channels227, consequently 

resulting in neurotransmitter release. α7 nAChR activation can also activate Ca2+-dependent 

signaling pathways. In preclinical cognitive studies, α7 nAChRs enhance cognition by activating 

extracellular receptor kinase (ERK) /mitogen-activated protein kinase (MAPK) and cyclic AMP 

response element-binding protein (CREB) signaling in a Ca2+-dependent manner 268–270 α7 

nAChR activators are undergoing clinical trials to treat cognitive disorders 271.  

    In addition, evidence suggests that the α7 nAChRs bind guanosine triphosphate-binding 

proteins (G proteins) to induce a Ca2+-mediated or channel independent signaling cascades 

involved in dendrite plasticity 272,273. In support of the metabotropic nature of the α7 nAChRs, 

the α7 nAChR silent agonist NS6740 displayed analgesic-like properties in a neuropathic pain 
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model246. Silent agonists render the receptor in a nonconductive state, thus it is plausible that the 

analgesic effects of the α7 nAChRs are modulated through metabotropic signaling. Indeed, α7 

nAChRs on non-conducting cells such as macrophages are required for acetylcholine induced 

inhibition of pro-inflammatory cytokine production 274. In addition, evidence suggests that α7 

nAChRs modulate Ca2+-independent signaling pathways such as the Janus kinase 2 

(JAK2)/signal transducer and activator of transcription (STAT) in immune cells which may have 

implications in inflammation 275. Also recently, genomic analysis has suggested that the Chrna7 

gene in mice (encodes for the α7 nAChR) regulates an insulin gene expression network in the 

NAc35. Future pharmacological and genetic investigations may clarify this possible interaction. 

The previously mentioned signaling cascades provide evidence that α7 nAChRs not only act as  

ionotropic receptors, but metabotropic properties as well. 

    Recently, PPARα has been shown to modulate the rewarding properties of nicotine 115. 

PPARα is a transcription factor classically involved in inflammation and lipolysis 276.  Activation 

of PPARα reduces nicotine reward and reinforcement 34,154,277. It has been hypothesized that α7 

nAChR activation might indirectly lead to downregulation of β2* nAChRs via PPARα-induced 

phosphorylation of these subunits 116,278. Since β2* nAChRs are required for nicotine reward and 

reinforcement 37,135, this pathway could provide an explanation of the effects of α7 nAChR 

activation in nicotine reward studies. Indeed, it has been shown that α7 nAChRs may fine-tune 

nicotine-induced DA neuron firing only after β2* nAChRs have been activated 279. This suggests 

that α7 nAChRs may indirectly regulate β2* nAChRs function. Therefore, it is imperative to 

investigate this possible signaling pathway in nicotine dependence. Fig. 3 displays a proposed 

model implicating PPARα as a possible downstream mediator of α7 nAChRs activation in 

nicotine reward. 
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Figure 3: Schematic diagram of the proposed mechanism of PPARα and α7 nAChR 

interaction in nicotine reward (Adapted from 116) 

Activation of α7 nAChRs induced by an exogenous agonist such as PNU282987  induces Ca2+ 

influx. This stimulates the synthesis of the endogenous PPARα agonists, oleoylethanolamide 

(OEA) and palmitoylethanolamide (PEA). These molecules then activate PPARα, which may 

reduce nicotine dependence. PPARα can be activated with exogenous agonists such as WY-

14643 and the clinically used drug to treat high cholesterol, fenofibrate. PPARα can be blocked 

with antagonists such as MK886 and GW6471. This mechanism will be investigated using the 

mentioned pharmacological ligands in chapter 3.  
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J. Dissertation Aims  

 

We hypothesize that the role of the α7 nAChR in nicotine dependence requires ion conductance 

and is PPARα mediated. To test this hypothesis this dissertation: 1) investigated the impact of 

pharmacological modulation of α7 nAChR in mouse models of nicotine dependence and 2) 

evaluated a possible role for PPARα as a downstream mediator of α7 nAChR in nicotine 

dependence. The effect of the α7 nAChR Type I PAM NS1738, Type II PAM PNU120596, and 

silent agonist NS6740 are unknown in nicotine reward and withdrawal assays. The utilization of 

these pharmacological tools will aid in the understanding of probability of channel opening 

(NS1738, PNU120596), desensitization (PNU120596, NS6740), and modulation of the 

endogenous acetylcholine/ choline tone (NS1738, PNU120596) as it relates to the α7 nAChR in 

nicotine dependence studies.  In addition, it is unknown whether an α7 nAChR and PPARα 

interaction exists in nicotine dependence. There is evidence to suggest that α7 nAChR activation 

attenuates nicotine reward; however, the mechanism is not well understood. Recently the nuclear 

receptor PPARα has been shown to attenuate nicotine reward and reinforcement. Futhermore, a 

study indicated that α7 nAChRs may indirectly activate PPARαs. This interaction has not been 

investigated in nicotine reward and PPARα activation has not been studied in nicotine 

withdrawal thus this dissertation seeks to elucidate the role of α7 nAChR and PPARα in nicotine 

dependence using pharmacological interventions.  
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CHAPTER TWO 

 

Modulation of the α7 Nicotinic Acetylcholine Receptor in Nicotine Dependence 

 

A. Introduction 

 

Even though there are many well-known health risks associated with tobacco use, tobacco 

dependence remains one of the leading sources of preventable death worldwide 204,280. The 

current pharmacological interventions available have modest efficacy 26; therefore, there is a 

need for a better understanding of the neural substrates involved in nicotine dependence to 

design and develop more effective smoking cessation aids. Nicotine dependence can be divided 

into two parts: nicotine reward and nicotine withdrawal. Both of these aspects of nicotine 

dependence have been investigated and the main molecular targets that have been studied are 

nAChRs. nAChRs are the primary target of nicotine, the addictive component in tobacco 

products. These receptors exist in multiple subtypes; however, the most predominate nAChRs in 

the mammalian brain are the  homomeric α7 and heteromeric α4β2* (where *denotes the 

possible inclusion of additional nAChR subunits) respectively 49. Even though activation of α7 

nAChRs has been shown to induce dopamine release in the mesolimbic pathway 262,281, early 

behavioral studies suggested little involvement of the α7 nAChR in nicotine reward 255,260. 

However, recently it has been shown that ArIB, a selective α7 nAChR antagonist, infused in the 

NAc shell increased nicotine intake in nicotine intravenous self-administration procedure 30. 

Similarly, the genetic deletion of α7 nAChR in mice enhanced nicotine reward as measured in 

the CPP test 35.  In contrast, α7 knock-in mice (mice heterozygous for a Leu250-to-Thr 

substitution in the channel domain of α7 subunit, which creates a gain-of-function mutation) had 

abolished nicotine preference 35. Furthermore, PNU282987, an α7 nAChR agonist, infused 
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locally into the NAc shell was found to reduce nicotine intake in intravenous self-administration 

in rats. This suggests that the α7 nAChR may play a modulatory role in nicotine dependence that 

is in contrast to β2* nAChRs, which are required for nicotine reward 37,135 (please see Ch.1 

Section H  for more details). 

    The role of the α7 nAChR in nicotine withdrawal has not been studied extensively. Nicotine 

withdrawal, the primary negative reinforcer that strengthens nicotine dependence, is one of the 

primary causes of high tobacco relapse rates 29. In humans, it consists of somatic signs such as 

bradycardia, as well as non-somatic signs such as anxiety and depression 282. The physical signs 

of nicotine withdrawal in rodents is measured by the observation of somatic signs, hyperalgesia 

and affective signs such as anxiety-like behaviors 89,283. Few studies have been performed 

utilizing null mutant α7 mice in nicotine withdrawal. α7 knockout mice rendered dependent on 

nicotine showed a reduction in hyperalgesia 93,187,no alterations in their somatic signs 93,187 and 

attenuated  anxiety-like behavior compared to their wild type counterparts 185.  Pharmacological 

blockade of the α7 receptor with  MLA has been shown in some studies to precipitate a subset of 

nicotine withdrawal somatic signs in rats and mice 89,94,95 while in other studies MLA was 

ineffective at inducing nicotine withdrawal signs 90. Recently, the α7 nAChR agonist ABT-107 

was shown to reduce nicotine withdrawal-induced anxiety-like behaviors in mice 267.  

     There is a need for further investigation of the role of α7 nAChRs in nicotine dependence. 

The homomeric α7 nAChR has unique features of high calcium permeability, rapid 

desensitization and low probability of channel opening 42,50. The recent development of α7 

nAChR modulators such as PAMs and silent agonists may aid in understanding these 

characteristics in nicotine dependence paradigms. A Type I PAM such as NS1738 enhances the 

channel opening probability of α7 nAChRs while the Type II PAM, PNU120596 not only 
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increases the opening probability, but slows the desensitization rate of the receptor which results 

in prolonged channel opening235,236. The α7 nAChR silent agonist NS6740 is an orthosteric 

ligand that desensitizes the receptor by inducing conformational changes that favor the 

desensitization state over the active state 246 (please see Ch. 1 Section G for more details). To 

date, the impact of these α7 nAChR modulators in nicotine dependence paradigms are unknown.  

    Therefore, the current study investigated the physiological properties of the α7 nAChR in the 

nicotine CPP and nicotine withdrawal tests. The Type I PAM NS1738 and Type II PAM 

PNU120596 were used to evaluate the effect of channel opening probability and modulation of 

endogenous acetylcholine/ choline tone. The Type II PAM PNU120596 and silent agonist 

NS6740 were used to evaluate the role of desensitization and channel opening in nicotine 

dependence. The orthosteric full agonist PNU282987 was used as a reference compound.  The 

findings of this study will advance the understanding of the α7 nAChR in nicotine dependence. 

 

B. Materials and Methods 

 

 Animals 

Drug-naive, ICR male mice (8 weeks old upon arrival; Harlan Laboratories, Indianapolis, IN) 

served as subjects. Mice were housed four per cage with ad libitum access to food and water on a 

12-h light cycle in a humidity and temperature controlled vivarium that was approved by the 

Association for Assessment and Accreditation of Laboratory Animal Care. Mice received corn 

cob bedding and were fed Envigo Teklad mouse/rat diet 7102 (LM-485). Experiments were 

performed during the light cycle and were approved by the Institutional Animal Care and Use 

Committee of Virginia Commonwealth University and followed the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals.  
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Drugs  

(−)-Nicotine hydrogen tartrate [(−)-1-methyl-2-(3- pyridyl) pyrrolidine (+)-bitartrate] and 

mecamylamine HCl (non-selective nAChR antagonist) were purchased from Sigma-Aldrich Inc. 

(St. Louis, MO, USA). PNU120596 [1-(5-Chloro-2, 4-dimethoxy-phenyl)-3-(5-methyl-isoxazol-

3-yl)] and PNU282987 [N-(3R)-1 Azabicyclo [2.2.2] oct-3-yl-4-chlorobenzamide] were obtained 

from the National Institute on Drug Abuse (NIDA) supply program (Bethesda, MD). NS6740 

(1,4-diazabicyclo[3.2.2]nonan-4-yl(5-(3-(trifluoromethyl) phenyl) furan-2-yl) methanone) was 

prepared as previously described (Peters et al., 2004). NS1738 was purchased from Tocris 

Biosciences (Minneapolis, MN). Nicotine, NS6740, mecamylamine,and PNU282987 were 

dissolved in physiological saline. NS1738 and PNU120596 were dissolved in a mixture of 1:1:18 

[1 volume ethanol/1 volume Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ) and 18 

volumes distilled water]. Nicotine and PNU282987 were injected s.c.  while all other drugs were 

administered intraperitoneally (i.p.). The nicotine solution pH was neutralized with sodium 

bicarbonate as needed. Freshly prepared solutions were given to mice at 10 ml/kg, s.c. Doses are 

expressed as the free base of the drug.  

 

Nicotine conditioned place preference studies  

An unbiased CPP paradigm was performed, as we previously described284. Briefly, the CPP 

apparatus consisted of three chambers in a linear arrangement (Med Associates, St Albans, VT). 

The CPP apparatus (MedAssociates, St. Albans, VT, ENV3013) consisted of white and black 

chambers (20×20×20 cm each), which differed in overall color and floor texture (white mesh or 

black rod). These chambers were separated by a smaller gray chamber with a smooth PVC floor. 
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Partitions could be removed to allow access from the gray chamber to the black and white 

chambers. On day 1, animals were confined to the middle chamber for a 5-min habituation and 

then allowed to freely move between all three chambers for 15 min. Time spent in each chamber 

was recorded, and these data were used to populate groups of approximately equal bias in 

baseline chamber preference. Twenty-minute conditioning sessions occurred twice a day (days 

2–4). During conditioning sessions, mice were confined to one of the larger chambers. The saline 

groups received saline in one large chamber in the morning and saline in the other large chamber 

in the afternoon. The nicotine group received nicotine in one large chamber and saline in the 

other large chamber. Treatments were counterbalanced equally in order to ensure that some mice 

received the unconditioned stimulus in the morning while others received it in the afternoon. The 

nicotine-paired chamber was randomized among all groups. Sessions were 4 hrs apart and were 

conducted by the same investigator. On each of the conditioning days, mice were pretreated with 

PNU282987 (s.c.), NS1738 (i.p.) PNU120596 (i.p.), NS6740 (i.p.) or their respective vehicle 15 

min prior to nicotine injection. On test day (day 5), mice were allowed access to all chambers for 

15 min in a drug free state. The preference score was calculated by determining the difference 

between the time spent in the drug paired side during test day versus the time in drug paired side 

during the baseline day. 

 

Nicotine Precipitated Withdrawal Studies 

Mice were infused with 24 mg/kg/day nicotine or saline for 14 days using s.c. osmotic MPs 

(model 2000; Alzet Corporation, Cupertino, CA) that were implanted under isoflurane 

anesthesia. The concentration of nicotine was adjusted according to animal weight and mini 

pump flow rate.  On the morning of day 15, mice were injected with vehicle, PNU120596 (3, 
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9 mg/kg, i.p.), PNU282987 (1, 3, 9 mg/kg, s.c.) or NS1738 (1,10 mg/kg, i.p.) 15 min before the 

challenge with the nonselective nAChR antagonist, mecamylamine (2 mg/kg, s.c.), that was 

administered 5 min after vehicle or drugs. Withdrawal assessment was performed 10 min later as 

described in 93.  Affective (anxiety-like behavior) and physical (somatic signs, hyperalgesia) 

nicotine withdrawal signs were evaluated in this paradigm. Mice were first evaluated for 5 min in 

the plus maze test for anxiety-related behavior. Time spent on the open arms of the plus maze 

was assessed as a measure of anxiety-related response. The number of arm crosses between the 

open and closed arms was also counted as a measure of locomotor activity. The plus maze 

assessment was immediately followed by a 20-min observation of somatic signs measured as 

paw and body tremors, head shakes, backing, jumps, curls, and ptosis. Mice were placed in clear 

activity cages without bedding for the observation period. The total number of somatic signs was 

tallied for each mouse and the average number of somatic signs during the observation period 

was plotted for each test group. Hyperalgesia was evaluated using the hot plate test immediately 

following the somatic sign observation period. Mice were placed into a 10-cm wide glass 

cylinder on a hot plate (Thermojust Apparatus, Richmond, VA) maintained at 52°C. The latency 

to reaction time (jumping or paw licking) was recorded.  The specific testing sequence was 

chosen based on our prior studies showing that this order of testing reduced within-group 

variability and produced the most consistent results 93. All studies were performed by an 

observer blinded to experimental treatment.   

 

Statistical analysis 

Data were analyzed using the GraphPad software version 6.0 (GraphPad Software, Inc., La Jolla, 

CA) and expressed as the mean ± S.E.M. A one-way analysis of variance (ANOVA) in 
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conjunction with Holm-Šídák comparison tests were conducted to determine significant effects 

of drug treatments vs controls. Comparisons were considered statistically significant when p < 

0.05.  

 

C. Results 

 

Nicotine CPP attenuated by α7 nAChR full orthosteric agonist PNU282987 

Mice were conditioned with either saline or nicotine (0.5 mg/kg) for 3 days in the CPP paradigm. 

A robust CPP was observed in nicotine – conditioned mice pre-treated with vehicle [F (4, 29) = 

14.05, p<0.0001]. PNU282987 reduced nicotine reward. Post hoc analysis revealed that 

pretreatment with a lower dose of PNU282987 (1 mg/kg) did not significantly alter nicotine CPP 

(p>0.05), but a higher dose of the agonist (9mg/kg) did (p<0.05) (Fig. 4). PNU282987 at the dose 

of 9 mg/kg did not produce a preference or aversion in saline treated-mice. PNU282987 was 

administered within the range of doses used for other behavior studies 265,285. 
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Figure 4: α7 nAChR Full Orthosteric Agonist PNU282987 Blocks Nicotine CPP   

Mice underwent 3 days of conditioning with s.c. saline or nicotine (0.5mg/kg). Nicotine 

produced a robust CPP in mice pre-treated with vehicle. The α7 full orthosteric agonist 

PNU282987 (1 and 9 mg/kg; s.c.) attenuated nicotine reward as measured by the CPP. * Denotes 

p<0.05 from vehicle-vehicle. # Denotes p<0.05 from nicotine control.  Each point represents the 

mean ± SEM of n=9-10 mice per group. 
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α7 nAChR Type I PAM NS1738 had no effect on Nicotine CPP  

CPP conditioning with either saline or nicotine (0.5 mg/kg) was performed for 3 days. CPP was 

observed in nicotine–conditioned mice pre-treated with vehicle [F (4, 32) = 6.434, p =0.0006]  

NS1738 did not reduce nicotine reward at either dose tested (1 and 10mg/kg) (p>0.05) (Fig. 5). 

NS1738 at the dose of 10 mg/kg did not produce a preference or aversion in saline treated-mice. 

NS1738 was used at doses  previously described 240,286.  
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Figure 5:  α7 nAChR Type I PAM NS1738 Did Not Block Nicotine CPP 

Mice underwent 3 days of conditioning with either s.c. saline or nicotine (0.5mg/kg). Nicotine 

produced a robust CPP in mice pre-treated with vehicle. The α7 Type I PAM NS1738 (1 and 10 

mg/kg; i.p.) did not alter nicotine reward as measured by the CPP test at both doses tested. * 

Denotes p<0.05 from vehicle-vehicle.  Each point represents the mean ± SEM of n=6-9 mice per 

group. 
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α7 nAChR Type II PAM PNU120596 reduced Nicotine CPP  

CPP conditioning with either saline or nicotine (0.5 mg/kg) was performed for 3 days. CPP was 

observed in nicotine–conditioned mice pre-treated with vehicle reward [F (4, 42) = 7.864, p < 

0.0001]. PNU120596 significantly reduced nicotine reward. PNU120596 attenuated nicotine 

CPP at both doses tested (1 and 9 mg/kg) (p<0.05) (Fig. 6). PNU120596 at the dose of 9 mg/kg 

did not produce a preference or aversion in saline treated-mice. PNU120596 was used at similar 

doses previously described 240,241.  
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Figure 6: Attenuation of the Development of Nicotine CPP by α7 nAChR Type II PAM 

PNU120596.  

Mice underwent 3 days of conditioning with either saline or nicotine (0.5mg/kg;s.c.). Nicotine 

produced a significant CPP in mice pre-treated with vehicle. The α7 Type II PAM PNU120596 

(1 and 9 mg/kg; i.p.) reduced nicotine reward as measured by the CPP test at both doses tested. * 

Denotes p<0.05 from vehicle-vehicle. # denotes p<0.05 from nicotine control.  Each point 

represents the mean ± SEM of n=9-10 mice per group. 
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α7 nAChR Silent Agonist NS6740 Did Not Attenuate Nicotine CPP  

CPP conditioning with either saline or nicotine (0.5 mg/kg) was performed for 3 days. CPP was 

observed in nicotine – conditioned mice pre-treated with vehicle [F (4, 36) = 6.186 p=0.0007]. 

NS6740 had no effect on nicotine reward at both doses tested (1 and 3 mg/kg) (Fig. 7). NS6740 

at the dose of 3 mg/kg did not produce a preference or aversion in saline treated-mice. NS6740 

was used at doses previously described 246. 
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Figure 7: No Effect of α7 nAChR Silent Agonist NS6740 on the Development of Nicotine 

CPP. 

Mice underwent 3 days of conditioning with either s.c. saline or nicotine (0.5mg/kg).Nicotine 

produced a robust CPP in mice pre-treated with vehicle. The α7 silent agonist NS6740 (1 and 3 

mg/kg; i.p.) did not reduce nicotine reward as measured by the CPP test at both doses tested. * 

Denotes p<0.05 from vehicle-vehicle. Each point represents the mean ± SEM of n=7-10 mice per 

group. 
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α7 nAChR full orthosteric agonist PNU282987 attenuates somatic and affective nicotine 

withdrawal signs 

The physical (somatic signs and hyperalgesia) and affective (anxiety-related behavior) signs of 

nicotine withdrawal were measured in mice following pretreatment with either PNU282987 or 

vehicle 15 min prior to mecamylamine administration on day 15. Nicotine withdrawn mice had a 

significantly increased anxiety-related behavior in the plus maze [F (5, 32) = 11.21, p< 0.0001]   

(Fig. 8A), increased expression of somatic withdrawal signs [F (5, 32) = 24.48, p< 0.0001]   (Fig. 

8B), and decreased response latencies in the hot-plate test [F (5, 32) = 17.89, p< 0.0001] (Fig. 

8C). Mice implanted with saline MPs and received vehicle expressed no withdrawal signs. 

PNU282987 attenuated nicotine withdrawal signs in a dose related manner. Pretreatment with 

PNU282987 exhibited a trend of reducing anxiety-like behavior (time in open arms in the plus-

maze test) and reached significance at 9mg/kg (s.c.) (p<0.05) (Fig. 8A). In addition, pretreatment 

with PNU282987 decreased nicotine somatic withdrawal signs and was statistically significant at 

doses 3 and 9 mg/kg (p<0.05) (Fig. 8B). However, as the post hoc analysis showed, pretreatment 

with PNU282987 was ineffective at attenuating the expression of hyperalgesia (hot-plate 

latency) at all doses tested (p<0.05) (Fig. 8C). The highest dose of PNU282987 tested (9 mg/kg) 

did not significantly affect behavioral responses in saline-infused mice in any withdrawal test. 
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Figure 8: Effects of Full α7 Orthosteric Agonist PNU282987 on Physical and Affective 

Signs of Precipitated Nicotine Withdrawal 

Mice were chronically infused with saline or nicotine (24 mg/kg/day) for 14 days. On day 15 

mice received s.c. injection of PNU282987 (1, 3 and 9 mg/kg) or vehicle. Mice then were 

administered mecamylamine (2mg/kg; s.c.) 10 min prior to behavioral assessment of A) anxiety-

like behaviors (Time spent in the open arm), B) somatic signs, and C) hyperalgesia (hot plate 

latency).Nicotine induced withdrawal symptoms: increased anxiety related behavior and somatic 

signs, but decreased hot plate latency. Compared to vehicle, pretreatment with PNU282987: A) 

attenuated the anxiety-like behavior at 9mg/kg; B) reduced somatic signs at 3 and 9mg/kg; and 

C) and no effect on hot plate latency in nicotine withdrawn mice. Each point represents the mean 

± S.E.M. of n=6–8 mice per group. * Denotes p< 0.05 vs. Saline MP group, # Denotes p< 0.05 

vs. Nicotine MP group.  
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α7 nAChR Orthosteric Full Agonist PNU282987 Did Not Alter Arm Crosses in the 

Elevated Plus Maze.  

To examine whether or not the results observed in the elevated plus maze test were possibly 

confounded by alterations in locomotor activity induced by PNU282987 administration, the 

number of arm crosses were recorded. As shown in Table 2 PNU282987 had no effect on the 

number of arm crosses in the plus maze [F (5, 32) = 0.7950, p=0.5613]. 
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Table 2: PNU282987 does not have an effect on the average number of arm crosses in the 

elevated plus maze test  

Mice undergoing nicotine withdrawal received PNU282987 (1, 3 and 9 mg/kg; s.c.) or vehicle. 

The average number of arm crosses were recorded in the plus maze test. The numbers are 

presented as the total number of arm crosses ± SEM (n=8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Average number of arm crosses ±SEM 

Saline MP-vehicle 6.8± 0.6 

Saline MP- PNU282987 (9) 7.2±0.7 

Nicotine MP- vehicle 7.5±0.9 

Nicotine MP-PNU282987 (1) 6.2±0.7 

Nicotine MP-PNU282987 (3) 6.5 ± 0.6 

Nicotine MP-PNU282987 (9) 5.8±0.5 
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Somatic nicotine withdrawal signs are attenuated by α7 nAChR Type I PAM NS1738  

 Physical and affective signs of nicotine withdrawal were measured in mice following 

pretreatment with either NS1738 or vehicle 15 min prior to mecamylamine administration on day 

15. Nicotine withdrawn mice had a significantly increased anxiety-related behavior in the plus 

maze [F (4, 35) = 21.86, p<0.0001]  (Fig. 9A), increased expression of somatic withdrawal signs 

[F (4, 35) = 37.32, p<0.0001]  (Fig. 9B), and decreased response latencies in the hot-plate test[F 

(4, 35) = 5.208, p=0.0021]  (Fig. 9C). Pretreatment with NS1738 had no effect on the expression 

of anxiety-related behaviors (time in open arms in the plus-maze test) (p>0.05) (Fig. 9A). 

However, NS1738 reduced nicotine somatic withdrawal signs at 10mg/kg (p<0.05) (Fig. 9B). 

Pretreatment with NS1738 exhibited a trend of reversing hot plate latencies (measure of 

hyperalgesia) but it did not reach significance at any of the doses tested(p>0.05)  (Fig. 9C). The 

highest dose of NS1738 (10 mg/kg) did not significantly affect behavioral responses in saline-

infused mice in any withdrawal test. 
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Figure 9: Effects of α7 Type I PAM NS1738 on Physical and Affective Signs of Precipitated 

Nicotine Withdrawal 

Mice were infused with saline or nicotine (24 mg/kg/day) for 14 days. On day 15 mice received 

s.c. injection of NS1738 (1 and 10 mg/kg) or vehicle. Mice then were administered 

mecamylamine (2mg/kg; s.c.) 10 min prior to behavioral assessment of A) anxiety-like behaviors 

(Time spent in the open arm), B) somatic signs, and C) hyperalgesia (hot plate latency). Nicotine 

induced withdrawal symptoms: increased anxiety related behavior and somatic signs, but 

decreased hot plate latency. Compared to vehicle, pretreatment with NS1738: A) did not 

attenuate the anxiety-like behavior at any dose tested; B) reduced somatic signs at 10mg/kg; and 

C) and had no effect on hot plate latency in nicotine withdrawn mice. Each point represents the 

mean ± S.E.M. of n=6–8 mice per group. * Denotes p< 0.05 vs. Saline MP group, # Denotes p< 

0.05 vs. Nicotine MP group.  
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α7 nAChR Type I PAM NS1738 Did Not Alter Arm Crosses in the Elevated Plus Maze.  

To examine whether or not the results observed in the elevated plus maze test was possibly 

confounded by alterations in locomotor activity induced by NS1738 administration, the number 

of arm crosses were recorded. As shown in Table 3 NS1738 had no effect on the number of arm 

crosses in the plus maze [F (4, 35) = 0.7950, p=0.9962]. 
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Table 3: NS1738 does not have an effect on the average number of arm crosses in the 

elevated plus maze test  

Mice undergoing nicotine withdrawal received NS1738 (1 and 10 mg/kg; i.p.) or vehicle. The 

average number of arm crosses were recorded in the plus maze test. The numbers are presented 

as the total number of arm crosses ± SEM (n=8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Average number of arm crosses ±SEM 

Saline MP-vehicle 9.9± 1.8 

Saline MP- NS1738 (10) 9.6±1.4 

Nicotine MP- vehicle 10.1±1.4 

Nicotine MP-NS1738 (1) 9.4±1.7 

Nicotine MP-NS1738 (10) 9.4 ± 1.4 
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Nicotine withdrawal-induced hyperalgesia attenuated by α7 nAChR Type II PAM 

PNU120596 

 Physical and affective signs of nicotine withdrawal were measured in mice following 

pretreatment with either PNU120596 or vehicle 15 min prior to mecamylamine administration on 

day 15. Nicotine withdrawn mice had a significantly increased anxiety-related behavior in the 

plus maze [F (4, 29) = 3.730, p= 0.0144](Fig.10A), increased expression of somatic withdrawal 

signs [F (4, 30) = 19.92, p<0.0001]  (Fig. 10B), and decreased response latencies in the hot-plate 

test [F (4, 30) = 6.808, p= 0.0005]  (Fig. 10C). Pretreatment with PNU120596 had a tendency to 

decrease the expression of anxiety-related behaviors (time in open arms in the plus-maze test), 

however neither dose used altered anxiety-like behaviors significantly (p>0.05) (Fig. 10A). In 

addition, PNU120596 at all doses used was ineffective at reducing nicotine somatic withdrawal 

signs (p>0.05) (Fig. 10B). However, pretreatment with PNU120596 exhibited a trend of 

reversing hot plate latencies (measure of hyperalgesia) and significantly increased hot plate 

latencies at 9mg/kg  (p<0.05) (Fig. 10C). The highest dose of PNU120596 (9 mg/kg) did not 

significantly affect behavioral responses in saline-infused mice in any withdrawal test. 
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Figure 10: Effects of Type II PAM PNU120596 on Physical and Affective Signs of 

Precipitated Nicotine Withdrawal 

Mice were chronically infused with saline or nicotine (24 mg/kg/day) for 14 days. On day 15 

mice received i.p. injection of PNU120596 (3 and 9 mg/kg) or vehicle. Mice then were 

administered mecamylamine (2mg/kg; s.c.) 10 min prior to behavioral assessment of A) anxiety-

like behaviors (Time spent in the open arm), B) somatic signs, and C) hyperalgesia (hot plate 

latency).Nicotine induced withdrawal symptoms: increased anxiety related behavior and somatic 

signs, but decreased hot plate latency. Compared to vehicle, pretreatment with PNU120596: A) 

had no effect anxiety-like behavior; B) had no effect on somatic signs; and C) but significantly 

increased hot plate latency at 9mg/kg in nicotine withdrawn mice. Each point represents the 

mean ± S.E.M. of n=6–8 mice per group. * Denotes p< 0.05 vs. Saline MP group, # Denotes p< 

0.05 vs. Nicotine MP group.  
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α7 nAChR Type II PAM PNU120596 Did Not Alter Arm Crosses in the Elevated Plus 

Maze.  

To examine whether or not the results observed in the elevated plus maze test was possibly 

confounded by alterations in locomotor activity induced by PNU120596 administration, the 

number of arm crosses were recorded. As shown in Table 4 PNU120596 had no effect on the 

number of arm crosses in the plus maze [F (5, 32) = 0.5965, p=0.6682]. 
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Table 4: PNU120596 does not have an effect on the average number of arm crosses in the 

elevated plus maze test 

Mice undergoing nicotine withdrawal received PNU120596 (3 and 9 mg/kg; i.p.) or vehicle. The 

average number of arm crosses were recorded in the plus maze test. The numbers are presented 

as the total number of arm crosses ± SEM (n=8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Average number of arm crosses ±SEM 

Saline MP-vehicle 7.5± 0.9 

Saline MP- PNU120596 (9) 6.9±0.8 

Nicotine MP- vehicle 7.8±0.8 

Nicotine MP-PNU120596 (3) 6.5±0.4 

Nicotine MP-PNU120596 (9) 7.9 ± 0.9 
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D. Discussion  

 

     The results of this study produced interesting findings about the impact of α7 nAChR 

modulation and conformations on nicotine reward and withdrawal in mice. The α7 full 

orthosteric agonist PNU282987 and the Type II α7 nAChR PAM PNU120596 reduced nicotine  

CPP (Fig. 4 and 6) while the silent agonist NS6740 and Type I PAM NS1738 had no effect (Fig. 

5 and 7). In nicotine withdrawal, PNU282987, NS1738, and PNU120596 attenuated different 

signs of the withdrawal syndrome (Fig.8, 9 and 10).  To our knowledge, this is the first report of 

α7 nAChR PAMs and a silent agonist used in preclinical nicotine dependence tests.  

       In the presence of an orthosteric full agonist, the α7 nAChR has a low probability of 

opening, is permeable to calcium and rapidly desensitizes42,50. These intrinsic factors may limit 

the usefulness of α7 nAChR ligands; therefore, PAMs were developed as pharmacological tools 

to circumvent the intrinsic limitations of the α7 nAChR. The probability of an α7 nAChR being 

open is less than one in a million 51, thus the Type I PAM NS1738 and Type II PAM 

PNU120596 , which increase the probability of channel opening, were used to evaluate the role 

of this α7 nAChR feature in nicotine CPP. In comparison to the traditional orthosteric agonist 

PNU282987, which attenuated nicotine CPP at 9mg/kg, PNU120596 reduced nicotine CPP at 

both doses used (1 and 9mg/kg). PNU120596 may be more potent than PNU282987 in the 

nicotine CPP test. Utilizing multiple doses of these compounds will further characterize this 

observation. NS1738 had no effect on nicotine at both doses tested (1 and 10mg/kg). This 

suggests that the Type I PAM NS1738 does not reveal the anti-reward endogenous tone mediated 

by α7 nAChRs with an increased probability of channel opening. The divergent effects of the 

Type I and Type II PAM may be the result of PNU120596’s ability to decrease the rate of 

desensitization.  PNU120596 not only increases the chance of ion conductance but also allows 
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the channel to remain in the open state for a longer duration, which also results in an increase of 

possible ion conductance. Attenuating the desensitization rate of the endogenous tone by 

PNU120596 was sufficient to induce an effect in nicotine CPP. Similar findings with NS1738 

and PNU120596 were shown in a mouse model of tonic pain. The Type II PAM PNU120596, 

but not the Type I PAM NS1738, reduced pain-related behaviors in the early and late phase of 

the formalin test 240.  Nicotine CPP is a CNS-mediated effect 36,139, thus, the lack of effect of 

NS1738 may be due to poor blood brain barrier penetrability. However, systemic administration 

of NS1738 at similar doses used in our study produced brain concentrations 240 that were shown 

to enhance the channel opening of acetylcholine in vitro 249. In addition, it has been previously 

reported that NS1738 treated mice do not exhibit any motor impairments or alterations in their 

locomotor activity 286. This current study also confirms the lack of effect of NS1738 on 

locomotor activity as indicated by the number of crossovers in the elevated plus maze (see Table 

3). Furthermore, there are thought to be at least two types of desensitization states for the α7 

nAChR: Type II modulator sensitive and Type II modulator insensitive 42. NS1738 and 

PNU120596 may induce different desensitization states, which may be responsible for the 

divergent results. However, differentiation and effects of these two type of desensitization states 

are unknown in vivo. Our results with the silent agonist NS6740 (1 and 3mg/kg), which induces 

the receptor into a desensitized state with the absence of an open state, did not alter nicotine 

CPP. Higher doses of NS6740 were not use due to aversion it caused on its own. NS6740 is 

effective at reducing chronic pain and inflammation in mice 246; however, it lacked efficacy in 

cognitive assays 245. This suggests that centrally mediated effects of nicotine may require ion 

conductance of α7 nAChRs.   
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   In our nicotine withdrawal experiments the orthosteric agonist PNU282987 attenuated anxiety-

like behaviors (Fig.8); however, the α7 nAChR PAMs NS1738 and PNU120596 had no effect on 

anxiety-like behavior as observed in the elevated plus maze (Fig. 9 and 10). This suggests that 

low probability of channel opening and rapid desensitization are needed for this effect. Our 

results are in agreement with a recent study of α7 nAChR  activation with the α7 orthosteric 

agonist ABT-107 which was shown to also attenuate anxiety-like behaviors in the NIH test 267. 

However, in another study α7 nAChR KO mice that received 36mg/kg/day of nicotine for 14 

days and underwent precipitated withdrawal, did not show alterations in anxiety-related 

behaviors or CPA 93. It has been previously shown in reward studies that α7 KO mice may have 

an increased sensitivity to nicotine at lower doses 35 and this sensitivity is undetectable at higher 

typical rewarding doses 37. Thus, the lack of alteration of anxiety-like behavior in the α7 KO 

mice may be due to the high dose of nicotine given to mask an effect. Indeed, a lower dose such 

as 24mg/kg/day of nicotine for 14 days has also been shown to produce reliable nicotine 

withdrawals 89,182 and this dose is used in the current study.  

    The orthosteric full agonist PNU282987 and the Type I PAM NS1738 both attenuated somatic 

signs, but the Type II PAM PNU120596 had no effect on somatic signs. This may suggest that 

rapid desensitization is necessary for the attenuation of somatic signs by α7 nAChRs. It has been 

shown that α7 nAChR KO mice undergoing nicotine withdrawal have a reduction in somatic 

signs 94,implicating the importance of  α7 nAChR blockade or desensitization in nicotine 

dependence. However, another study from our lab that measured the same somatic signs did not 

see a reduction in somatic signs observed in α7 KO mice compared to their WT littermates 93. 

This discrepancy may be contributed to the different somatic signs observed in the studies. The 

latter study observed somatic signs such as paw tremors, body tremors, and backing while the 
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former study tallied signs such as grooming, scratching, and chewing. Therefore, the somatic 

sign results should be interpreted with caution.  

    PNU120596 was the only α7 ligand that reduced nicotine withdrawal-induced hyperalgesia in 

the hot plate test. It is unclear of the reason for this reduction of hyperalgesia by PNU120596 and 

the lack of effect of PNU282987.  Previous studies  implicate the α7 nAChR  in the reduction of 

hyperalgesia evidenced in nicotine withdrawn α7 KO mice 93,187. In contrast, the α7 nAChR 

antagonist MLA has been shown to precipitate hyperalgesia 89. This effect may be to the 

antagonism of  MLA at off-target effects such as α6*, α3*, β3* nAChRs 258. To further evaluate 

the role of α7 nAChR desensitization in nicotine withdrawal, the silent agonist NS6740 should 

be utilized. 

      Taken together, our results suggests that desensitization/ion conductance and channel 

opening of the α7 nAChR play important roles in nicotine dependence behaviors in mice. In 

addition, the utilization of PAMs in this study suggests that endogenous acetylcholine/ choline 

tone is sufficient to attenuate some aspects of nicotine withdrawal. These findings highlight a 

beneficial effect of using α7 PAMs instead of α7 orthosteric agonists. PAMs may provide less 

overstimulation to the endogenous cholinergic system because activation will only occur in the 

presence of acetylcholine release. In addition, PAMs also provide better selectivity for α7 

nAChRs. They interact with an allosteric site of the receptor and α7 nAChRs and serotonin 5-

HT3 receptors have a high homology of their ligand binding domain 237. The silent agonist 

NS6740 used in this study aided to understand the role of desensitization and ion conductance of 

the α7 nAChR. PAMs and silent agonists may serve as useful tools to understand the effect of α7 

nAChR modulation in nicotine dependence.  

 



 
 

63 
 

CHAPTER THREE 

 

In vivo Interactions between α7 Nicotinic Acetylcholine Receptor and Nuclear Peroxisome 

Proliferator-Activated Receptor-α: Implication for Nicotine Dependence 

 

The published article below with the addition of two supplemental figures (Fig. 14 and Fig. 18) 

was used for chapter three. 

Jackson A, Bagdas D, Muldoon PP, Lichtman AH, Carroll FI, Greenwald M, Miles MF, 

Damaj MI. In vivo interactions between α7 nicotinic acetylcholine receptor and nuclear 

peroxisome proliferator-activated receptor-α: Implication for nicotine dependence. 

Neuropharmacology. 2017 Mar 7;118:38-45. 

 

A. Introduction 

 

  The homomeric α7 nicotinic acetylcholine receptor (nAChR) has been shown to play a role in 

cognition, inflammation, immunity and neuroprotection 247. Recent findings suggest this low 

affinity α7 nAChR modulates nicotine reward and reinforcement in rodents 30,35. The α7 nAChR 

selective agonist PNU282987 infused locally into the nucleus accumbens (NAc) shell reduced 

intravenous self-administered nicotine in rats. In contrast, ArIB, an α7 selective nAChR 

antagonist, infused in the NAc increased nicotine intake 30. Similarly, the genetic deletion of α7 

nAChRs in mice enhances nicotine reward as measured in the CPP test, whereas α7 knock-in 

(producing mice heterozygous for a Leu250-to-Thr substitution in the channel domain of α7 

subunit, which creates a gain-of-function mutation) abolishes nicotine preference. In addition, 

the selective α7 agonist PHA-543613 blocked the development of nicotine CPP in mice 35. 

Attenuation of nicotine reward and reinforcement by α7 nAChR agonists seems to be associated 

with a decreased nicotine-induced dopaminergic transmission in the brain, as PNU282987 blocks 
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nicotine-induced increased firing activity of the ventral tegmental area (VTA) dopamine neurons 

in rats 116. 

       This important effect of α7 nAChR modulation of nicotine reward has prompted studies 

of the underlying mechanism. It has been suggested that α7 nAChR activation regulates VTA 

dopaminergic cells via the PPARα in the rat. The α7 nAChR agonist PNU282987 induced 

synthesis of two fatty acid PPARα endogenous ligands, OEA and PEA, that in turn activate 

PPARα and phosphorylate β2-containing nAChRs on dopamine neurons via a tyrosine kinase 

pathway 116. These findings suggest a pathway by which α7 nAChR pharmacological stimulation 

indirectly inactivates β2-containing nAChRs via PPARα receptors. However, the above-noted 

study did not directly investigate this mechanism using a nicotine reward paradigm which is 

imperative because β2-containing nAChRs are required for nicotine reward 37,135.  

      PPARα is a nuclear ligand-activated transcription factor that when activated, enhances 

transcription of various genes involved in modulating many peripheral physiological responses 

such as inflammation and lipolysis 276. Importantly, PPARαs, which are located in brain regions 

associated with reward 287–289, have been shown to modulate the rewarding properties of abused 

substances such as alcohol and nicotine 115,290. Acute administration of PPARα agonists 

attenuates nicotine 34,154,277 and alcohol reinforcement 290, alcohol intake 291,292 and nicotine-

induced dopamine firing in rodents 115. For example clofibrate, a lipid lowering agent and 

PPARα agonist 293, was shown in rats to block acquisition of nicotine seeking, decrease nicotine 

intravenous self-administration and block nicotine-induced dopamine release into the NAc shell 

34. Therefore, we hypothesize that PPARα may serve as a downstream mediator of α7 nAChR 

activation in nicotine reward. To test this hypothesis the present study investigated the 

interaction of the α7 nAChR and PPARα in a preclinical mouse model of reward (nicotine CPP). 
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   Furthermore, we examined PPARα activation in nicotine CPP and nicotine withdrawal, a  

behavioral outcome not measured before in preclinical studies with PPARα activators. We 

compared effects of the selective and potent PPARα agonist WY-14643 294,295 with a commonly 

used lipid lowering fibrate medication that activates PPARα, fenofibrate 296. Results from these 

experiments may provide insight into the roles of α7 nAChR and PPARα in nicotine dependence.  

B. Materials and Methods 

 

Animals 

ICR male mice (8 weeks upon arrival; Harlan Laboratories, Indianapolis, IN) served as subjects. 

Mice were housed four per cage with ad libitum access to food and water on a 12-h light cycle in 

a humidity and temperature controlled vivarium that was approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care. Mice received corn cob bedding and 

were fed Envigo Teklad mouse/rat diet 7102 (LM-485). Experiments were performed during 

the light cycle and were approved by the Institutional Animal Care and Use Committee of 

Virginia Commonwealth University and followed the National Institutes of Health Guidelines 

for the Care and Use of Laboratory Animals. 

 

Drugs 

(−)-Nicotine hydrogen tartrate [(−)-1-methyl-2-(3- pyridyl) pyrrolidine (+)-bitartrate] and 

mecamylamine HCl (non-selective nAChR antagonist) were purchased from Sigma-Aldrich Inc. 

(St. Louis, MO, USA). PNU282987 (α7 nAChR agonist) and cocaine HCl were provided by the 

Drug Supply Program of the National Institute on Drug Abuse (Rockville, MD). Drugs were 
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dissolved in physiological saline and administered systemically (s.c. for nicotine, 

mecamylamine, PNU282987 and i.p. for cocaine). Fenofibrate (PPARα agonist), WY-14643 

(PPARα agonist), and GW6471 (PPARα antagonist) and MK886 (PPARα antagonist)  were 

purchased from Tocris (Minneapolis, MN) and dissolved in a mixture of 1:1:18 [1 volume 

ethanol/1 volume Emulphor-620 (Sanofi-Aventis, Bridgewater, NJ) and 18 volumes saline] and 

administered i.p. Drug solutions were prepared in 10 ml solutions (i.e. 3mg of drug in 10ml of 

vehicle indicates 3mg/kg dose). Freshly prepared solutions were injected at a total volume of 1 

ml/100g of body weight. Doses are expressed as the free base of the drug. 

 Nicotine and cocaine conditioned preference studies 

An unbiased CPP paradigm was performed as we previously described80,284. Briefly, the CPP 

apparatus consisted of three chambers in a linear arrangement (ENV3013; Med Associates, St 

Albans, VT). The external white and black chambers (20×20×20 cm each) differed in overall 

color and floor texture (white mesh or black rod), and were separated by a smaller gray chamber 

with a smooth PVC floor. Partitions could be removed to allow access from the gray chamber to 

the black and white chambers. On day 1 animals were confined to the middle chamber for a 5 

min habituation and then allowed to freely move between all three chambers for 15 min. Time 

spent in each chamber was recorded and these data were used to populate groups of 

approximately equal bias in baseline chamber preference. Twenty-minute conditioning sessions 

occurred twice a day (days 2–4).  
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The nicotine group received nicotine in one large chamber and saline in the other large chamber. 

Treatments were counterbalanced to ensure some mice received the unconditioned stimulus in 

the morning and others received it in the afternoon. The nicotine paired chamber was 

randomized across groups. Sessions were 4 hr apart and were conducted by the same 

investigator. On test day (day 5) mice could access all chambers for 15 min in a drug free state. 

The preference score was calculated by determining the difference between time spent in the 

drug paired side on the test day versus the time in drug paired side on the baseline day. Any 

mouse showing preference for one side higher than 65% was not used in the study. 

 

Nicotine Precipitated Withdrawal Studies 

A well-established and validated nicotine withdrawal model was performed 89,94,182,297.Mice were 

infused with 24mg/kg/day nicotine or saline for 14 days using s.c. osmotic MPs (model 2000; 

Alzet Corporation, Cupertino, CA) implanted under isoflurane anesthesia 93.Nicotine 

concentration was adjusted according to animal weight and mini pump flow rate. On the morning 

of day 15 mice were pretreated with vehicle, WY-14643 (0.3, 1 and 5  mg/kg, i.p.; 15 min prior) 

or fenofibrate (50 and 100 mg/kg, i.p.;1 hr prior) before challenge with the nonselective nAChR 

antagonist mecamylamine (2 mg/kg; s.c.) to precipitate withdrawal. Affective (anxiety-like 

behavior) and physical (somatic signs and hyperalgesia) nicotine withdrawal signs were 

evaluated 10 min later as described in 93. Mice were first evaluated for 5 min in the elevated plus 

maze test for anxiety-related behavior. Time spent on the open arms of the plus maze was used 

as a measure of anxiety-related response. The number of crosses between open and closed arms 

was counted as a measure of locomotor activity. The plus maze assessment was immediately 

followed by a 20 min observation of somatic signs measured as paw and body tremors, head 
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shakes, backing, jumps, curls and ptosis. Mice were placed in clear activity cages without 

bedding for the observation period. The total number of somatic signs was tallied for each mouse 

and the average number of somatic signs during the observation period was plotted for each test 

group. Hyperalgesia was evaluated using the hot plate test immediately following the somatic 

sign observation period. Mice were placed into a 10-cm wide glass cylinder on a hot 

plate(Thermojust Apparatus, Richmond, VA) maintained at 52°C. The latency to reaction time 

(jumping or paw licking) was recorded. The specific testing sequence was chosen based on our 

prior studies showing that this order of testing reduced within-group variability and produced the 

most consistent results 93. All studies were performed by an observer blinded to experimental 

treatment. 

Statistical analysis 

Data were analyzed using the GraphPad software version 6.0 (GraphPad Software, Inc., La 

Jolla, CA) and expressed as the mean ± S.E.M. A one-way analysis of variance (ANOVA) in 

conjunction with Holm-Šídák comparison tests were conducted to determine significant effects 

of drug treatments vs controls. Two-way ANOVA followed by the Tukey multiple comparisons 

test was used in order to evaluate attenuation of dose response of nicotine CPP by PPARα 

agonist WY-14643. Comparisons were considered statistically significant when p < 0.05.  
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C. Results  

 

Development of Nicotine CPP Attenuated by α7 nAChR Full Agonist PNU282987  

Mice were conditioned with either saline or nicotine (0.5 mg/kg; s.c.) for 3 days in the CPP 

paradigm. The 0.5mg/kg dose of nicotine has been previously shown to produce a significant 

preference in the CPP test 37,78. In Fig. 11 a robust CPP was observed in nicotine–conditioned 

mice pre-treated with vehicle [F(4, 33) = 16.29, p < 0.0001]. PNU282987 given 15 min prior to 

nicotine, reduced nicotine reward. As revealed by the Holm-Šídák comparison tests, PNU282987 

(3mg/kg) significantly altered nicotine CPP (p<0.05), but was ineffective at the lower dose of 

0.6mg/kg (p>0.05). PNU282987 at the dose of 3 mg/kg did not produce a preference in saline 

treated-mice.  
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Figure 11: Attenuation of the Development of Nicotine CPP by α7 nAChR Orthosteric Full 

Agonist PNU282987 

Mice were conditioned with either s.c. saline or nicotine (0.5mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle. The α7 agonist, PNU282987 

(0.6 and 3 mg/kg; s.c.) reduced nicotine reward as measured by the CPP test. * Denotes p<0.05 

from vehicle-vehicle. # Denotes p<0.05 from nicotine control. Each point represents the mean ± 

SEM of n=6-8 mice per group. 
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PPARα Antagonist Blocks α7 nAChR Agonist PNU282987 in Nicotine CPP 

 The PPARα antagonist GW6471 was utilized to evaluate the PPARα dependency of α7 nAChR 

activation in nicotine CPP. In Fig. 12 male ICR mice conditioned with 0.5mg/kg s.c. of nicotine 

for three days exhibited a significant preference [F (7, 52) = 7.459, p<0.0001]. One-way 

ANOVA revealed that pretreatment with the α7 nAChR agonist PNU282987 (3mg/kg; s.c.) 

given 15 min prior to nicotine attenuated nicotine CPP. This attenuation was significantly 

blocked by the PPARα antagonist GW6471 (2mg/kg; i.p) administered 30 min prior to 

PNU282987 (p<0.05), whereas GW6471 did not have an effect on nicotine CPP (p>0.05). 

PNU282987 and GW6471 did not cause aversion or preference on their own or in combination. 
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Figure 12: Interaction between PPARα and α7 nAChR in the Nicotine Reward.  

Mice were conditioned with either s.c. saline or nicotine (0.5mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle. The α7 agonist PNU282987 

(mg/kg; s.c.) reduced nicotine reward. The PPARα antagonist GW6471 (2 mg/kg; i.p.) blocked 

the effect of the α7 nAChR agonist in nicotine CPP. * Denotes p<0.05 from vehicle-vehicle; # 

denotes p<0.05 from nicotine control.  Φ Denotes p<0.05 from vehicle-PNU282987-nicotine. 

Each point represents the mean ± SEM of n=6-9 mice per group 
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The PPARα Agonist WY-14643 Attenuated Nicotine CPP 

We then tested the impact of direct activation of PPARα using the selective and potent PPARα 

agonist WY-14643 on nicotine CPP. Mice were conditioned with either saline or nicotine (0.5 

mg/kg) for 3 days in the CPP paradigm. In Fig. 13 a robust CPP was observed in nicotine 

conditioned mice pre-treated with vehicle [F (5, 36) = 26.27, p<0.0001]. WY-14643 reduced 

nicotine reward in a dose-dependent manner at all doses tested (0.3, 0.6 and 1 mg/kg) (p<0.05). 

On its own WY-14643 did not produce a preference or aversion in saline treated mice. 
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Figure 13. PPARα Agonist WY-14643 Attenuated Nicotine CPP.  

Mice were conditioned with either s.c. saline or nicotine (0.5 mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle. An i.p. injection of PPARα 

agonist WY-14643 (0.3, 0.6, and 1 mg/kg) reduced nicotine reward as measured by the CPP test.  

*Denotes p<0.05 from vehicle control; #Denotes p<0.05 from nicotine control. Each point 

represents the mean ± SEM of n=6-8 mice per group. 
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The PPARα Antagonist Blocked the Effects of the PPARα Agonist WY-14643 in Nicotine 

CPP 

The PPARα antagonist, MK886, was used to investigate the PPARα-dependency of WY-14643. 

At the highest effective dose, the PPARα agonist WY-14643 (1mg/kg; i.p.) significantly reduced 

nicotine preference [F (2, 19) = 46.40, p <0.0001] (Fig. 14) and the PPARα antagonist MK886 

(6mg/kg; i.p.), given 30 min prior to WY-14643 in the nicotine CPP test, completely blocked the 

effect of WY-14643 (p<0.05). WY-14643 and MK886 did not produce a preference or aversion in 

saline treated-mice [F (2, 17) = 0.9040, p <0.4235].  
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Figure 14. The Effect of PPARα Antagonist MK886 on WY-14643 in Nicotine CPP. 

Mice were conditioned with either s.c. saline or nicotine (0.5 mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle The PPARα antagonist 

MK886 (6 mg/kg; i.p.) blocked the effect of WY-14643 (1 mg/kg, i.p.) in nicotine CPP.* 

Denotes p<0.05 from vehicle control; # Denotes p<0.05 from nicotine control. Each point 

represents the mean ± SEM of n=6-8 mice per group. 
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WY-14643 Did Not Shift the Potency of Nicotine in Nicotine CPP 

To test the effect of the PPARα agonist WY-14643 on the potency of nicotine in the CPP test 

WY-14643 (1 mg/kg; i.p.) was administered 15 minutes prior to nicotine (0.1, 0.5 and 1 mg/kg; 

s.c.) in the CPP test. Two-way ANOVA revealed that a significant nicotine preference [F (3, 

53) = 9.225, p <0.0001], a significant blockage of nicotine preference by WY-14643 [F (1, 

53) = 44.54, p <0.0001] and interaction [F (3, 53) = 4.315, p =0.0085]. In Fig. 15 nicotine 

preference was significant at 0.5 and 1mg/kg doses after 3 days of conditioning (p< 0.001). WY- 

14643 pretreatment significantly attenuated nicotine preference at 0.5 and 1mg/kg (p< 0.05) and 

had no effect on the 0.1 mg/kg dose of nicotine (p>0.05). WY-14643 did not produce preference 

or aversion on its own (p>0.05). 
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Figure 15. WY-14643 Attenuated Multiple Doses of Nicotine in the CPP test.  

To evaluate blockade of dose response of nicotine CPP by PPARα agonist mice were 

conditioned with either saline or nicotine (0.1, 0.5 and 1 mg/kg; s.c.) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle by the dose of 0.5 mg/kg or 

above. Pretreatment with WY-14643 (1 mg/kg; i.p.) reduced nicotine-CPP at the dose of 0.5 and 

1 mg/kg nicotine. * Denotes p<0.05 from vehicle control; # Denotes p<0.05 from nicotine 

control. Each point represents the mean ± SEM of n=6-8 mice per group. 
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PPARα Agonist WY-14643 Did Not Attenuate Cocaine CPP 

To test for the behavioral selectivity of WY-14643 on nicotine CPP, WY-14643 was evaluated in 

cocaine CPP as previously described139,298. In Fig. 16 robust preferences for cocaine (10mg/kg; 

i.p.) and nicotine (0.5mg/kg; s.c.) were produced after 3 days of conditioning in mice [F (4, 32) = 

32.63, p <0.0001]. The 10 mg/kg dose of cocaine has been previously shown to produce a 

significant preference in the CPP test 159,299. Although WY-14643, with a 15 min pretreatment, 

totally reduced nicotine reward at 1mg/kg as previously observed in this study (p<0.05) , it had 

no significant effect on cocaine preference (p>0.05). 
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Figure 16. Effects of PPARα Agonist WY-14643 on Nicotine and Cocaine CPP. 

 To test the selectivity of the attenuating effect of the PPARα agonist in nicotine CPP a separate 

group of mice was conditioned with saline, cocaine (10 mg/kg; i.p.) or nicotine (0.5 mg/kg; s.c.) 

for 3 days. A robust CPP was observed in both nicotine conditioned and cocaine-conditioned 

mice pre-treated with vehicle. The PPARα agonist WY- 14643 (1mg/kg; i.p.) reduced nicotine 

reward, but not cocaine reward as measured by the CPP test. * Denotes p<0.05 from vehicle 

control; # Denotes p<0.05 from nicotine control. Each point represents the mean ± SEM of n=6-

8 mice per group 
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Clinically Used PPARα Agonist Fenofibrate Reduced Nicotine CPP 

We utilized the clinically available PPARα agonist fenofibrate in the nicotine CPP paradigm. As 

previously observed in this study one way ANOVA showed that nicotine induced a significant 

preference in comparison to saline-treated mice after the 3-day conditioning period [F (6, 45) = 

4.078, p=0.0024]. In Fig. 17 pretreatment with lower doses of fenofibrate (1 and 9 mg/kg) 1hr 

prior to nicotine did not significantly alter nicotine CPP (p>0.05). However, the dose of 50 

mg/kg of fenofibrate reduced nicotine preference significantly (p<0.05). The effect of fenofibrate 

was loss at 100mg/kg (p>0.05). Fenofibrate had no effect on its own in saline treated-mice. 

Fenofibrate was administered at doses previously described 291,292. 
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Figure 17. Effect of PPARα Agonist Fenofibrate on Nicotine CPP  

Mice were conditioned with either s.c. saline or nicotine (0.5mg/kg) for 3 days. A robust CPP 

was observed in nicotine conditioned mice pre-treated with vehicle. Fenofibrate (1, 9,50 and 100 

mg/kg; i.p.), clinically used PPARα agonist, reduced nicotine reward as measured by the CPP 

test. *Denotes p<0.05 from vehicle control; # Denotes p<0.05 from nicotine control. Each point 

represents the mean ± SEM of n=6-8 mice per group. 
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The PPARα Antagonist Did Not Block Fenofibrate in Nicotine CPP 

The PPARα antagonist, MK886, was also used to investigate the PPARα-dependency of 

fenofibrate. MK886 was used to be consistent with previous studies utilizing another PPARα 

agonist of the fibrate family, clofibrate in nicotine reward 34. At the highest effective dose used 

fenofibrate (50mg/kg; i.p.), with 1 hr pretreatment, significantly attenuated nicotine preference [F 

(5, 36) = 3.835, p =0.0069] (Fig. 18), but the PPARα antagonist MK886 (6mg/kg; i.p.) had no 

effect on fenofibrate in nicotine CPP (p>0.05, Fig.18). Fenofibrate and MK886 did not produce a 

preference or aversion in saline treated-mice.   
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Figure 18. The Effect of PPARα Antagonist MK886 on Fenofibrate in Nicotine CPP 

Mice were conditioned with either s.c. saline or nicotine (0.5mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle. The PPARα antagonist 

MK886 (6 mg/kg; i.p.) did not block the effect of fenofibrate (50mg/kg; i.p.) in nicotine CPP. * 

Denotes p<0.05 from vehicle control; # Denotes p<0.05 from nicotine control. Each point 

represents the mean ± SEM of n=6-8 mice per group.  
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Nicotine Withdrawal Signs Attenuated by PPARα Agonist WY-14643 

The physical (somatic signs and hyperalgesia) and affective (anxiety-related behavior) signs of 

nicotine withdrawal were measured in mice following pretreatment with either WY-14643 or 

vehicle 15 min prior to mecamylamine administration on day 15. In Fig 19 nicotine withdrawn  

mice had a significantly increased anxiety-related behavior in the plus maze[F (5, 32) = 4.853, 

p=0.0020] (Fig. 19A), increased expression of somatic withdrawal signs[F (5, 33) = 24.04, 

p<0.0001] (Fig. 19B) and decreased response latencies in the hot-plate test [F (5, 34) = 3.432, 

p=0.0129]  (Fig.19C) compared to control mice implanted with saline MPs. In Fig. 19A one-way 

ANOVA revealed that pretreatment with WY-14643 attenuated anxiety-like behavior (time in 

open arms in the plus-maze test) at the dose of 5 mg/kg (p<0.05). In addition, as shown in Fig. 

19B pretreatment with 1 and 5 mg/kg of WY-14643 decreased nicotinic somatic withdrawal 

signs (p<0.05). In our study somatic signs were expressed as followed: paw tremors (~70%), 

body tremors (~5%), head shakes (~10%), backing (~15%). WY-14643 reduced these individual 

somatic signs in a uniformed manner. Finally, in Fig. 19C pretreatment with WY-14643 also 

attenuated the expression of hyperalgesia (hot-plate latency) at 5 mg/kg (p<0.05). The highest 

dose of WY-14643 tested (5 mg/kg) did not significantly affect behavioral responses in saline-

infused mice in any withdrawal test. 
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Figure 19: Effects of PPARα Agonist WY-14643 on Physical and Affective Signs of 

Precipitated Nicotine Withdrawal. 

 Mice were chronically infused with saline or nicotine (24 mg/kg/day) for 14 days. On day 15 

mice received i.p. injection of WY-14643 (0.3, 1 and 5 mg/kg) or vehicle. Mice then were 

administered mecamylamine (2mg/kg; s.c.) 10 min prior to behavioral assessment of A) anxiety-

like behaviors (Time spent in the open arm), B) somatic signs, and C) hyperalgesia (hot plate 

latency).Nicotine induced withdrawal symptoms: increased anxiety related behavior and somatic 

signs, but decreased hot plate latency. Compared to vehicle, pretreatment with WY-14643: A) 

attenuated the anxiety-like behavior at 5mg/kg; B) reduced somatic signs at 1 and 5mg/kg; and 

C) significantly increased hot plate latency at 5mg/kg in nicotine withdrawn mice. Each point 

represents the mean ± S.E.M. of n=6–8 mice per group. * Denotes p< 0.05 vs. Saline MP group, 

# Denotes p< 0.05 vs. Nicotine MP group.  
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PPARα Agonist WY-14643 Did Not Alter Arm Crosses in the Elevated Plus Maze.  

To examine whether or not the results observed in the elevated plus maze test was possibly 

confounded by alterations in locomotor activity induced by WY-14643 administration, the 

number of arm crosses were recorded. As shown in Table 5 WY-14643 had no effect on the 

number of arm crosses in the plus maze [F (5, 32) = 0.4386, p=0.8182]. 
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Table 5: WY-14643 does not significantly alter the average number of arm crosses in the 

elevated plus maze test 

 Mice undergoing nicotine withdrawal received WY-14643(0.3,1, 5; i.p.) or vehicle. The average 

number of arm crosses were recorded in the plus maze test. The numbers are presented as the 

total number of arm crosses ± SEM (n=6-8).  

 

 

 

 

 

Treatment Average number of arm crosses ±SEM 

Saline MP-vehicle 7.8± 0.9 

Saline MP- WY-14643 (5) 8±0.8 

Nicotine MP-vehicle 7.1±0.4 

Nicotine MP-WY-14643 (0.3) 7.2±0.3 

Nicotine MP-WY-14643 (1) 7.2±0.3 

Nicotine MP-WY-14643 (5) 7.7±0.5 
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Fenofibrate Modestly Attenuated Nicotine Withdrawal 

Fenofibrate was administered 1 hr prior to mecamylamine on day 15 after 14 days of continuous 

nicotine exposure via osmotic MPs. Following mecamylamine administration nicotine 

withdrawals signs (anxiety-like behavior, somatic signs and hyperalgesia) were measured in 

mice. In Fig. 20 nicotine withdrawn mice displayed an increase in anxiety-related behavior in 

the plus maze [F (5, 42) = 22.08, p<0.0001] (Fig. 20A), enhanced expression of somatic 

withdrawal signs [F (5, 42) = 63.26, p<0.0001] (Fig. 20B) and attenuated response latencies in 

the hot-plate test [F (5, 42) = 12.12, p<0.0001](Fig. 20C) in comparison to their saline MP-

implanted counterparts. In Fig. 20A one way ANOVA revealed that pretreatment with 

fenofibrate had no effect on anxiety-like behavior (time in open arms in the plus-maze test) at 

both doses tested (50 and 100 mg/kg) (p>0.05). However, as shown in Fig. 20B pretreatment 

with fenofibrate partially attenuated nicotinic somatic withdrawal signs only at the highest dose 

used of 100 mg/kg (p<0.05). Somatic signs were expressed in the following distribution: paw 

tremors (~70%), body tremors (~5%), head shakes (~10%), backing (~15%). Fenofibrate 

partially attenuated these individual somatic signs in a uniformed manner. Lastly, as shown in 

Fig. 20C pretreatment with fenofibrate was ineffective at attenuating the expression of 

hyperalgesia (hot-plate latency) at both doses tested (p>0.05). The highest dose of fenofibrate 

tested (100 mg/kg) did not significantly affect behavioral responses in saline infused mice in any 

withdrawal test. In the nicotine withdrawal studies fenofibrate was administered at doses 

previously described 291,292. 
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Figure 20: Effects of PPARα Agonist Fenofibrate on Physical and Affective Signs of 

Precipitated Nicotine Withdrawal. 

 Mice were chronically infused with saline or nicotine (24 mg/kg/day) for 14 days. On day 

15mice received fenofibrate 1 hr pretreatment (50 and 100 mg/kg; i.p.) or vehicle. Withdrawal 

was precipitated by administration of mecamylamine (2mg/kg; s.c.) 10 min prior to behavioral 

testing of: A) anxiety-like behaviors (Time spent in the open arm); B) somatic signs; and C) 

hyperalgesia (hot plate latency). Nicotine induced withdrawal symptoms increase anxiety- 

related behavior and somatic signs, but decrease hot plate latency. Compared to vehicle, 

pretreatment with fenofibrate: A) had no effect on the anxiety-like behavior; B) reduced somatic 

signs at 100 mg/kg; and C) did not alter hot plate latency in nicotine withdrawn mice. Each point 

represents the mean ± S.E.M. of 8 mice per group. * Denotes p< 0.05 vs. Saline MP group, # 

Denotes p< 0.05 vs. Nicotine MP group 
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PPARα Agonist Fenofibrate Did Not Alter Arm Crosses in the Elevated Plus Maze.  

To examine whether or not the results observed in the elevated plus maze test was possibly 

confounded by alterations in locomotor activity induced by fenofibrate administration, the 

number of arm crosses were recorded. As shown in Table 6 fenofibrate did not 

significantly alter the number of arm crosses in the plus maze test [F (5, 42) = 0.5318, 

p = 0.7509]. 
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Table 6: Fenofibrate does not have an effect on the average number of arm crosses in the 

elevated plus maze test 

Mice undergoing nicotine withdrawal received fenofibrate (50 and 100 mg/kg; i.p.) or vehicle. 

The average number of arm crosses were recorded in the plus maze test. The numbers are 

presented as the total number of arm crosses ± SEM (n=8).  

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Average number of arm crosses ±SEM 

Saline MP-vehicle 8.3± 0.6 

Saline MP- Fenofibrate (50) 7.6±0.5 

Saline MP- Fenofibrate (100) 7.4±0.3 

Nicotine MP-vehicle 7.1±0.5 

Nicotine MP-Fenofibrate (50) 7.8±0.5 

Nicotine MP-Fenofibrate (100) 8±0.8 
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D. Discussion 

 

    This is the first report demonstrating the ability of a PPARα antagonist to block the inhibitory 

effects of an α7 nAChR agonist on nicotine reward in a mouse CPP paradigm (Fig. 12). This 

suggests that α7 nAChR activation attenuates nicotine CPP in a PPARα-dependent mechanism. 

We therefore compared the effects of a selective and potent PPARα agonist, WY-14643, to 

fenofibrate, a clinically available PPARα agonist in nicotine mouse models of reward and 

withdrawal. Our results provide some important and novel insights about the effects of PPARα 

agonists in these nicotine dependence tests. The PPARα agonists WY-14643 and fenofibrate 

attenuated nicotine preference as expected but fenofibrate was less potent (Fig. 13 and Fig.17). 

In addition, the attenuation by fenofibrate in nicotine CPP was not PPARα-mediated (Fig.18). 

Also, in contrast to WY-14643, fenofibrate had a modest efficacy in reducing nicotine 

withdrawal signs (Fig. 19 and Fig. 20).  

     Our results indicated that attenuation by α7 nAChR activation in nicotine CPP is PPARα 

mediated (Fig. 12). This finding is consistent with the suggestion that an α7 nAChR agonist 

prevents nicotine-induced excitation of dopamine neurons via PPARα mechanism 116. Indeed, the 

PPARα agonist WY-14643 completely and dose-dependently blocked nicotine conditioned 

reward in the CPP test (Fig. 13). In addition, WY-14643 at the highest effective dose (1 mg/kg) 

blocked all doses of nicotine in the CPP test (Fig. 15). Furthermore, WY-14643 (1mg/kg) had no 

significant effect on cocaine CPP suggesting behavioral selectivity of WY-14643 for attenuating 

nicotine reward (Fig.16). In support of our findings WY-14643 has been previously shown to be 

ineffective in reducing cocaine self-administration 277. Our findings with WY-14643 are 

consistent with other PPARα agonists such as clofibrate that was reported to attenuate nicotine 

reinforcement and reinstatement in rats through a PPARα mechanism of action 34,154,277. Our 
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study with fenofibrate in nicotine CPP produced novel findings. Fenofibrate blocked the 

development of nicotine CPP at a lower potency (a 9-fold difference estimate) than WY-14643, 

the selective and potent PPARα agonist (Fig. 17). In fact, the dose of fenofibrate to completely 

block nicotine CPP was 50mg/kg. At the higher dose of 100 mg/kg, fenofibrate-treated mice 

were no longer statistically different from the nicotine-treated mice. Contrary to WY-14643, 

fenofibrate blockade of nicotine preference was not PPARα-mediated. The PPARα antagonist 

MK886, blocked the effects of WY-14643 but not fenofibrate in the nicotine CPP test (Fig. 14 

and Fig.18).  This is in contrast with the effects of another member of the fibrate family, 

clofibrate, as well as other PPARα agonists such WY-14643 and methOEA in i.v. nicotine self-

administration and reinstatement models in rats and primates 34,277. Indeed, the reduction of 

nicotine reinforcement by these PPARα agonists was blocked by MK886. The lack of a PPARα-

dependency in the effect of fenofibrate is not entirely surprising since it has also been reported in 

anti-proliferative and anti-inflammatory in vitro studies 300–303. 

      Our nicotine withdrawal results suggest PPARα activation by WY-14643 is effective at 

attenuating nicotine withdrawal signs in a mouse model. To our knowledge this is the first study 

to evaluate PPARα agonists in a preclinical test for nicotine withdrawal. WY-14643 attenuated 

both the affective (anxiety-like behavior) and physical (somatic and hyperalgesia) signs of 

withdrawal (Fig. 19) whereas fenofibrate only partially and modestly reduced the somatic signs 

intensity at the highest dose used, 100 mg/kg (Fig. 20). Higher doses of fenofibrate were not 

investigated due to adverse locomotor effects (data not shown). Clinically available smoking 

cessation therapies act to a large extent by reducing the nicotine withdrawal signs/symptoms 

82, one of the primary causes of high tobacco relapse rates 29; consequently, our animal studies 

included a focus on nicotine withdrawal. Somatic signs have shown to contribute less to 
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nicotine-seeking behavior than affective signs 108,169; thus, the modest reduction of somatic signs 

by fenofibrate may not predict its efficacy as a smoking cessation aid.  

    The α7 nAChR full agonist PNU282987 used in the CPP studies is selective for the α7 nAChR 

248,304,305. However, it has been suggested that α7 nAChR activation might indirectly lead to 

downregulation of β2-nicotinic subunits via PPARα-induced phosphorylation of these subunits 

116,278. Indeed, α7 nAChR pharmacological activation by PNU282987 enhanced the neuronal 

levels of endogenous PPARα ligands OEA and PEA in the VTA 116. Therefore, PPARα 

activation by WY-14643 may attenuate nicotine conditioned reward in the CPP test via a similar 

mechanism leading to a functional downregulation of β2 subunits. β2-containing nAChRs are 

well known to play an important role in nicotine reward in the CPP test 37.The lack of reduction 

of cocaine CPP by PPARα agonist WY-14643 is somewhat surprising if we assume an important 

role for β2-containing nAChRs in the effect of PPARα activation. Nevertheless, it is possible that 

this mechanism (i.e. β2- containing nAChR downregulation) may not be involved in cocaine 

CPP. Unlike nicotine CPP, genetic and pharmacological activation of α7 nAChRs does not alter 

cocaine preference35. It has been reported that cocaine CPP is partially reduced in β2 knockout 

mice298 at 5mg/kg of cocaine, suggesting that β2- containing nAChRs play a role in cocaine CPP. 

However, at the higher dose of 10mg/kg, the dose used in our study, no reduction of cocaine CPP 

was observed298.  Another possibility is the degree of phosphorylation of the β2 subunit may not 

be sufficient enough to alter cocaine CPP in comparison to a complete genetic ablation of the β2 

subunit (β2 knockout mice). Therefore, the proposed mechanism of α7 nAChR activation 

indirectly downregulating β2-containing nAChRs may not play a role in cocaine CPP. In 

nicotine withdrawal, it is possible that regulation of β2 nAChR subunits influences the reversal 

of nicotine withdrawal-related signs by the PPARα agonist WY-14643. Indeed, β2-containing 
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nAChRs are important for the affective signs of nicotine withdrawal 93. In addition, animal 

studies reported a correlation between the time-course of brain β2-containing nAChRs 

upregulation and nicotine withdrawal signs306. Furthermore, nicotine withdrawn smokers have 

upregulated β2-containing nAChRs 195. 

   Collectively our preclinical findings on fenofibrate are consistent with its lack of effectiveness 

seen in a recent clinical study 307 as a smoking cessation aid. The pilot study was a 4-week 

evaluation of fenofibrate using a within-subjects crossover design with nicotine-dependent 

volunteers (n=38). Although that experiment had limitations in sample size, duration and used 

only one dose of fenofibrate, our data suggest that fenofibrate might not be the appropriate 

PPARα drug to use because it has modest effects on nicotine withdrawal and has been shown to 

be a weak and non-selective PPARα agonist (EC50 >10 μM) 294,295. Importantly, our data with 

WY-14643 and those reported with clofibrate34 suggests that PPARα is a potential molecular 

target to evaluate for smoking cessation. Notably, PPARαs undergo different structural 

conformations upon interaction with different ligands and each ligand-receptor conformation 

may lead to different patterns of gene expression modulation. For example activation of PPARα 

by WY-14643 and fenofibrate activate different set of genes as well a small set of overlapping 

genes 308. Therefore, evaluation of more selective and potent PPARα agonists such as LY518674 

(>2000-fold more potent and >300-fold more selective than fenofibrate) and PPARα biased 

agonists such as the selective PPAR modulators (SPPARMS) K-877 (Pemafibrate®) 309 should 

be considered. SPPARMS are thought to interact with the large binding pocket of PPARα to 

induce a different co-factor recruitment, resulting in higher potency and fewer adverse side 

effects than the original fibrate compounds 310. LY518674 and K-877 are currently in phase II 

trials with promising results in treating dyslipidemia 311,312. These compounds may prove to be 
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more efficacious candidates for smoking cessation therapy; however, preclinical studies are 

imperative to investigate this hypothesis. In summary, our findings build on the understanding of 

the underlying mechanism of α7 nAChR activation in nicotine reward. Further investigation 

needs to be conducted to elucidate the role of PPARα mediation of α7 nAChR in nicotine 

dependence. 
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CHAPTER FOUR 

 

Investigating the Role of Ethanolamides in Nicotine Dependence  

 

A. Introduction  

 

 Our results from the previous chapter suggested that fenofibrate, a PPARα agonist currently 

used to reduce high cholesterol levels, might not be an efficacious treatment for nicotine 

dependence. Fenofibrate reduced nicotine reward in the CPP test at the high dose of 50mg/kg in 

a non-PPARα mediated manner. In addition, fenofibrate showed a very modest efficacy on 

nicotine withdrawal. Our results with fenofibrate are in agreement with a clinical study that 

showed fenofibrate was ineffective as a smoking cessation aid 307. We suggested that this lack of 

efficacy in rodents and human testing is probably due to the fact that fenofibrate is weak and 

non-selective activator of PPARα 295,313 295,314. In addition, PPARα expression in the brain is 

lower than in other organs such as the liver where it induces its lipolysis effects 287,315. This 

suggests that attenuation of nicotine dependence may require the use of higher potency and 

efficacy PPARα agonists. Indeed, in the previous chapter, we showed that in contrast to 

fenofibrate, the potent and selective PPARα agonist WY-14643 attenuated nicotine CPP in a 

PPARα-dependent manner and reversed nicotine withdrawal signs in our models. Thus, PPARα 

may still be a viable target for smoking cessation but it is clear fenofibrate is not a desirable 

PPARα agonist to use. 

   The nuclear receptor PPARα is a transcription factor that mediates the transcription of genes 

involved in inflammation and lipolysis 276. Of importance, PPARαs are located in brain regions 

associated with reward 287–289 and activated by endogenous ligands OEA and  PEA.  Recent 
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evidence showed that exposure to nicotine may regulate the endogenous PPARα system. For 

example, a reduction in the levels of the endogenous PPARα agonist OEA was observed in the 

VTA dialysate of rats under a nicotine i.v. self-administration regimen 316, suggesting that the 

ethanolamide deficit may contribute to nicotine dependence. Therefore, correcting this deficit by 

enhancing the levels of endogenous PPARα agonist may be a potential approach to treat nicotine 

dependence.     

     Direct administration of OEA and PEA to activate PPARα may be one possible strategy. It 

has been previously shown that methOEA (a long-lasting analog of OEA) reduces the rewarding 

effect of nicotine in intravenous self-administration after systemic administration in rats 277. 

Although providing proof of principle, utilizing natural lipids as therapeutic agents has 

limitations. such as fast metabolism, poor pharmacokinetic properties upon oral ingestion in 

humans 317,318.  Inhibiting the degradative enzymes of OEA and PEA may serve as an alternative 

strategy to increase endogenous OEA and PEA activity at PPARα. Indirect activation of a 

receptor bypasses overstimulation of the system, which attenuates unintended side effects. In 

addition, inhibiting the degradative enzyme instead of direct OEA/PEA administration restricts 

the effect of the drug only to locations that possess that particular enzyme which also reduces 

unwanted side effects that may be caused by widespread activation of OEA/PEA targets after 

their administration. This is a similar approach that has been used in the cannabinoid field where 

indirect activation of cannabinoid receptors, by inhibiting degradative enzymes such as FAAH 

and MAGL, has been shown to produce more therapeutic benefits and bypass some negative side 

effects of direct agonists201,319. OEA and PEA are enzymatically degraded by FAAH and the 

lysosomal enzyme N-acylethanolamine hydrolyzing acid amidase (NAAA) 320,321 which are 

enzymes that differ in their catalytic mechanisms, structure, and selectivity for substrates. Both 
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enzymes have been shown to enhance OEA and PEA levels 320,322,323, but inhibition of FAAH 

also increases AEA levels, one of the endogenous cannabinoids. FAAH has more selectivity for 

AEA in comparison to PEA and OEA, whereas NAAA is more selective for PEA than AEA 321. 

Therefore, the inhibition of FAAH is not a favorable approach to enhance OEA and PEA levels 

in hopes of reducing the rewarding effect of nicotine. NAAA is expressed in regions of the brain 

associated with reward along with PEA, OEA, and PPARα 287,289,321,324. NAAA inhibition 

enhances OEA and PEA levels 325, and both OEA and PEA have been shown to block nicotine-

induced VTA dopaminergic neuron excitation in a PPARα dependent manner 115. Thus we 

hypothesize that NAAA inhibition will indirectly activate PPARα which in turn will reduce 

nicotine reward. The novel and selective NAAA inhibitor AM9053 322 and AM11095, its analog 

with a better pharmacokinetic profile,  were examined in the nicotine CPP test. AM9053 has 

been shown to potently inhibit NAAA (IC50=30nM) and enhance OEA and PEA levels under 

naïve and inflammatory conditions 322,326. NAAA inhibitors are typically used in pain-related 

studies, however the utilization of these compounds in nicotine reward may provide insight on 

the role of ethanolamides in nicotine dependence. 
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Figure 21: Schematic of Degradation of OEA and PEA (Adapted from 317) 

The fatty acid ethanolamides OEA and PEA exert their effects primarily through PPARα. OEA and PEA 

are inactivated by the hydrolase NAAA into fatty acid and ethanolamine. The novel AM9053 compound 

selectively inhibits NAAA. 
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Figure 22: Structure of AM9053 (Structure provided by Dr. Alexandros Makriyannis’ lab)  

AM9053 inhibits NAAA activity with an IC50 value of 30nM. AM9053 showed a remarkable 

selectivity for human NAAA as compared to endocannabinoid serine hydrolase FAAH  >100 uM 
322.  
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B. Materials and Methods 

 

 Animals 

 

Drug-naive, ICR male mice (8 weeks old upon arrival; Harlan Laboratories, Indianapolis, IN) 

served as subjects. Mice were housed four per cage with ad libitum access to food and water on a 

12-h light cycle in a humidity and temperature controlled vivarium that was approved by the 

Association for Assessment and Accreditation of Laboratory Animal Care. Mice received corn 

cob bedding and were fed Envigo Teklad mouse/rat diet 7102 (LM-485). Experiments were 

performed during the light cycle and were approved by the Institutional Animal Care and Use 

Committee of Virginia Commonwealth University and followed the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals.  

 

Drugs  

(−)-Nicotine hydrogen tartrate [(−)-1-methyl-2-(3- pyridyl) pyrrolidine (+)-bitartrate] was 

purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). AM9053 and AM11095 were   gifts 

from Dr. Alexandros Makriyannis of Northeastern University. AM9053 was dissolved in a 

mixture of 1:1:18 [1 volume ethanol/1 volume Emulphor-620 (Sanofi-Aventis, Bridgewater, NJ)  

and 18 volumes distilled water]. AM11095 was dissolved in a mixture of 1:1:18 [1 volume 

ethanol/1 volume Tween-80 (Sigma-Aldrich Co., St. Louis, MO) and 18 volumes distilled water] 

. Nicotine was injected s.c. and dissolved in saline. AM9053 and AM11095 were administered 

i.p. The nicotine solution pH was neutralized with sodium bicarbonate as needed. Freshly 
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prepared solutions were given to mice at 10 ml/kg. Doses are expressed as the free base of the 

drug.  

Nicotine and Cocaine conditioned place preference studies  

 

An unbiased CPP paradigm was performed. Briefly, the CPP apparatus consisted of three 

chambers in a linear arrangement (Med Associates, St Albans, VT). The CPP apparatus 

(MedAssociates, St. Albans, VT, ENV3013) consisted of white and black chambers (20×20×20 

cm each), which differed in overall color and floor texture (white mesh or black rod). These 

chambers were separated by a smaller gray chamber with a smooth PVC floor. Partitions could 

be removed to allow access from the gray chamber to the black and white chambers. On day 1, 

animals were confined to the middle chamber for a 5-min habituation and then allowed to freely 

move between all three chambers for 15 min. Time spent in each chamber was recorded, and 

these data were used to populate groups of approximately equal bias in baseline chamber 

preference. Twenty-minute conditioning sessions occurred twice a day (days 2–4). During 

conditioning sessions, mice were confined to one of the larger chambers. The saline groups 

received saline in one large chamber in the morning and saline in the other large chamber in the 

afternoon. The drug group received drug in one large chamber and saline in the other large 

chamber. Treatments were counterbalanced equally in order to ensure that some mice received 

the unconditioned stimulus in the morning while others received it in the afternoon. The 

nicotine-paired chamber was randomized among all groups. Sessions were 4 h apart and were 

conducted by the same investigator.  On each of the conditioning days, mice were pretreated 

with AM9053(i.p.), AM11095(i.p.) or its vehicle 2 hr or 1hr prior to nicotine injection 

respectively. On test day (day 5), mice were allowed access to all chambers for 15 min in a drug 
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free state. The preference score was calculated by determining the difference between the time 

spent in the drug paired side during test day versus the time in drug paired side during the 

baseline day. 

 

 

Statistical analysis 

Data were analyzed using the GraphPad software version 6.0 (GraphPad Software, Inc., La Jolla, 

CA) and expressed as the mean ± S.E.M. A one-way analysis of variance (ANOVA) in 

conjunction with Holm-Šídák comparison tests were conducted to determine significant effects 

of drug treatments vs controls. Comparisons were considered statistically significant when p < 

0.05.  
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C. Results 

 

Development of Nicotine CPP Attenuated by NAAA Inhibitor AM9053 

Mice were conditioned with either saline or nicotine (0.5 mg/kg; s.c.) for 3 days in the CPP 

paradigm. In Fig. 23 a robust CPP was observed in nicotine–conditioned mice pre-treated with 

vehicle [F(4, 30) = 7.990, p=0.0002]. AM9053 given 2 hr prior to nicotine reduced nicotine 

reward. As revealed by the Holm-Šídák comparison tests, AM9053 (3mg/kg) significantly 

altered nicotine CPP (p<0.05), but was ineffective at the lower dose of 1 mg/kg (p>0.05). 

AM9053 at the highest dose used (3 mg/kg) did not produce a preference or aversion in saline 

treated-mice. 
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Figure 23. The Effect of NAAA Inhibitor AM9053 on Nicotine CPP.  

 Mice were conditioned with either s.c. saline or nicotine (0.5mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle. AM9053 (1 and 3mg/kg; 

i.p.) reduced nicotine reward as measured by the CPP test.*Denotes p<0.05 from vehicle control; 

# Denotes p<0.05 from nicotine control. Each point represents the mean ± SEM of n=6-8 mice 

per group. 
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Development of Nicotine CPP Attenuated by NAAA Inhibitor AM11095 

Mice were conditioned with either saline or nicotine (0.5 mg/kg; s.c.) for 3 days in the CPP 

paradigm. In Fig. 24 a robust CPP was observed in nicotine–conditioned mice pre-treated with 

vehicle [F(4, 32) = 6.490, p=0.0006]. AM11095 given 1 hr prior to nicotine reduced nicotine 

reward. As revealed by the Holm-Šídák comparison tests, AM11095 (5mg/kg) significantly 

altered nicotine CPP (p<0.05), but was ineffective at the lower dose of 1mg/kg (p>0.05). 

AM11095 at the highest dose used (5 mg/kg) did not produce a preference or aversion in saline 

treated-mice. 
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Figure 24. The Effect of NAAA Inhibitor AM11095 on Nicotine CPP  

 Mice were conditioned with either s.c. saline or nicotine (0.5mg/kg) for 3 days. A robust CPP 

was observed in nicotine-conditioned mice pre-treated with vehicle. AM11095 (1 and 5mg/kg; 

i.p.) reduced nicotine reward as measured by the CPP test. * Denotes p<0.05 from vehicle 

control; # Denotes p<0.05 from nicotine control. Each point represents the mean ± SEM of n=6-

8 mice per group. 
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D. Discussion 

 

The present study is the first to report the impact of the pharmacological inhibition of the 

lysosomal enzyme NAAA, degradative enzyme for OEA and PEA, in nicotine reward. Our 

results show that NAAA inhibition by AM9053 and AM11095 attenuates nicotine preference. 

AM9053 was shown to be highly selective and potent (IC50 = 30nM) in vitro for NAAA 

blockade and has efficacy in an in vivo murine model of colitis 322 and attenuated expression of 

inflammatory markers caused by lipopolysaccharide-induced macrophage activation326. AM9053  

increases PEA and OEA levels after repeated administration in vivo or 8 hr incubation in vitro 

322,326. AM9053 enhances the levels of OEA and PEA in control J774 macrophage cells326. 

AM9053 has also been shown to increase the levels of other ethanolamides such as 

stearoylethanolamide, AEA, and docosahexaenoylethanolamide 326; however, OEA was 

increased to a greater extent. After systemic administration, AM9053 not only enhanced PEA 

levels in the colon but the liver as well 322. In addition, it has been shown that AM9053 does not 

enhance cerebellum PEA levels in mice with trinitrobenzene sulfonic acid-induced colitis322. The 

efficacy of AM11095 and its effect on ethanolamide levels is not available. There are reports that 

suggest NAAA inhibitors mediate anti-inflammatory and antinociceptive effects in animal 

models of pain and inflammation 322,323,327 through a PPARα-mediated mechanism325,328.  Thus, 

our findings in nicotine CPP are consistent with the premise that NAAA inhibition indirectly 

activates PPARα. PPARα activation reduces nicotine reward and reinforcement154,329 in rodents 

and nonhuman primates. In addition, it has been previously shown that methOEA (a long-lasting 

analog of OEA) reduces the rewarding effect of nicotine in the intravenous self-administration 

after systemic administration in rats 277. In addition, OEA and PEA block nicotine-induced VTA 
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dopaminergic neuron excitation in a PPARα dependent manner 115. Additional studies will 

further the understanding of the ethanolamide system in nicotine dependence 
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CHAPTER FIVE 

 

GENERAL DISCUSSION 

 

A. Rationale 

 

   Tobacco use is one of the leading causes of preventable deaths in the world5. There are current 

smoking cessation aids available; however, these therapies are modestly successful with less than 

30% of users remaining abstinent for more than 1 year 15. Therefore, there is a need for more 

efficacious therapies and this need may be met by a better understanding of the molecular 

underpinnings that induce nicotine dependence. Nicotine, the main addictive component in 

tobacco, exerts its effects through nAChRs 108. One of the most abundant nAChRs in the brain, 

the homomeric α7 nAChR, has unique features and its role in nicotine dependence is not well 

understood. α7 nAChRs rapidly desensitize, have a low probability of being open 211 and high 

calcium permeability 50. Preclinical data suggests that α7 nAChR activation attenuates nicotine 

reward 30,35 and pharmacological/genetic blockade of α7 nAChR enhances nicotine reward and 

reinforcement 30,35. The characteristics of the α7 nAChR and its complex circuitry (see Ch.1 

Section F and Fig. 1 for details) may account for these behavioral observations. Thus, the first 

aim of this dissertation was to investigate the impact of desensitization and channel opening of 

α7 nAChRs using pharmacological modulators such as PAMs and a silent agonist.  

     As previously mentioned, the α7 nAChR with its high calcium permeability induces signaling 

pathways that have been implicated in the areas of pain and cognition. With the interesting 

findings for the behavioral data, we sought to investigate a possible signaling cascade activated 

by α7 nAChR that may further elucidate its role in nicotine dependence. Therefore, the second 



 
 

113 
 

aim of this dissertation sought to elucidate a possible mechanism underlying the α7 nAChR by 

investigating PPARα as a downstream mediator of the α7 nAChR..  

B. Summary of Results 

 

    Chapter 2 focused on aim 1 by elucidating the effects of α7 nAChR conformational changes in 

nicotine reward and withdrawal by utilizing pharmacological interventions. α7 nAChR 

orthosteric agonist PNU282987, Type I PAM NS1738, Type II PAM PNU120596, and the silent 

agonist NS6740 were used. The α7 full orthosteric agonist PNU282987 and the Type II α7 

nAChR PAM PNU120596 reduced nicotine  CPP (Fig. 4 and 6) while the silent agonist NS6740 

and Type I PAM NS1738 had no effect (Fig. 5 and 7). In nicotine withdrawal, PNU282987, 

NS1738, and PNU120596 attenuated different aspects of the withdrawal syndrome (Fig.8, 9 and 

10). In the nicotine withdrawal experiments the orthosteric agonist PNU282987 attenuated 

anxiety-like behaviors (Fig.8); however, the α7 nAChR PAMs NS1738 and PNU120596 had no 

effect on anxiety-like behavior as observed in the elevated plus maze (Fig. 9 and 10). The 

orthosteric full agonist PNU282987 and they Type I PAM NS1738 both attenuated somatic 

signs, but the Type II PAM PNU120596 had no effect on somatic signs.  PNU120596 was the 

only ligand to reduce hyperalgesia. To our knowledge, this is the first report of α7 nAChR PAMs 

and a silent agonist used in preclinical nicotine dependence tests. The results from chapter 2 

highlighted the importance of α7 nAChR desensitization, probability of channel opening, and 

endogenous tone.  

     The next chapter (Chapter 3) focused on aim 2 and investigated a potential mediator of the α7 

nAChR, PPARα. This chapter suggests that α7 nAChR activation attenuates nicotine CPP in a 

PPARα-dependent mechanism (Fig.12). In addition, the PPARα agonists WY-14643 and 

fenofibrate attenuated nicotine preference as expected but fenofibrate was less effective and not 
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PPARα-dependent (Fig. 13, Fig.17 and Fig.18). In addition, in contrast to WY-14643, 

fenofibrate had a modest efficacy in reducing nicotine withdrawal signs (Fig.19 and Fig.20). 

Chapter 4 is a continuation of the theme of Chapter 3, but with an emphasis on indirect activation 

of PPARα.  This is a short chapter on the inhibition of NAAA, the degradative enzyme for OEA 

and PEA, in nicotine reward. The results show that NAAA inhibition attenuates nicotine 

preference in mice (Fig.23 and Fig.24), which is consistent with the premise that NAAA 

inhibition indirectly activates PPARα.  

C. Discussion of Results 

 

   Collectively, these results suggest that the role α7 nAChR in nicotine dependence is 

conformation-dependent and mediated by PPARα. The finding in Chapter 2 that the silent 

agonist NS6740 has no effect on nicotine CPP (Fig.7) is similar to its lack of effect in a 

preclinical model of cognitive function245. This suggests ion conductance/receptor activation is 

necessary for the α7 nAChR induced reduction of nicotine CPP. This result also supports the role 

of PPARα mediation in the effect of the α7 nAChR, as suggested in Chapter 3. Indeed, α7 

nAChR pharmacological activation by PNU282987 enhanced the neuronal levels of endogenous 

PPARα ligands OEA and PEA in the VTA in a Ca2+-dependent manner 116. However, if the 

notion of the necessity of channel activation is valid, it is unclear why the α7 nAChR Type I 

PAM NS1738 (1 and 10mg/kg) was ineffective at reducing nicotine CPP. NS1738 increases the 

probability of opening of α7 nAChRs. The increase in channel opening would increase the 

likelihood of ion conductance, thus it is plausible that NS1738 would be more effective than the 

orthosteric agonist PNU282987 at attenuating nicotine CPP. Higher doses of NS1738 than those 

used in our current study have been effective in inflammation studies240 and may also induce an 

effect in nicotine CPP.  
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       In addition, this dissertation is the first to utilize α7 nAChR PAMs in nicotine CPP and 

withdrawal. The results suggests the presence of an endogenous tone mediated through α7 

nAChRs that modulates nicotine reward and withdrawal. The Type I PAM NS1738 attenuated 

nicotine withdrawal-induced somatic signs (Fig. 9). The Type II PAM PNU120596 attenuated 

nicotine CPP (Fig. 6) and nicotine withdrawal-induced hyperalgesia (Fig. 10). The modulation of 

the endogenous tone is receptor conformation dependent. In particular, these findings may 

suggest that individuals with low endogenous α7 nAChR activation are more likely to develop 

nicotine dependence. This dissertation adds to the understanding of the endogenous cholinergic 

system in nicotine dependence.  

   The neurotransmitter systems of the brain such as glutamate, GABA, dopamine, and 

acetylcholine have been implicated in aspects of nicotine dependence. Nicotine targets nAChRs 

and induces its dependency effects. The β2* nAChRs are required for nicotine reward, 

reinforcement and some aspects of withdrawal 93,135,183. Nicotine has a low affinity for the α7 

nAChR and initial preclinical studies suggested that this receptor was not involved in the 

rewarding effects induced by nicotine 37. However, recently it has been shown that the α7 

nAChR modulates nicotine reward 30,35. This may be due to its neurophysiological modulation of 

neurotransmitter systems involved in nicotine dependence. The locality of α7 nAChRs on 

presynaptic terminals and postsynaptically allow this receptor to modulate neurotransmitter 

release and participate in fast synaptic transmission. The circuitry of the α7 nAChR in the 

mesolimbic system provides multiple possible pathways the α7 nAChR can modulate dopamine 

release (Fig. 1). For instance, the preterminal α7 nAChRs on glutamatergic afferents in the NAc 

potentiate glutamate release and are synapsed on to medium spiny neurons. Activation of these 

α7 nAChRs can indirectly activate ionotropic glutamate receptors on dopaminergic axon 
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terminals 221,222 which results in dopamine release. However, if preterminal α7 nAChRs were 

desensitized the net outcome would be a reduction of dopamine release. Another potential 

outcome of preterminal α7 nAChR activation on glutamatergic axon terminals in the NAc is 

attenuation of dopamine release via activation of metabotropic glutamate receptor activation. 223. 

This outcome will result in enhancement of dopamine release if α7 nAChRs are desensitized.  

The results from Ch.2 of this dissertation may provide a behavioral understanding of α7 nAChRs 

in nicotine dependence, but it does not aid in determining which pathways are activated or 

desensitized. The attenuation of nicotine CPP by the Type II PAM PNU120596, which increases 

the probability of channel opening and blocks desensitization, may suggest that through delayed 

desensitization or resensitization of an α7 nAChR-mediated inhibitory pathway on dopamine was 

activated. In addition, the effect of PNU120596 is dependent on the endogenous 

acetylcholine/choline tone. Thus, enough endogenous tone was provided for PNU120596 to 

induce an effect. The lack of effect of the silent agonist NS6740 may suggests that this ligand 

desensitized an inhibitory α7 nAChR pathway. Further molecular and behavioral studies may 

elucidate the role of α7 nAChR circuitry in nicotine dependence. 

   The PPARα and α7 nAChR interaction may occur at postsynaptical α7 nAChRs in the VTA on 

dopaminergic neurons 218,330. PPARα is a nuclear hormone receptor that is predominately found 

in the nucleus or the surrounding cytoplasmic space 295,331,332. Furthermore, the ethanolamides 

OEA, PEA, and the endocannabinoid AEA are made on demand and are thought to be 

synthesized by a membrane bound enzyme 320. AEA is released postsynaptically to engage in 

retrograde transmission 333 thus, it is reasonable to believe that AEA is synthesized in the soma 

along with other ethanolamides such as OEA and PEA.  Interestingly, it has been suggested that 

mice lacking the α7 nAChR  showed a steady increase in nicotine induced dopamine outflow 
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over time in the nucleus accumbens which was in contrast to WT mice 256. This may suggest that 

α7 nAChRs serve as an inhibitory regulator of dopamine release in the VTA. It has been 

previously postulated that  α7 nAChRs may modulate β2* nAChR-induced dopamine release via 

PPARα in the VTA116,278. Indeed, nicotine-induced dopamine release is β2* nAChR 

dependent135. Further physiological and behavioral studies are needed to understand this 

interaction. 

    

 D. Future Directions  

 

The overall future directions of this dissertation are to elucidate the neurocircuitry and 

pharmacology of α7 nAChRs and PPARα in nicotine CPP and withdrawal, in hopes to implicate 

these receptors as viable targets for smoking cessation aids. The pharmacological ligands used in 

this dissertation were systemically administered; therefore, local infusions of the 

pharmacological ligands administered in nicotine CPP and nicotine withdrawal will aid in 

determining the neurocircuitry involved. NAAA, PPARα, and α7 nAChRs are expressed in brain 

regions associated with reward such as the prefrontal cortex, NAc and VTA 41,122,289,321,334,335. 

Also, these regions are involved in nicotine CPP 36,139,336. Genetically modified mice such as 

floxed α7 nAChR mice337 may provide an understanding of the neural substrates involved. Even 

though CPP and self-administration were originally thought to be isomorphic models for 

measuring drug reward, it is now accepted that CPP measures drug reward and self-

administration measures drug reinforcement 71. Thus to further extend the understanding of our 

finding in nicotine dependence, it is important to test the mechanisms in this dissertation in 

nicotine intravenous self-administration and reinstatement. Furthermore, SPPARMS for PPARα 

such as K-877309  may have a higher potency than original fibrate compounds because they 
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interact with the large binding pocket of PPARα to induce a different co-factor recruitment310. 

Therefore, it is important to test SPPARMS in nicotine dependence assays.  

     In addition, we will continue to characterize the NAAA inhibitors in nicotine CPP by 

investigating the PPARα mediation of its effects. OEA and PEA have other targets such as G-

protein-coupled receptor 55, transient receptor potential cation channel subfamily V member, 

and G-protein-coupled receptor 119 338–340. Administering OEA and PEA systemically in 

nicotine dependence assays will further implicate ethanolamides in nicotine dependence. Also, 

the effect of NAAA inhibition in nicotine withdrawal will provide more evidence of the 

involvement of the ethanolamide system in nicotine dependence. 

    There is a dire need for new molecular targets for smoking cessation therapies. The β2* 

nAChRs have been extensively studied and are the targets for some of the current therapies. 

However, given the modest efficacy of the current smoking cessation aids, it suggest the need for 

new molecular targets. This dissertation focused on the α7 nAChR and PPARα as potential new 

targets for smoking cessation aids. Our work and others suggest that the α7 nAChR may act as a 

molecular break that attenuates nicotine rewarding effects produced by high affinity nAChR 

subtypes. Therefore, selectively activating α7 nAChRs may reduce the rewarding effects of 

nicotine even in individuals who are currently using tobacco products. α7 nAChR agonists and 

modulators are undergoing clinical trials to enhance cognitive function, thus, these ligands can 

be repurposed as smoking cessation aids 341,342. In addition, this dissertation suggests that PPARα 

mediates the attenuation of α7 nAChRs in nicotine CPP. Also, activation of this receptor has 

been previously shown to attenuate nicotine reward and reinforcement. Furthermore, this 

dissertation is the first to report PPARα activation attenuates nicotine withdrawal signs. The K-

877 SPPARM for PPARα is undergoing clinical trials309 and can also be repurposed as a 
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smoking cessation aid. Taken together the results from this dissertation aids support the 

development of α7 nAChR agonists and more potent PPARα activators such as K-877 as 

possible smoking cessation aids.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

120 
 

 

 

LITERATURE CITED 

 

1  Benowitz, NL (2008) ‘Clinical Pharmacology of Nicotine: Implications for 

Understanding, Preventing, and Treating Tobacco Addiction.’ Clinical Pharmacology & 

Therapeutics, 83(4), pp. 531–541. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18305452 (Accessed 8 October 2015) 

2  Changeux, Jean-Pierre (2010) ‘Nicotine addiction and nicotinic receptors: lessons from 

genetically modified mice.’ Nature reviews. Neuroscience, 11(6), pp. 389–401. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20485364 (Accessed 12 May 2015) 

3  Carter, Brian D, Abnet, Christian C, Feskanich, Diane, Freedman, Neal D, et al. (2015) 

‘Smoking and Mortality - Beyond Established Causes.’ The New England journal of 

medicine, 372(7), pp. 631–640. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/25671255 

4  Siegel, Rebecca L., Jacobs, Eric J., Newton, Christina C., Feskanich, Diane, et al. (2016) 

‘Deaths Due to Cigarette Smoking for 12 Smoking-Related Cancers in the United States’. 

JAMA Internal Medicine, 175(9), pp. 1574–1576. 

5  United States Department of Health and Human Services (2014) ‘The Health 

Consequences of Smoking—50 Years of Progress A Report of the Surgeon General’. A 

Report of the Surgeon General, p. 1081. 

6  Jamal, A, King, BA, Neff, LJ, Whitmill, J, et al. (2016) ‘Current cigarette smoking among 

adults - United States, 2005-2015’. MMWR.Morbidity and mortality weekly report, 

65(44), pp. 1205–1211. 

7  Jamal, Ahmed, Homan, David, O’Connor, Erin, Babb, Stephen, et al. (2015) ‘Great 



 
 

121 
 

American Smokeout — Current Cigarette Smoking Among Adults — United States , 

2005-2014’. Centers for Disease Control and Prevention Morbidity and Mortality Weekly 

Report, 64(44). 

8  Singh, T, Arrazola, R A, Corey, CG, Husten, CG, et al. (2016) ‘Tobacco use among 

middle and high school students - United States, 2011-2015’. MMWR.Morbidity and 

mortality weekly report, 65(14), pp. 361–367. 

9  Pepper, JK and Brewer, TB (2014) ‘Electronic nicotine delivery system (electronic 

cigarette) awareness, use, reactions and beliefs: a systematic review’. , 23(5), pp. 375–

384. 

10  Malas, Muhannad, van der Tempel, Jan, Schwartz, Robert, Minichiello, Alexa, et al. 

(2016) ‘Electronic Cigarettes for Smoking Cessation: A Systematic Review.’ Nicotine & 

tobacco research : official journal of the Society for Research on Nicotine and Tobacco, 

18(10), pp. 1926–36. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/27113014%5Cnhttp://www.ncbi.nlm.nih.gov/pubm

ed/25863521 

11  Krishnan-Sarin, S., Morean, M. E., Camenga, D. R., Cavallo, D. A. and Kong, G. (2015) 

‘E-cigarette use among high school and middle school adolescents in Connecticut’. 

Nicotine & Tobacco Research, pp. 810–818. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/25385873 

12  Spear, L. P. (2000) The adolescent brain and age-related behavioral manifestations, 

13  Sowell, E R, Thompson, P M, Tessner, K D and Toga, a W (2001) ‘Mapping continued 

brain growth and gray matter density reduction in dorsal frontal cortex: Inverse 

relationships during postadolescent brain maturation.’ The Journal of neuroscience : the 



 
 

122 
 

official journal of the Society for Neuroscience, 21(22), pp. 8819–29. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/11698594 

14  Steinberg, Laurence (2008) ‘A social neuroscience perspective on adolescent risk-taking’. 

Developmental Review, 28(1), pp. 78–106. 

15  Drgon, Tomas, Johnson, Catherine, Walther, Donna, Albino, Anthony P, et al. (2009) 

‘Genome-wide association for smoking cessation success: participants in a trial with 

adjunctive denicotinized cigarettes.’ Molecular medicine, 15(7–8), pp. 268–74. [online] 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2707518&tool=pmcentrez&re

ndertype=abstract (Accessed 22 February 2016) 

16  Arias, Hugo R, Biała, Grażyna, Słomka, Marta Kruk- and Targowska-duda, Katarzyna 

(2014) ‘Interaction of nicotinic receptors with bupropion: Structural, functional, and pre-

clinical perspectives’. Receptors & Clinical Investigation, pp. 30–45. [online] Available 

from: http://www.smartscitech.com/index.php/rci/article/view/65 

17  Wu, Ping, Wilson, Kumanan, Dimoulas, Popey and Mills, Edward J (2006) ‘Effectiveness 

of smoking cessation therapies: a systematic review and meta-analysis.’ BMC public 

health, 6, p. 300. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1764891&tool=pmcentrez&re

ndertype=abstract 

18  Coe, J W, Brooks, P R, Vetelino, M G, Wirtz, M C, et al. (2005) ‘Varenicline: an α4β2 

nicotinic receptor partial agonist for smoking cessation’. J Med Chem, 48(10), pp. 3474–

3477. [online] Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati



 
 

123 
 

on&list_uids=15887955 

19  Garrison, G D and Dugan, S E (2009) ‘Varenicline: A first-line treatment option for 

smoking cessation’. Clinical Therapeutics, 31(3), pp. 463–491. [online] Available from: 

http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L35448

6871%5Cnhttp://dx.doi.org/10.1016/j.clinthera.2009.03.021 

20  Arias, Hugo R. (2009) ‘Is the inhibition of nicotinic acetylcholine receptors by bupropion 

involved in its clinical actions?’ International Journal of Biochemistry and Cell Biology, 

41(11), pp. 2098–2108. 

21  Cooper, B R, Wang, C M, Cox, R F, Norton, R, et al. (1994) ‘Evidence that the acute 

behavioral and electrophysiological effects of bupropion (Wellbutrin) are mediated by a 

noradrenergic mechanism.’ Neuropsychopharmacology : official publication of the 

American College of Neuropsychopharmacology, 11(2), pp. 133–141. 

22  Damaj, M I, Carroll, F I, Eaton, J B, Navarro, H A, et al. (2004) ‘Enantioselective effects 

of hydroxy metabolites of bupropion on behavior and on function of monoamine 

transporters and nicotinic receptors’. Mol Pharmacol, 66(3), pp. 675–682. [online] 

Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati

on&list_uids=15322260 

23  Warner, Charlotte and Shoaib, Mohammed (2005) ‘How does bupropion work as a 

smoking cessation aid?’ Addiction biology, 10(3), pp. 219–31. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16109583 

24  Crooks, Peter A., Bardo, Michael T. and Dwoskin, Linda P. (2014) Nicotinic receptor 

antagonists as treatments for nicotine abuse 1st ed., Elsevier Inc. [online] Available from: 



 
 

124 
 

http://dx.doi.org/10.1016/B978-0-12-420118-7.00013-5 

25  Vázquez-Gómez, Elizabeth, Arias, Hugo R., Feuerbach, Dominik, Miranda-Morales, 

Marcela, et al. (2014) ‘Bupropion-induced inhibition of Alpha 7 nicotinic acetylcholine 

receptors expressed in heterologous cells and neurons from dorsal raphe nucleus and 

hippocampus’. European Journal of Pharmacology, 740, pp. 103–111. [online] Available 

from: http://dx.doi.org/10.1016/j.ejphar.2014.06.059 

26  Casella, Giuseppina, Caponnetto, Pasquale and Polosa, Riccardo (2010) ‘Therapeutic 

advances in the treatment of nicotine addiction: present and future.’ Therapeutic advances 

in chronic disease, 1(3), pp. 95–106. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3513862&tool=pmcentrez&re

ndertype=abstract (Accessed 8 March 2016) 

27  Talhout, Reinskje, Schulz, Thomas, Florek, Ewa, van Benthem, Jan, et al. (2011) 

‘Hazardous compounds in tobacco smoke’. International Journal of Environmental 

Research and Public Health, 8(2), pp. 613–628. 

28  Henningfield, Jack E. and Goldberg, Steven R. (1983) ‘Nicotine as a reinforcer in human 

subjects and laboratory animals’. Pharmacology, Biochemistry and Behavior, 19(6), pp. 

989–992. 

29  Le Foll, Bernard and Goldberg, Steven R (2009) ‘Effects of nicotine in experimental 

animals and humans: an update on addictive properties.’ Handbook of experimental 

pharmacology, (192), pp. 335–67. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2687081&tool=pmcentrez&re

ndertype=abstract (Accessed 8 March 2016) 

30  Brunzell, Darlene H and McIntosh, J Michael (2012) ‘Alpha7 nicotinic acetylcholine 



 
 

125 
 

receptors modulate motivation to self-administer nicotine: implications for smoking and 

schizophrenia.’ Neuropsychopharmacology, 37(5), pp. 1134–43. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3306875&tool=pmcentrez&re

ndertype=abstract (Accessed 6 December 2015) 

31  Pons, S, Fattore, L, Cossu, G, Tolu, S, et al. (2008) ‘Crucial role of alpha4 and alpha6 

nicotinic acetylcholine receptor subunits from ventral tegmental area in systemic nicotine 

self-administration.’ The Journal of neuroscience : the official journal of the Society for 

Neuroscience, 28(47), pp. 12318–27. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2819191&tool=pmcentrez&re

ndertype=abstract (Accessed 15 April 2016) 

32  Fowler, Christie D and Kenny, Paul J (2011) ‘Intravenous nicotine self-administration and 

cue-induced reinstatement in mice: effects of nicotine dose, rate of drug infusion and prior 

instrumental training.’ Neuropharmacology, 61(4), pp. 687–698. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3130070&tool=pmcentrez&re

ndertype=abstract (Accessed 6 July 2015) 

33  Justinova, Zuzana, Panlilio, Leigh V, Moreno-Sanz, Guillermo, Redhi, Godfrey H, et al. 

(2015) ‘Effects of Fatty Acid Amide Hydrolase (FAAH) Inhibitors in Non-Human 

Primate Models of Nicotine Reward and Relapse’. Neuropsychopharmacology, pp. 1–13. 

[online] Available from: http://www.nature.com/doifinder/10.1038/npp.2015.62 

34  Panlilio, L V, Justinova, Z, Mascia, P, Pistis, M, et al. (2012) ‘Novel Use of a Lipid-

Lowering Fibrate Medication to Prevent Nicotine Reward and Relapse: Preclinical 

Findings’. Neuropsychopharmacology, 37(8), pp. 1838–1847. [online] Available from: 

http://dx.doi.org/10.1038/npp.2012.31 



 
 

126 
 

35  Harenza, J L, Muldoon, P P, De Biasi, M, Damaj, M I and Miles, M F (2014) ‘Genetic 

variation within the Chrna7 gene modulates nicotine reward-like phenotypes in mice.’ 

Genes, brain, and behavior, 13(2), pp. 213–25. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3919514&tool=pmcentrez&re

ndertype=abstract (Accessed 6 December 2015) 

36  Brunzell, Darlene H, Mineur, Yann S, Neve, Rachael L and Picciotto, Marina R (2009) 

‘Nucleus accumbens CREB activity is necessary for nicotine conditioned place 

preference.’ Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology, 34(8), pp. 1993–2001. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2709692&tool=pmcentrez&re

ndertype=abstract (Accessed 17 June 2015) 

37  Walters, Carrie L, Brown, Sharon, Changeux, Jean-Pierre, Martin, Billy and Damaj, M 

Imad (2006) ‘The beta2 but not alpha7 subunit of the nicotinic acetylcholine receptor is 

required for nicotine-conditioned place preference in mice.’ Psychopharmacology, 184(3–

4), pp. 339–44. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/16416156 

(Accessed 30 June 2015) 

38  Changeux, J P, Bertrand, D, Corringer, P J, Dehaene, S, et al. (1998) ‘Brain nicotinic 

receptors: structure and regulation, role in learning and reinforcement.’ Brain research. 

Brain research reviews, 26(2–3), pp. 198–216. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9651527 (Accessed 8 March 2016) 

39  Albuquerque, Edson X, Pereira, Edna F R, Alkondon, Manickavasagom and Rogers, Scott 

W (2009) ‘Mammalian Nicotinic Acetylcholine Receptors: From Structure to Function’. 

Physiology Reviews, 89(1), pp. 73–120. [online] Available from: 



 
 

127 
 

http://physrev.physiology.org/highwire/citation/10769/mendeley 

40  Le Novère, N and Changeux, Jean-Pierre P (1995) ‘Molecular Evolution of the Nicotinic 

Acetylcholine Receptor : An Example of Multigene Family in Excitable Cells’. Journal of 

molecular evolution, 40(2), pp. 155–172. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/7699721 

41  Millar, Neil S. and Gotti, Cecilia (2009) ‘Diversity of vertebrate nicotinic acetylcholine 

receptors’. Neuropharmacology, 56(1), pp. 237–246. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2008.07.041 

42  Williams, Dustin K, Wang, Jingyi and Papke, Roger L (2011) ‘Positive allosteric 

modulators as an approach to nicotinic acetylcholine receptor-targeted therapeutics: 

advantages and limitations.’ Biochemical pharmacology, 82(8), pp. 915–30. [online] 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3162128&tool=pmcentrez&re

ndertype=abstract (Accessed 25 March 2016) 

43  Giniatullin, Rashid, Nistri, Andrea and Yakel, Jerrel L. (2005) ‘Desensitization of 

nicotinic ACh receptors: Shaping cholinergic signaling’. Trends in Neurosciences, 28(7), 

pp. 371–378. 

44  Chojnacka, Kinga, Papke, Roger L. and Horenstein, Nicole A. (2013) ‘Synthesis and 

evaluation of a conditionally-silent agonist for the α7 nicotinic acetylcholine receptor’. 

Bioorganic & Medicinal Chemistry Letters, 23(14), pp. 4145–4149. [online] Available 

from: 

http://www.sciencedirect.com/science/article/pii/S0960894X13006343%5Cnhttp://www.s

copus.com/inward/record.url?eid=2-s2.0-



 
 

128 
 

84879415652&partnerID=40&md5=43704de323bb2877132a468612df86f3 

45  Papke, Roger L, Chojnacka, Kinga and Horenstein, Nicole A (2014) ‘The minimal 

pharmacophore for silent agonism of the α7 nicotinic acetylcholine receptor.’ The Journal 

of pharmacology and experimental therapeutics, 350(3), pp. 665–80. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/24990939 

46  Clark, Roger B, Lamppu, Diana, Libertine, Lyn, McDonough, Amy, et al. (2014) 

‘Discovery of Novel 2-((Pyridin-3-yloxy)methyl)piperazines as alpha 7 Nicotinic 

Acetylcholine Receptor Modulators for the Treatment of Inflammatory Disorders’. 

Journal of Medicinal Chemistry, 57(10), pp. 3966–3983. 

47  Lendvai, Balázs and Vizi, E Sylvester (2008) ‘Nonsynaptic chemical transmission through 

nicotinic acetylcholine receptors.’ Physiological reviews, 88(2), pp. 333–349. 

48  Wonnacott, S (1997) ‘Presynaptic nicotinic ACh receptors.’ Trends in neurosciences, 

20(2), pp. 92–8. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/9023878 

(Accessed 20 August 2015) 

49  Hill, J A, Zoli, M, Bourgeois, J P and Changeux, J P (1993) ‘Immunocytochemical 

localization of a neuronal nicotinic receptor: the beta 2-subunit.’ The Journal of 

neuroscience : the official journal of the Society for Neuroscience, 13(4), pp. 1551–68. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/8463835 

50  Séguéla, P, Wadiche, J, Dineley-Miller, K, Dani, J A and Patrick, J W (1993) ‘Molecular 

cloning, functional properties, and distribution of rat brain alpha 7: a nicotinic cation 

channel highly permeable to calcium.’ The Journal of neuroscience : the official journal of 

the Society for Neuroscience, 13(2), pp. 596–604. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/7678857 (Accessed 3 March 2016) 



 
 

129 
 

51  Williams, Dustin K, Peng, Can, Kimbrell, Matthew R and Papke, Roger L (2012) 

‘Intrinsically low open probability of α7 nicotinic acetylcholine receptors can be 

overcome by positive allosteric modulation and serum factors leading to the generation of 

excitotoxic currents at physiological temperatures.’ Molecular pharmacology, 82(4), pp. 

746–59. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3463224&tool=pmcentrez&re

ndertype=abstract (Accessed 3 April 2016) 

52  Li, Ping and Steinbach, Joe H. (2010) ‘The neuronal nicotinic ??4??2 receptor has a high 

maximal probability of being open’. British Journal of Pharmacology, 160(8), pp. 1906–

1915. 

53  Changeux, Jean-pierre, Edelstein, Stuart J, Changeux, Jean-pierre and Edelstein, Stuart J 

(2013) ‘R EVIEW Allosteric Mechanisms of Signal Transduction’. , 1424(2005). 

54  Changeux, Jean Pierre and Edelstein, Stuart J. (2006) ‘Allosteric receptors after 30 years’. 

Rendiconti Lincei, 17(1–2), pp. 59–96. 

55  Moerke, Megan J., de Moura, Fernando B., Koek, Wouter and McMahon, Lance R. 

(2016) ‘Effects of nicotine in combination with drugs described as positive allosteric 

nicotinic acetylcholine receptor modulators in vitro: discriminative stimulus and 

hypothermic effects in mice’. European Journal of Pharmacology, 786, pp. 169–178. 

[online] Available from: http://dx.doi.org/10.1016/j.ejphar.2016.05.032 

56  Uteshev, Victor V. (2014) ‘The therapeutic promise of positive allosteric modulation of 

nicotinic receptors’. European Journal of Pharmacology, 727(1), pp. 181–185. [online] 

Available from: http://dx.doi.org/10.1016/j.ejphar.2014.01.072 

57  Lynch, Wendy J., Nicholson, Katherine L., Dance, Mario E., Morgan, Richard W. and 



 
 

130 
 

Foley, Patricia L. (2010) ‘Animal models of substance abuse and addiction: Implications 

for science, animal welfare, and society’. Comparative Medicine, 60(3), pp. 177–188. 

58  Panlilio, Leigh V and Goldberg, Steven R (2009) ‘Self-administration of drugs in animals 

and humans as a model and an investigative tool’. Neuroscience Research, 102(12), pp. 

1863–1870. 

59  Fantegrossi, WE, Murnane, AC and Reissig, CJ (2008) ‘The behavioral pharmacology of 

hallucinogens’. Behavioral Biology, 75(1), pp. 17–33. 

60  Solinas, M, Panlilio, L V, Justinova, Z, Yasar, S and Goldberg, S R (2006) ‘Using drug-

discrimination techniques to study the abuse-related effects of psychoactive drugs in rats’. 

Nat Protoc, 1(3), pp. 1194–1206. [online] Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=Abstra

ctPlus&list_uids=17406402 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati

on&list_uids=17406402%5Cnhttp://www.nature.com/nprot/journal/v1/n3/pd 

61  Kamien, Jonathan B., Bickel, Warren K., Hughes, John R., Higgins, Stephen T. and 

Smith, Brandi J. (1993) ‘Drug discrimination by humans compared to nonhumans: current 

status and future directions’. Psychopharmacology, 111(3), pp. 259–270. 

62  Dykstra, Linda A., Preston, Kenzie L. and Bigelow, George E. (1997) ‘Discriminative 

stimulus and subjective effects of opioids with mu and kappa activity: Data from 

laboratory animals and human subjects’. Psychopharmacology, 130(1), pp. 14–27. 

63  Shoaib, Mohammed (1998) ‘Is dopamine important in nicotine dependence?’ Journal of 

Physiology Paris, 92(3–4), pp. 229–233. 

64  Prus, A J, Philibin, S D, Pehrson, A L and Porter, J H (2006) ‘Discriminative stimulus 



 
 

131 
 

properties of the atypical antipsychotic drug clozapine in rats trained to discriminate 1.25 

mg/kg clozapine vs. 5.0 mg/kg clozapine vs. vehicle’. Behav Pharmacol, 17(2), pp. 185–

194. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/16495726 

65  McMahon, LR (2015) ‘The rise (and fall?) of drug discrimination research’. Drug and 

Alcohol Dependence, 151(4), pp. 284–288. 

66  Colpaert, FC (1999) ‘Drug Discrimination in Neurobiology’. Pharmacology Biochemistry 

and Behavior, 64(2), pp. 337–345. 

67  Bielajew, C and Shizgal, Peter (1986) ‘Evidence implicating descending fibers in self-

stimulation of the medial forebrain bundle.’ Journal of Neuroscience, 6(4), pp. 919–929. 

[online] Available from: 

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=3486258&retm

ode=ref&cmd=prlinks%5Cnpapers2://publication/uuid/28D480E9-4B5C-4967-BAD1-

30A99024EF34 

68  Carlezon, William a and Chartoff, Elena H (2007) ‘Intracranial self-stimulation (ICSS) in 

rodents to study the neurobiology of motivation.’ Nature protocols, 2(11), pp. 2987–2995. 

69  Negus, S Stevens and Miller, Laurence L (2014) ‘Intracranial self-stimulation to evaluate 

abuse potential of drugs.’ Pharmacological reviews, 66(3), pp. 869–917. [online] 

Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/24973197%5Cnhttp://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=PMC4081730%5Cnhttp://www.pubmedcentral.nih.gov/articleren

der.fcgi?artid=4081730&tool=pmcentrez&rendertype=abstract 

70  Harris, AC, Tally, L, Muelken, P, Banal, A, et al. (2015) ‘Effects of nicotine and minor 

tobacco alkaloids on intracranial- self-stimulation in rats’. Medical Image Analysis, 153, 



 
 

132 
 

pp. 330–334. 

71  Bardo, M T and Bevins, R A (2000) ‘Conditioned place preference: what does it add to 

our preclinical understanding of drug reward?’ Psychopharmacology, 153(1), pp. 31–43. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/11255927 (Accessed 30 

June 2015) 

72  Fuchs, R. A., Lasseter, H. C., Ramirez, D. R. and Xie, X. (2008) ‘Relapse to drug seeking 

following prolonged abstinence: the role of environmental stimuli’. Drug Discovery 

Today: Disease Models, 5(4), pp. 251–258. 

73  Tiffany, S T (1990) ‘A cognitive model of drug urges and drug-use behavior: role of 

automatic and nonautomatic processes.’ Psychological review, 97(2), pp. 147–168. 

74  Ludwig, AM, Wikler, A and Stark, LH (1974) ‘The first drink: psychobiological aspects 

of craving’. Archives of general psychiatry, 30, pp. 539–547. 

75  Hutchison, K E, Niaura, R and Swift, R (1999) ‘Smoking cues decrease prepulse 

inhibition of the startle response and increase subjective craving in humans.’ Experimental 

and clinical psychopharmacology, 7(3), pp. 250–256. 

76  Niaura, Raymond, Shadel, William G., Abrams, David B., Monti, Peter M., et al. (1998) 

‘Individual differences in cue reactivity among smokers trying to quit: Effects of gender 

and cue type’. Addictive Behaviors, 23(2), pp. 209–224. 

77  Childs, Emma L and Wit, Harriet De (2010) ‘Amphetamine-induced place preference in 

humans.’ Biological psychiatry, 65(10), pp. 900–904. 

78  Grabus, S D, Martin, B R, Brown, S E and Damaj, M I (2006) ‘Nicotine place preference 

in the mouse: influences of prior handling, dose and strain and attenuation by nicotinic 

receptor antagonists.’ Psychopharmacology, 184, pp. 456–463. [online] Available from: 



 
 

133 
 

http://www.ncbi.nlm.nih.gov/pubmed/16463055 (Accessed 30 June 2015) 

79  Neugebauer, Nichole M, Henehan, Robert M, Hales, Claire A and Picciotto, Marina R 

(2011) ‘Mice lacking the galanin gene show decreased sensitivity to nicotine conditioned 

place preference.’ Pharmacology, biochemistry, and behavior, 98(1), pp. 87–93. [online] 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3030658&tool=pmcentrez&re

ndertype=abstract (Accessed 6 December 2015) 

80  Sanjakdar, Sarah S, Maldoon, Pretal P, Marks, Michael J, Brunzell, Darlene H, et al. 

(2015) ‘Differential roles of α6β2* and α4β2* neuronal nicotinic receptors in nicotine- 

and cocaine-conditioned reward in mice.’ Neuropsychopharmacology, 40(2), pp. 350–60. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/25035086 (Accessed 7 

June 2015) 

81  Granon, Sylvie and Changeux, Jean Pierre (2012) ‘Deciding between conflicting 

motivations: What mice make of their prefrontal cortex’. Behavioural Brain Research, 

229(2), pp. 419–426. [online] Available from: http://dx.doi.org/10.1016/j.bbr.2011.11.011 

82  Mooney, Marc E and Sofuoglu, Mehmet (2006) ‘Bupropion for the treatment of nicotine 

withdrawal and craving.’ Expert review of neurotherapeutics, 6(7), pp. 965–981. 

83  Hughes, John R (2007) ‘Effects of abstinence from tobacco: valid symptoms and time 

course.’ Nicotine & tobacco research : official journal of the Society for Research on 

Nicotine and Tobacco, 9(3), pp. 315–27. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17365764 

84  Heishman, Stephen J., Kleykamp, Bethea A. and Singleton, Edward G. (2010) ‘Meta-

analysis of the acute effects of nicotine and smoking on human performance’. 



 
 

134 
 

Psychopharmacology, 210(4), pp. 453–469. 

85  Grabus, S D, Martin, B R, Batman, A M, Tyndale, R F, et al. (2005) ‘Nicotine physical 

dependence and tolerance in the mouse following chronic oral administration’. 

Psychopharmacology, 178, pp. 183–192. 

86  Pietilä, Kirsi, Lähde, Terhi, Attila, Martti, Ahtee, Liisa and Nordberg, Agneta (1998) 

‘Regulation of nicotinic receptors in the brain of mice withdrawn from chronic oral 

nicotine treatment’. Naunyn-Schmiedeberg’s Archives of Pharmacology, 357(2), pp. 176–

182. 

87  Muelken, Peter, Schmidt, Clare E., Shelley, David, Tally, Laura and Harris, Andrew C. 

(2015) ‘A Two-Day Continuous Nicotine Infusion Is Sufficient to Demonstrate Nicotine 

Withdrawal in Rats as Measured Using Intracranial Self-Stimulation’. PLoS ONE, 10(12), 

pp. 1–18. 

88  Jackson, Kia J., Sanjakdar, Sarah S., Chen, Xiangning and Damaj, M. Imad (2012) 

‘Nicotine Reward and Affective Nicotine Withdrawal Signs Are Attenuated in 

Calcium/Calmodulin-Dependent Protein Kinase IV Knockout Mice’. PLoS ONE, 7(11). 

89  Damaj, M I, Kao, W and Martin, B R (2003) ‘Characterization of spontaneous and 

precipitated nicotine withdrawal in the mouse.’ The Journal of pharmacology and 

experimental therapeutics, 307(2), pp. 526–34. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12970387 (Accessed 12 May 2015) 

90  Markou, A and Paterson, N E (2001) ‘The nicotinic antagonist methyllycaconitine has 

differential effects on nicotine self-administration and nicotine withdrawal in the rat.’ 

Nicotine & tobacco research : official journal of the Society for Research on Nicotine and 

Tobacco, 3(4), pp. 361–73. [online] Available from: 



 
 

135 
 

http://www.ncbi.nlm.nih.gov/pubmed/11694204 (Accessed 17 March 2016) 

91  Alsharari, Shakir D., King, Justin R., Nordman, Jacob C., Muldoon, Pretal P., et al. (2015) 

‘Effects of menthol on nicotine pharmacokinetic, pharmacology and dependence in mice’. 

PLoS ONE, 10(9), pp. 1–16. 

92  Isola, Raffaella, Vogelsberg, Vanessa, Wemlinger, Trina A., Neff, Norton H. and 

Hadjiconstantinou, Maria (1999) ‘Nicotine abstinence in the mouse’. Brain Research, 

850(1–2), pp. 189–196. 

93  Jackson, K J, Martin, B R, Changeux, J P and Damaj, M I (2008) ‘Differential role of 

nicotinic acetylcholine receptor subunits in physical and affective nicotine withdrawal 

signs.’ The Journal of pharmacology and experimental therapeutics, 325(1), pp. 302–312. 

[online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3821841&tool=pmcentrez&re

ndertype=abstract (Accessed 22 September 2015) 

94  Salas, Ramiro, Main, Adam, Gangitano, David and De Biasi, Mariella (2007) ‘Decreased 

withdrawal symptoms but normal tolerance to nicotine in mice null for the alpha7 

nicotinic acetylcholine receptor subunit.’ Neuropharmacology, 53(7), pp. 863–9. [online] 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2149846&tool=pmcentrez&re

ndertype=abstract (Accessed 17 March 2016) 

95  Nomikos, G G, Hildebrand, B E, Panagis, G and Svensson, T H (1999) ‘Nicotine 

withdrawal in the rat: role of alpha7 nicotinic receptors in the ventral tegmental area.’ 

Neuroreport, 10(4), pp. 697–702. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10208533 (Accessed 2 March 2016) 



 
 

136 
 

96  Jackson, Anne, Silk, Sarah, Buhidma, Yazead and Shoaib, Mohammed (2016) 

‘Varenicline, the clinically effective smoking cessation agent, restores probabilistic 

response reversal performance during withdrawal from nicotine’. Addiction Biology, 

(2011). 

97  Jackson, K J, Jackson, A, Carroll, F I and Damaj, M I (2015) ‘Effects of orally-

bioavailable short-acting kappa opioid receptor-selective antagonist LY2456302 on 

nicotine withdrawal in mice’. Neuropharmacology, 97, pp. 270–274. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/26044637 

98  Stoker, Astrid K., Semenova, Svetlana and Markou, Athina (2008) ‘Affective and somatic 

aspects of spontaneous and precipitated nicotine withdrawal in C57BL/6J and BALB/cByJ 

mice’. Neuropharmacology, 54(8), pp. 1223–1232. 

99  Varani, Andrés P., Aso, Ester, Moutinho, Lirane MacHado, Maldonado, Rafael and 

Balerio, Graciela N. (2014) ‘Attenuation by baclofen of nicotine rewarding properties and 

nicotine withdrawal manifestations’. Psychopharmacology, 231(15), pp. 3031–3040. 

100  Jackson, K J, Carroll, F I, Negus, S S and Damaj, M I (2010) ‘Effect of the selective 

kappa-opioid receptor antagonist JDTic on nicotine antinociception, reward, and 

withdrawal in the mouse’. Psychopharmacology, 209(2), pp. 285–294. 

101  Stoker, A K, Olivier, B and Markou, A (2012) ‘Involvement of metabotropic glutamate 

receptor 5 in brain reward deficits associated with cocaine and nicotine withdrawal and 

somatic signs of nicotine withdrawal’. Psychopharmacology, 221, pp. 317–327. 

102  Johnson, Paul M, Hollander, Jonathan A and Kenny, Paul J (2008) ‘Decreased brain 

reward function during nicotine withdrawal in C57BL6 mice: evidence from intracranial 

self-stimulation (ICSS) studies.’ Pharmacology, biochemistry, and behavior, 90(3), pp. 



 
 

137 
 

409–15. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2442647&tool=pmcentrez&re

ndertype=abstract (Accessed 20 August 2015) 

103  Portugal, George S. and Gould, Thomas J. (2007) ‘Bupropion dose-dependently reverses 

nicotine withdrawal deficits in contextual fear conditioning’. Pharmacology Biochemistry 

and Behavior, 88(2), pp. 179–187. 

104  Raybuck, Jonathan D, Portugal, George S, Lerman, Caryn and Gould, Thomas J (2008) 

‘Varenicline ameliorates nicotine withdrawal-induced learning deficits in C57BL/6 mice.’ 

Behavioral neuroscience, 122(5), pp. 1166–71. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2683368&tool=pmcentrez&re

ndertype=abstract (Accessed 18 May 2016) 

105  Damaj, M Imad, Grabus, Sheri D, Navarro, Hernan A, Vann, Robert E, et al. (2010) 

‘Effects of hydroxymetabolites of bupropion on nicotine dependence behavior in mice.’ 

The Journal of pharmacology and experimental therapeutics, 334(3), pp. 1087–95. 

[online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20576796%5Cnhttp://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=PMC2939668 

106  Cryan, John F., Bruijnzeel, Adrie W., Skjei, Karen L. and Markou, Athina (2003) 

‘Bupropion enhances brain reward function and reverses the affective and somatic aspects 

of nicotine withdrawal in the rat’. Psychopharmacology, 168(3), pp. 347–358. 

107  Davis, Jennifer A, James, John R., Siegel, Steven J. and Gould, Thomas J. (2005) 

‘Withdrawal from Chronic Nicotine Administration Impairs Contextual Fear Conditioning 

in C57BL/6 Mice’. Journal of Neuroscience, 25(38), pp. 8708–8713. [online] Available 



 
 

138 
 

from: http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2853-05.2005 

108  De Biasi, M and Dani, J A (2011) ‘Reward, addiction, withdrawal to nicotine.’ Annual 

review of neuroscience, 34, pp. 105–130. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3137256&tool=pmcentrez&re

ndertype=abstract 

109  Loughlin, S E and Fallon, J H (1983) ‘Dopaminergic and non-dopaminergic projections to 

amygdala from substantia nigra and ventral tegmental area.’ Brain research, 262(2), pp. 

334–8. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/6839161 (Accessed 

1 March 2017) 

110  Lisman, John E. and Grace, Anthony A. (2005) ‘The hippocampal-VTA loop: Controlling 

the entry of information into long-term memory’. Neuron, 46(5), pp. 703–713. 

111  Wise, R A and Bozarth, M A (1985) ‘Brain mechanisms of drug reward and euphoria.’ 

Psychiatric medicine, 3(4), pp. 445–60. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/2893431 (Accessed 1 March 2017) 

112  Di Chiara, Gaetano (2000) ‘Role of dopamine in the behavioural actions of nicotine 

related to addiction’. European Journal of Pharmacology, 393(1–3), pp. 295–314. 

113  Corrigall, W A (1999) ‘Nicotine self-administration in animals as a dependence model.’ 

Nicotine & tobacco research : official journal of the Society for Research on Nicotine and 

Tobacco, 1(1), pp. 11–20. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11072385 (Accessed 13 July 2015) 

114  Corrigall, W A, Coen, K M and Adamson, K L (1994) ‘Self-administered nicotine 

activates the mesolimbic dopamine system through the ventral tegmental area.’ Brain 

research, 653(1–2), pp. 278–84. [online] Available from: 



 
 

139 
 

http://www.ncbi.nlm.nih.gov/pubmed/7982062 (Accessed 28 February 2017) 

115  Melis, M, Pillolla, G, Luchicchi, A, Muntoni, A L, et al. (2008) ‘Endogenous fatty acid 

ethanolamides suppress nicotine-induced activation of mesolimbic dopamine neurons 

through nuclear receptors.’ The Journal of neuroscience, 28(51), pp. 13985–1394. [online] 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3169176&tool=pmcentrez&re

ndertype=abstract (Accessed 3 July 2015) 

116  Melis, Miriam, Scheggi, Simona, Carta, Gianfranca, Madeddu, Camilla, et al. (2013) 

‘PPARα regulates cholinergic-driven activity of midbrain dopamine neurons via a novel 

mechanism involving α7 nicotinic acetylcholine receptors.’ The Journal of neuroscience : 

the official journal of the Society for Neuroscience, 33(14), pp. 6203–11. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/23554501 (Accessed 6 December 

2015) 

117  Maskos, U, Molles, B E, Pons, S, Besson, M, et al. (2005) ‘Nicotine reinforcement and 

cognition restored by targeted expression of nicotinic receptors.’ Nature, 436(7047), pp. 

103–107. 

118  Dani, John A and Bertrand, Daniel (2007) ‘Nicotinic acetylcholine receptors and nicotinic 

cholinergic mechanisms of the central nervous system.’ Annual review of pharmacology 

and toxicology, 47, pp. 699–729. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17009926 (Accessed 2 December 2014) 

119  Kosowski, Alexander R., Cebers, Gvido, Cebere, Aleta, Swanhagen, Ann Charlott and 

Liljequist, Sture (2004) ‘Nicotine-induced dopamine release in the nucleus accumbens is 

inhibited by the novel AMPA antagonist ZK200775 and the NMDA antagonist 



 
 

140 
 

CGP39551’. Psychopharmacology, 175(1), pp. 114–123. 

120  Kenny, Paul J, Chartoff, Elena, Roberto, Marisa, Carlezon, William a and Markou, Athina 

(2009) ‘NMDA receptors regulate nicotine-enhanced brain reward function and 

intravenous nicotine self-administration: role of the ventral tegmental area and central 

nucleus of the amygdala.’ Neuropsychopharmacology, 34(2), pp. 266–281. 

121  Reid, M S, Fox, L, Ho, L B and Berger, S P (2000) ‘Nicotine stimulation of extracellular 

glutamate levels in the nucleus accumbens: neuropharmacological characterization.’ 

Synapse (New York, N.Y.), 35(2), pp. 129–36. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10611638 (Accessed 24 March 2016) 

122  Zappettini, Stefania, Grilli, Massimo, Olivero, Guendalina, Chen, Jiayang, et al. (2014) 

‘Nicotinic Alpha 7 receptor activation selectively potentiates the function of NMDA 

receptors in glutamatergic terminals of the nucleus accumbens’. Frontiers in Cellular 

Neuroscience, 8, p. 332. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4199379&tool=pmcentrez&re

ndertype=abstract (Accessed 8 January 2016) 

123  Schilström, B, Nomikos, G G, Nisell, M, Hertel, P and Svensson, T H (1998) ‘N-methyl-

D-aspartate receptor antagonism in the ventral tegmental area diminishes the systemic 

nicotine-induced dopamine release in the nucleus accumbens.’ Neuroscience, 82(3), pp. 

781–9. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/9483535 

124  Fadda, Paola, Scherma, Maria, Fresu, Alessandra, Collu, Maria and Fratta, Walter (2003) 

‘Baclofen antagonizes nicotine-, cocaine-, and morphine-induced dopamine release in the 

nucleus accumbens of rat’. Synapse, 50(1), pp. 1–6. 

125  Paterson, Neil E., Froestl, Wolfgang and Markou, Athina (2004) ‘The GABAB receptor 



 
 

141 
 

agonists baclofen and CGP44532 decreased nicotine self-administration in the rat’. 

Psychopharmacology, 172(2), pp. 179–186. 

126  Corrigall, W A, Coen, K M, Adamson, K L, Chow, B L and Zhang, J (2000) ‘Response of 

nicotine self-administration in the rat to manipulations of mu-opioid and gamma-

aminobutyric acid receptors in the ventral tegmental area.’ Psychopharmacology, 149(2), 

pp. 107–14. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/10805604 

127  Corrigall, W. A., Coen, K. M., Zhang, J. and Adamson, K. L. (2001) ‘GABA mechanisms 

in the pedunculopontine tegmental nucleus influence particular aspects of nicotine self-

administration selectively in the rat’. Psychopharmacology, 158(2), pp. 190–197. 

128  Vlachou, Styliani, Guery, Sebastien, Froestl, Wolfgang, Banerjee, Deboshri, et al. (2011) 

‘Repeated administration of the GABA B receptor positive modulator BHF177 decreased 

nicotine self-administration , and acute administration decreased cue-induced 

reinstatement of nicotine seeking in rats’. Psychopharmacology, 215, pp. 117–128. 

129  Omelchenico, Natalia and Sesack, Susan R. (2005) ‘Laterodorsal tegmental projections to 

identified cell populations in the rat ventral tegmental area’. Journal of Comparative 

Neurology, 483(2), pp. 217–235. 

130  Maskos, Uwe (2010) ‘Role of endogenous acetylcholine in the control of the 

dopaminergic system via nicotinic receptors’. Journal of Neurochemistry, 114(3), pp. 

641–646. 

131  Lança, A. J., Adamson, K. L., Coen, K. M., Chow, B. L C and Corrigall, W. A. (2000) 

‘The pedunculopontine tegmental nucleus and the role of cholinergic neurons in nicotine 

self-administration in the rat: A correlative neuroanatomical and behavioral study’. 

Neuroscience, 96(4), pp. 735–742. 



 
 

142 
 

132  Cragg, Stephanie J. (2006) ‘Meaningful silences: How dopamine listens to the ACh 

pause’. Trends in Neurosciences, 29(3), pp. 125–131. 

133  Feduccia, Allison a., Chatterjee, Susmita and Bartlett, Selena E. (2012) ‘Neuronal 

nicotinic acetylcholine receptors: neuroplastic changes underlying alcohol and nicotine 

addictions’. Frontiers in Molecular Neuroscience, 5(August), pp. 1–18. 

134  Orejarena, María Juliana, Herrera-Solís, Andrea, Pons, Stéphanie, Maskos, Uwe, et al. 

(2012) ‘Selective re-expression of B2 nicotinic acetylcholine receptor subunits in the 

ventral tegmental area of the mouse restores intravenous nicotine self-administration’. 

Neuropharmacology, 63(2), pp. 235–241. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2012.03.011 

135  Picciotto, M R, Zoli, M, Rimondini, R, Léna, C, et al. (1998) ‘Acetylcholine receptors 

containing the β2 subunit are involved in the reinforcing properties of nicotine.’ Nature, 

391(6663), pp. 173–177. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9428762 

136  Champtiaux, Nicolas, Gotti, Cecilia, Cordero-Erausquin, Matilde, David, Denis J, et al. 

(2003) ‘Subunit composition of functional nicotinic receptors in dopaminergic neurons 

investigated with knock-out mice.’ The Journal of Neuroscience, 23(21), pp. 7820–7829. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/12944511 

137  Salminen, O, Drapeau, J A, McIntosh, J M, Collins, A C, et al. (2007) ‘Pharmacology of  -

Conotoxin MII-Sensitive Subtypes of Nicotinic Acetylcholine Receptors Isolated by 

Breeding of Null Mutant Mice’. Molecular Pharmacology, 71(6), pp. 1563–1571. [online] 

Available from: 

http://molpharm.aspetjournals.org/cgi/doi/10.1124/mol.106.031492%5Cnfile:///Users/Dan



 
 

143 
 

Galtieri/Documents/SkyDrive/Documents/Papers/DanGaltieri’s 

Library/Library.papers3/Articles/2007/Salminen/Molecular Pharmacology 2007 

Salminen.pdf%5Cnpapers3://publicatio 

138  Klink, R, de Kerchove d’Exaerde, a, Zoli, M and Changeux, J P (2001) ‘Molecular and 

physiological diversity of nicotinic acetylcholine receptors in the midbrain dopaminergic 

nuclei.’ The Journal of neuroscience : the official journal of the Society for Neuroscience, 

21(5), pp. 1452–1463. 

139  Sanjakdar, Sarah S, Maldoon, Pretal P, Marks, Michael J, Brunzell, Darlene H, et al. 

(2015) ‘Differential roles of α6β2* and α4β2* neuronal nicotinic receptors in nicotine- 

and cocaine-conditioned reward in mice.’ Neuropsychopharmacology, 40(2), pp. 350–60. 

[online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4443947&tool=pmcentrez&re

ndertype=abstract (Accessed 7 January 2016) 

140  Tapper, Andrew R, McKinney, Sheri L, Nashmi, Raad, Schwarz, Johannes, et al. (2004) 

‘Nicotine activation of alpha4* receptors: sufficient for reward, tolerance, and 

sensitization.’ Science (New York, N.Y.), 306(5698), pp. 1029–32. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/15528443 

141  Saccone, Nancy L., Wang, Jen C., Breslau, Naomi, Johnson, Eric O., et al. (2009) ‘The 

CHRNA5-CHRNA3-CHRNB4 nicotinic receptor subunit gene cluster affects risk for 

nicotine dependence in African-Americans and in European-Americans’. Cancer 

Research, 69(17), pp. 6848–6856. 

142  Berrettini, W, Yuan, X, Tozzi, F, Song, K, et al. (2008) ‘Alpha-5/alpha-3 nicotinic 

receptor subunit alleles increase risk for heavy smoking.’ Molecular psychiatry, 13(4), pp. 



 
 

144 
 

368–73. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2507863&tool=pmcentrez&re

ndertype=abstract 

143  Liu, Jason Z, Tozzi, Federica, Waterworth, Dawn M, Pillai, Sreekumar G, et al. (2010) 

‘Meta-analysis and imputation refines the association of 15q25 with smoking quantity.’ 

Nature genetics, 42(5), pp. 436–40. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3612983&tool=pmcentrez&re

ndertype=abstract 

144  Kuryatov, Alexander, Berrettini, Wade and Lindstrom, Jon (2011) ‘Acetylcholine 

Receptor (AChR) a5 Subunit Variant Associated with Risk for Nicotine Dependence and 

Lung Cancer Reduces (a4b2)2 a5 AChR Function’. Molecular Pharmacology, 79(1), pp. 

119–125. 

145  Bierut, Laura Jean, Stitzel, Jerry A., Wang, Jen C., Hinrichs, Anthony L., et al. (2008) 

‘Variants in the Nicotinic Receptors Alter the Risk for Nicotine Dependence’. Am J 

Psychiatry, 165(September), pp. 1163–1171. 

146  Deflorio, C., Blanchard, S., Carla Carisi, M., Bohl, D. and Maskos, U. (2017) ‘Human 

polymorphisms in nicotinic receptors: a functional analysis in iPS-derived dopaminergic 

neurons’. The FASEB Journal, 31(2), pp. 828–839. [online] Available from: 

http://www.fasebj.org/cgi/doi/10.1096/fj.201600932R 

147  Morel, C, Fattore, L, Pons, S, Hay, Y a, et al. (2014) ‘Nicotine consumption is regulated 

by a human polymorphism in dopamine neurons.’ Molecular Psychiatry, 19(October), pp. 

930–936. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/24296975 

148  Fowler, Christie D, Lu, Qun, Johnson, Paul M, Marks, Michael J and Kenny, Paul J 



 
 

145 
 

(2011) ‘Habenular α5 nicotinic receptor subunit signalling controls nicotine intake.’ 

Nature, 471(7340), pp. 597–601. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3079537&tool=pmcentrez&re

ndertype=abstract (Accessed 11 September 2015) 

149  Jackson, K J, Marks, M J, Vann, R E, Chen, X, et al. (2010) ‘Role of alpha5 nicotinic 

acetylcholine receptors in pharmacological and behavioral effects of nicotine in mice.’ 

The Journal of pharmacology and experimental therapeutics, 334(1), pp. 137–46. [online] 

Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20400469%5Cnhttp://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=PMC2912049 

150  Jackson, Kia J, Sanjakdar, Sarah S, Muldoon, Pretal P, Mcintosh, J Michael and Damaj, M 

Imad (2013) ‘Neuropharmacology The a3b4* nicotinic acetylcholine receptor subtype 

mediates nicotine reward and physical nicotine withdrawal signs independently of the a 5 

subunit in the mouse’. Neuropharmacology, 70, pp. 228–235. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2013.01.017 

151  Harrington, Lauriane, Viñals, Xavier, Herrera-Solís, Andrea, Flores, Africa, et al. (2015) 

‘Role of β4* Nicotinic Acetylcholine Receptors in the Habenulo-Interpeduncular Pathway 

in Nicotine Reinforcement in Mice.’ Neuropsychopharmacology : official publication of 

the American College of Neuropsychopharmacology, EPUB ahead(November), pp. 1–13. 

[online] Available from: 

http://www.nature.com/doifinder/10.1038/npp.2015.346%5Cnhttp://www.ncbi.nlm.nih.go

v/pubmed/26585290 

152  Frahm, Silke, Ślimak, Marta A., Ferrarese, Leiron, Santos-Torres, Julio, et al. (2011) 



 
 

146 
 

‘Aversion to Nicotine Is Regulated by the Balanced Activity of β4 and α5 Nicotinic 

Receptor Subunits in the Medial Habenula’. Neuron, 70(3), pp. 522–535. 

153  Scherma, Maria, Muntoni, Anna Lisa, Melis, Miriam, Fattore, Liana, et al. (2016) 

‘Interactions between the endocannabinoid and nicotinic cholinergic systems: preclinical 

evidence and therapeutic perspectives’. Psychopharmacology, 233(10), pp. 1765–1777. 

154  Muldoon, Pretal P, Lichtman, Aron H, Parsons, Loren H and Damaj, M Imad (2013) ‘The 

role of fatty acid amide hydrolase inhibition in nicotine reward and dependence.’ Life 

sciences, 92(8–9), pp. 458–62. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3477273&tool=pmcentrez&re

ndertype=abstract (Accessed 20 June 2015) 

155  Merritt, Lisa L, Martin, B R, Walters, C, Lichtman, A H and Damaj, M Imad (2008) ‘The 

endogenous cannabinoid system modulates nicotine reward and dependence.’ The Journal 

of pharmacology and experimental therapeutics, 326(2), pp. 483–92. [online] Available 

from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2746999&tool=pmcentrez&re

ndertype=abstract (Accessed 6 December 2015) 

156  Le Foll, Bernard and Goldberg, Steven R (2004) ‘Rimonabant, a CB1 antagonist, blocks 

nicotine-conditioned place preferences.’ Neuroreport, 15(13), pp. 2139–43. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/15486497 (Accessed 1 March 

2017) 

157  Cohen, C, Perrault, G, Voltz, C, Steinberg, R and Soubrié, P (2002) ‘SR141716, a central 

cannabinoid (CB(1)) receptor antagonist, blocks the motivational and dopamine-releasing 

effects of nicotine in rats.’ Behavioural pharmacology, 13, pp. 451–463. 



 
 

147 
 

158  Gamaleddin, Islam, Wertheim, Carrie, Zhu, Andy Z X, Coen, Kathleen M., et al. (2012) 

‘Cannabinoid receptor stimulation increases motivation for nicotine and nicotine seeking’. 

Addiction Biology, 17(1), pp. 47–61. 

159  Ignatowska-Jankowska, Bogna M., Muldoon, Pretal P., Lichtman, Aron H. and Damaj, M. 

Imad (2013) ‘The cannabinoid CB2 receptor is necessary for nicotine-conditioned place 

preference, but not other behavioral effects of nicotine in mice’. Psychopharmacology, 

229(4), pp. 591–601. 

160  Kieffer, Brigitte L. and Evans, Christopher J. (2009) ‘Opioid receptors: From binding sites 

to visible molecules in vivo’. Neuropharmacology, 56(SUPPL. 1), pp. 205–212. [online] 

Available from: http://dx.doi.org/10.1016/j.neuropharm.2008.07.033 

161  Lutz, R A and Pfister, H P (1992) ‘Opioid receptors and their pharmacological profiles.’ 

Journal of receptor research, 12(3), pp. 267–86. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/1324310 (Accessed 3 May 2017) 

162  Ismayilova, Naila and Shoaib, Mohammed (2010) ‘Alteration of intravenous nicotine self-

administration by opioid receptor agonist and antagonists in rats’. Psychopharmacology, 

209(2), pp. 211–220. 

163  Walters, Carrie L, Cleck, Jessica N, Kuo, Yuo-chen and Blendy, Julie A (2005) ‘Mu-

opioid receptor and CREB activation are required for nicotine reward.’ Neuron, 46(6), pp. 

933–43. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/15953421 

(Accessed 7 January 2016) 

164  Trigo, José M., Zimmer, Andreas and Maldonado, Rafael (2009) ‘Nicotine anxiogenic and 

rewarding effects are decreased in mice lacking Beta-endorphin’. Neuropharmacology, 

56(8), pp. 1147–1153. [online] Available from: 



 
 

148 
 

http://dx.doi.org/10.1016/j.neuropharm.2009.03.013 

165  Berrendero, Fernando, Plaza-Zabala, Ainhoa, Galeote, Lola, Flores, África, et al. (2012) 

‘Influence of δ-opioid receptors in the behavioral effects of nicotine.’ 

Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology, 37(10), pp. 2332–44. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3422497&tool=pmcentrez&re

ndertype=abstract 

166  Markou, Athina (2008) ‘Neurobiology of nicotine dependence.’ Philosophical 

transactions of the Royal Society of London. Series B, Biological sciences, 363(1507), pp. 

3159–68. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2607327&tool=pmcentrez&re

ndertype=abstract 

167  Jackson, K J, Muldoon, P P, De Biasi, M and Damaj, M I (2015) ‘New mechanisms and 

perspectives in nicotine withdrawal.’ Neuropharmacology, 96(Pt B), pp. 223–34. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/25433149 (Accessed 1 August 

2015) 

168  Zhao-Shea, Rubing, Liu, Liwang, Pang, Xueyan, Gardner, Paul D. and Tapper, Andrew R. 

(2013) ‘Activation of GABAergic neurons in the interpeduncular nucleus triggers physical 

nicotine withdrawal symptoms’. Current Biology, 23(23), pp. 2327–2335. [online] 

Available from: http://dx.doi.org/10.1016/j.cub.2013.09.041 

169  Epping-Jordan, M P, Watkins, S S, Koob, G F and Markou, A (1998) ‘Dramatic decreases 

in brain reward function during nicotine withdrawal.’ Nature, 393(6680), pp. 76–9. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/9590692 (Accessed 25 



 
 

149 
 

March 2016) 

170  Kenny, Paul J, Gasparini, Fabrizio and Markou, Athina (2003) ‘Group II Metabotropic 

and Alpha-Amino-3-hydroxy-5-methyl-4- isoxazole Propionate ( AMPA )/ Kainate 

Glutamate Receptors Regulate the Deficit in Brain Reward Function Associated with 

Nicotine Withdrawal in Rats’. , 306(3), pp. 1068–1076. 

171  Varani, Andrés P, Machado, Lirane, Bettler, Bernhard and Balerio, Graciela N (2012) 

‘Acute behavioural responses to nicotine and nicotine withdrawal syndrome are modified 

in GABA B1 knockout mice’. Neuropharmacology, 63, pp. 863–872. 

172  Vlachou, Styliani, Paterson, Neil E, Guery, Sebastien, Kaupmann, Klemens, et al. (2011) 

‘Both GABA B receptor activation and blockade exacerbated anhedonic aspects of 

nicotine withdrawal in rats’. European Journal of Pharmacology, 655(1–3), pp. 52–58. 

[online] Available from: http://dx.doi.org/10.1016/j.ejphar.2011.01.009 

173  Takahashi, Hiroshi, Takada, Yumiko, Nagai, Nobuo, Urano, Tetsumei and Takada, 

Akikazu (1998) ‘Effects of nicotine and footshock stress on dopamine release in the 

striatum and nucleus accumbens’. Brain Research Bulletin, 45(2), pp. 157–162. 

174  Carboni, Ezio, Bortone, Luana, Giua, Corrado and Di Chiara, Gaetano (2000) 

‘Dissociation of physical abstinence signs from changes in extracellular dopamine in the 

nucleus accumbens and in the prefrontal cortex of nicotine dependent rats’. Drug and 

Alcohol Dependence, 58(1–2), pp. 93–102. 

175  Zhang, Lifen, Dong, Yu, Doyon, William M. and Dani, John A. (2012) ‘Withdrawal from 

chronic nicotine exposure alters dopamine signaling dynamics in the nucleus accumbens’. 

Biological Psychiatry, 71(3), pp. 184–191. [online] Available from: 

http://dx.doi.org/10.1016/j.biopsych.2011.07.024 



 
 

150 
 

176  Mague, S D and Pliakas, a M (2003) ‘Antidepressant-like effects of κ-opioid receptor 

antagonists in the forced swim test in rats’. The Journal of Pharmacology and 

Experimental Therapeutics, 305(1), pp. 323–330. [online] Available from: 

http://jpet.aspetjournals.org/content/305/1/323.short 

177  Carlezon, William A., Béguin, Cécile, DiNieri, Jennifer A., Baumann, Michael H., et al. 

(2006) ‘Depressive-like effects of the kappa-opioid receptor agonist salvinorin A on 

behavior and neurochemistry in rats.’ The Journal of pharmacology and experimental 

therapeutics, 316(1), pp. 440–447. 

178  Di Chiara, G and Imperato, A (1988) ‘Opposite effects of mu and kappa opioid agonists 

on dopamine release in the nucleus accumbens and dorsal caudate of freely-moving rats.’ 

J. Pharmacol. Exp. Ther., 244, pp. 1067–1080. 

179  Thompson, a C, Zapata, A, Justice Jr., J B, Vaughan, R a, et al. (2000) ‘Kappa-opioid 

receptor activation modifies dopamine uptake in the nucleus accumbens and opposes the 

effects of cocaine’. The Journal of neuroscience : the official journal of the Society for 

Neuroscience, 20(24), pp. 9333–9340. 

180  Chefer, VI, Czyzyk, T, Bloan, EA, Moron, J, et al. (2005) ‘Endogenous κ-Opioid 

Receptor Systems Regulate Mesoaccumbal Dopamine Dynamics and Vulnerability to 

Cocaine’. October, 25(20), pp. 5029–5037. 

181  Tejeda, Hugo A., Natividad, Luis A., Orfila, James E., Torres, Oscar V. and O’Dell, Laura 

E. (2012) ‘Dysregulation of kappa-opioid receptor systems by chronic nicotine modulate 

the nicotine withdrawal syndrome in an age-dependent manner’. Psychopharmacology, 

224(2), pp. 289–301. 

182  Muldoon, P P, Chen, J, Harenza, J L, Abdullah, R A, et al. (2015) ‘Inhibition of 



 
 

151 
 

monoacylglycerol lipase reduces nicotine withdrawal.’ British journal of pharmacology, 

172(3), pp. 869–82. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/25258021 (Accessed 26 July 2015) 

183  Jackson, K. J., Walters, C. L. and Damaj, M. I. (2009) ‘Beta 2 Subunit-Containing 

Nicotinic Receptors Mediate Acute Nicotine-Induced Activation of Calcium/Calmodulin-

Dependent Protein Kinase II-Dependent Pathways in Vivo’. Journal of Pharmacology and 

Experimental Therapeutics, 330(2), pp. 541–549. [online] Available from: 

http://jpet.aspetjournals.org/cgi/doi/10.1124/jpet.109.153171 

184  Jackson, K J, McIntosh, J M, Brunzell, D H, Sanjakdar, S S and Damaj, M I (2009) ‘The 

role of alpha6-containing nicotinic acetylcholine receptors in nicotine reward and 

withdrawal.’ The Journal of pharmacology and experimental therapeutics, 331(2), pp. 

547–554. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2775251&tool=pmcentrez&re

ndertype=abstract (Accessed 6 December 2015) 

185  Stoker, A K, Olivier, B and Markou, A (2012) ‘Role of Alpha7- and Beta4-containing 

nicotinic acetylcholine receptors in the affective and somatic aspects of nicotine 

withdrawal: Studies in knockout mice’. Behavior Genetics, 42(3), pp. 423–436. 

186  Salas, R., Sturm, R., Boulter, J. and De Biasi, M. (2009) ‘Nicotinic Receptors in the 

Habenulo-Interpeduncular System Are Necessary for Nicotine Withdrawal in Mice’. 

Journal of Neuroscience, 29(10), pp. 3014–3018. [online] Available from: 

http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.4934-08.2009 

187  Grabus, S D, Martin, B R and Damaj, M I (2005) ‘Nicotine physical dependence in the 

mouse: involvement of the alpha7 nicotinic receptor subtype.’ European journal of 



 
 

152 
 

pharmacology, 515, pp. 90–93. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/15896732 (Accessed 24 March 2016) 

188  Flores, C M, Rogers, S W, Pabreza, L a, Wolfe, B B and Kellar, K J (1992) ‘A subtype of 

nicotinic cholinergic receptor in rat brain is composed of α4 and β2 subunits and is up-

regulated by chronic nicotine treatment.’ Molecular pharmacology, 41(1), pp. 31–37. 

189  Xiao, Yingxian, Fan, Hong, Musachio, John L, Wei, Zhi-Liang, et al. (2006) ‘Sazetidine-

A, a novel ligand that desensitizes alpha4beta2 nicotinic acetylcholine receptors without 

activating them.’ Molecular pharmacology, 70(4), pp. 1454–60. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16857741 

190  Marks, Michael J, Burch, James B and Collins, Allen C (1983) ‘Effects of Chronic 

Nicotine Infusion on Tolerance and Nicotinic Receptors’. The Journal of Pharmacology 

and Experimental Therapeutics, 226(3), pp. 817–825. 

191  Kassiou, M., Eberl, S., Meikle, S. R., Birrell, A., et al. (2001) ‘In vivo imaging of 

nicotinic receptor upregulation following chronic (-)-nicotine treatment in baboon using 

SPECT’. Nuclear Medicine and Biology, 28(2), pp. 165–175. 

192  Perry, David C, Davila-Garcia, Martha I., Stockmeier, Craig A and Kellar, Kenneth J 

(1999) ‘Increased Nicotinic Receptors in Brains from Smokers: Membrane Binding and 

Autoradiography Studies’. J. Pharmacol. Exp. Ther., 289(3), pp. 1545–1552. [online] 

Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10336551%5Cnhttp://jpet.aspetjournals.org/content

/289/3/1545.long 

193  Govind, Anitha P., Vezina, Paul and Green, William N. (2009) ‘Nicotine-induced 

upregulation of nicotinic receptors: Underlying mechanisms and relevance to nicotine 



 
 

153 
 

addiction’. Biochemical Pharmacology, 78(7), pp. 756–765. 

194  Turner, Jill R., Castellano, Laura M. and Blendy, Julie A. (2011) ‘Parallel anxiolytic-like 

effects and upregulation of neuronal nicotinic acetylcholine receptors following chronic 

nicotine and varenicline’. Nicotine and Tobacco Research, 13(1), pp. 41–46. 

195  Cosgrove, Kelly P, Batis, Jeffery, Bois, Frederic, Maciejewski, Paul K, et al. (2010) 

‘Prolonged Abstinence from Tobacco Smoking’. Main, 66(6), pp. 666–676. 

196  Andres, Karl Hermann, Von Düring, Monika and Veh, Rüdiger W. (1999) ‘Subnuclear 

organization of the rat habenular complexes’. Journal of Comparative Neurology, 407(1), 

pp. 130–150. 

197  Qin, C. and Luo, M. (2009) ‘Neurochemical phenotypes of the afferent and efferent 

projections of the mouse medial habenula’. Neuroscience, 161(3), pp. 827–837. [online] 

Available from: http://dx.doi.org/10.1016/j.neuroscience.2009.03.085 

198  Perry, D C, Xiao, Y, Nguyen, H N, Musachio, J L, et al. (2002) ‘Measuring nicotinic 

receptors with characteristics of a4b2, a3b2 and a3b4 subtypes in rat tissues by 

autoradiography’. Journal of Neurochemistry, 82, pp. 468–481. 

199  Pang, Xueyan, Liu, Liwang, Ngolab, Jennifer, Zhao-Shea, Rubing, et al. (2016) ‘Habenula 

cholinergic neurons regulate anxiety during nicotine withdrawal via nicotinic 

acetylcholine receptors’. Neuropharmacology, 107, pp. 294–304. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2016.03.039 

200  Balerio, Graciela N., Aso, Ester, Berrendero, Fernando, Murtra, Patricia and Maldonado, 

Rafael (2004) ‘Delta 9-Tetrahydrocannabinol Decrease Somatic and Motivational 

Manifestations of Nicotine Withdrawal in Mice’. European Journal of Neuroscience, 

20(10), pp. 2737–2748. 



 
 

154 
 

201  Cravatt, Benjamin F. and Lichtman, Aron H. (2003) ‘Fatty acid amide hydrolase: An 

emerging therapeutic target in the endocannabinoid system’. Current Opinion in Chemical 

Biology, 7(4), pp. 469–475. 

202  Cippitelli, Andrea, Astarita, Giuseppe, Duranti, Andrea, Caprioli, Giovanni, et al. (2011) 

‘Endocannabinoid regulation of acute and protracted nicotine withdrawal: Effect of FAAH 

inhibition’. PLoS ONE, 6(11). 

203  Navarrete, Francisco, Rodríguez-Arias, Marta, Martín-García, Elena, Navarro, Daniela, et 

al. (2013) ‘Role of CB2 cannabinoid receptors in the rewarding, reinforcing, and physical 

effects of nicotine.’ Neuropsychopharmacology : official publication of the American 

College of Neuropsychopharmacology, 38(12), pp. 2515–24. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3799072&tool=pmcentrez&re

ndertype=abstract 

204  Brody, Arthur L, Mandelkern, Mark A, London, Edythe D, Olmstead, Richard E, et al. 

(2006) ‘Cigarette smoking saturates brain alpha 4 beta 2 nicotinic acetylcholine receptors.’ 

Archives of general psychiatry, 63(8), pp. 907–15. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2773659&tool=pmcentrez&re

ndertype=abstract (Accessed 20 August 2015) 

205  Staley, J. K. (2006) ‘Human Tobacco Smokers in Early Abstinence Have Higher Levels of 

beta2* Nicotinic Acetylcholine Receptors than Nonsmokers’. Journal of Neuroscience, 

26(34), pp. 8707–8714. [online] Available from: 

http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0546-06.2006 

206  Breese, C R, Marks, M J, Logel, J, Adams, C E, et al. (1997) ‘Effect of smoking history 

on [3H]nicotine binding in human postmortem brain.’ J Pharmacol Exp Ther, 282(1), pp. 



 
 

155 
 

7–13. [online] Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati

on&list_uids=9223534%5Cnhttp://jpet.aspetjournals.org/content/282/1/7.full.pdf 

207  Alsharari, S.D., King, J.R., Nordman, J.C., Muldoon, P.P., et al. (2015) ‘Effects of 

menthol on nicotine pharmacokinetic, pharmacology and dependence in mice’. PLoS 

ONE, 10(9). 

208  Gotti, Cecilia, Zoli, Michele and Clementi, Francesco (2006) ‘Brain nicotinic 

acetylcholine receptors: native subtypes and their relevance’. Trends in Pharmacological 

Sciences, 27(9), pp. 482–491. 

209  Brejc, K, van Dijk, W, Klaassen, R, Schuurmans, M, et al. (2001) ‘Crystal structure of an 

ACh-bindng protein reveals the ligand-binding domain of nicotinic receptors’. Nature, 

411(May), pp. 269–276. 

210  Rucktooa, Prakash, Smit, August B. and Sixma, Titia K. (2009) ‘Insight in nAChR 

subtype selectivity from AChBP crystal structures’. Biochemical Pharmacology, 78(7), 

pp. 777–787. 

211  Williams, Dustin K, Stokes, Clare, Horenstein, Nicole A and Papke, Roger L (2011) ‘The 

effective opening of nicotinic acetylcholine receptors with single agonist binding sites.’ 

The Journal of general physiology, 137(4), pp. 369–384. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3068282&tool=pmcentrez&re

ndertype=abstract 

212  Murray, Teresa A, Bertrand, Daniel, Papke, Roger L, George, Andrew A, et al. (2012) 

‘Α7Β2 Nicotinic Acetylcholine Receptors Assemble, Function, and Are Activated 

Primarily Via Their Α7-Α7 Interfaces.’ Molecular pharmacology, 81(2), pp. 175–88. 



 
 

156 
 

[online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/22039094%5Cnhttp://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=PMC3263954 

213  Khiroug, Serguei S, Harkness, Patricia C, Lamb, Patricia W, Sudweeks, Sterling N, et al. 

(2002) ‘Rat nicotinic ACh receptor alpha7 and beta2 subunits co-assemble to form 

functional heteromeric nicotinic receptor channels.’ The Journal of physiology, 540(Pt 2), 

pp. 425–34. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11956333%5Cnhttp://www.pubmedcentral.nih.gov/

articlerender.fcgi?artid=PMC2290261 

214  Wu, Jie, Liu, Qiang, Tang, Pei, Mikkelsen, Jens D, et al. (2016) ‘Heteromeric α7β2 

Nicotinic Acetylcholine Receptors in the Brain.’ Trends in pharmacological sciences, 

37(7), pp. 562–574. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/27179601 

215  Moretti, Milena, Zoli, Michele, George, Andrew A, Lukas, Ronald J, et al. (2014) ‘The 

novel α7β2-nicotinic acetylcholine receptor subtype is expressed in mouse and human 

basal forebrain: biochemical and pharmacological characterization.’ Molecular 

pharmacology, 86(3), pp. 306–17. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4152907&tool=pmcentrez&re

ndertype=abstract 

216  Bertrand, D, Galzi, J L, Devillers-Thiéry, a, Bertrand, S and Changeux, J P (1993) 

‘Mutations at two distinct sites within the channel domain M2 alter calcium permeability 

of neuronal α7 nicotinic receptor.’ Proceedings of the National Academy of Sciences of 

the United States of America, 90(15), pp. 6971–6975. 



 
 

157 
 

217  Vernino, Steven, Amador, Mariano, Luetje, Charles W., Patrick, Jim and Dani, John A. 

(1992) ‘Calcium modulation and high calcium permeability of neuronal nicotinic 

acetylcholine receptors’. Neuron, 8(1), pp. 127–134. 

218  Jones, Ian W. and Wonnacott, Susan (2004) ‘Precise Localization of {alpha}7 Nicotinic 

Acetylcholine Receptors on Glutamatergic Axon Terminals in the Rat Ventral Tegmental 

Area’. J. Neurosci., 24(50), pp. 11244–11252. [online] Available from: 

http://www.jneurosci.org/cgi/content/full/24/50/11244 

219  Schilström, Björn, Rawal, Nina, Mameli-Engvall, Monica, Nomikos, George G and 

Svensson, Torgny H (2003) ‘Dual effects of nicotine on dopamine neurons mediated by 

different nicotinic receptor subtypes.’ The international journal of 

neuropsychopharmacology / official scientific journal of the Collegium Internationale 

Neuropsychopharmacologicum (CINP), 6(1), pp. 1–11. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12899731 (Accessed 25 March 2016) 

220  Graupner, Michael, Maex, Reinoud and Gutkin, Boris (2013) ‘Endogenous Cholinergic 

Inputs and Local Circuit Mechanisms Govern the Phasic Mesolimbic Dopamine Response 

to Nicotine’. , 9(8). 

221  Kaiser, S and Wonnacott, S (2000) ‘alpha-bungarotoxin-sensitive nicotinic receptors 

indirectly modulate [(3)H]dopamine release in rat striatal slices via glutamate release.’ 

Molecular pharmacology, 58(2), pp. 312–8. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10908298 (Accessed 16 January 2016) 

222  Grilli, Massimo, Summa, Maria, Salamone, Alessia, Olivero, Guendalina, et al. (2012) ‘In 

vitro exposure to nicotine induces endocytosis of presynaptic AMPA receptors modulating 

dopamine release in rat nucleus accumbens nerve terminals’. Neuropharmacology, 63(5), 



 
 

158 
 

pp. 916–926. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2012.06.049 

223  Zhang, Hui and Sulzer, David (2003) ‘Glutamate spillover in the striatum depresses 

dopaminergic transmission by activating group I metabotropic glutamate receptors.’ The 

Journal of neuroscience, 23(33), pp. 10585–92. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/14627643 

224  Livingstone, Phil D, Dickinson, Jane A, Srinivasan, Jayaraman, Kew, James N C and 

Wonnacott, Susan (2010) ‘Glutamate – Dopamine Crosstalk in the Rat Prefrontal Cortex 

is Modulated by Alpha7 Nicotinic Receptors and Potentiated by PNU-120596’. , pp. 172–

176. 

225  Yang, Yang, Paspalas, Constantinos D, Jin, Lu E, Picciotto, Marina R, et al. (2013) 

‘Nicotinic α 7 receptors enhance NMDA cognitive circuits in dorsolateral prefrontal 

cortex’. , 110(29), pp. 12078–12083. 

226  Zhang, M, Wang, Y T, Vyas, D M, Neuman, R S and Bieger, D (1993) ‘Nicotinic 

cholinoceptor-mediated excitatory postsynaptic potentials in rat nucleus ambiguus’. 

Experimental Brain Research, pp. 83–88. 

227  Berg, Darwin K. and Conroy, William G. (2002) ‘Nicotinic Alpha 7 receptors: Synaptic 

options and downstream signaling in neurons’. Journal of Neurobiology, 53(4), pp. 512–

523. 

228  McGehee, D S, Heath, M J, Gelber, S, Devay, P and Role, L W (1995) ‘Nicotine 

enhancement of fast excitatory synaptic transmission in CNS by presynaptic receptors.’ 

Science (New York, N.Y.), 269(5231), pp. 1692–6. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/7569895 (Accessed 24 March 2016) 



 
 

159 
 

229  McKay, Bruce E., Placzek, Andon N. and Dani, John A. (2007) ‘Regulation of synaptic 

transmission and plasticity by neuronal nicotinic acetylcholine receptors’. Biochemical 

Pharmacology, 74(8), pp. 1120–1133. 

230  Uteshev, Vladimir V., Meyer, Edwin M. and Papke, Roger L. (2002) ‘Activation and 

inhibition of native neuronal alpha-bungarotoxin-sensitive nicotinic ACh receptors’. Brain 

Research, 948(1–2), pp. 33–46. 

231  Maex, R, Grinevich, V P, Grinevich, V, Budygin, E, et al. (2014) ‘Understanding the role 

alpha7 nicotinic receptors play in dopamine efflux in nucleus accumbens’. ACS Chem 

Neurosci, 5(10), pp. 1032–1040. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4198061/pdf/cn500126t.pdf 

232  Bertrand, Daniel, Bertrand, Sonia, Cassar, Steven, Gubbins, Earl, et al. (2008) ‘Positive 

Allosteric Modulation of the α7 Nicotinic Acetylcholine Receptor: Ligand Interactions 

with Distinct Binding Sites and Evidence for a Prominent Role of the M2-M3 Segment’. 

Molecular Pharmacology, 74(5), pp. 1407–1416. 

233  Young, Gareth T, Zwart, Ruud, Walker, Alison S, Sher, Emanuele and Millar, Neil S 

(2008) ‘Potentiation of alpha 7 nicotinic acetylcholine receptors via an allosteric 

transmembrane site’. Proceedings of the National Academy of Sciences of the United 

States of America, 105(38), pp. 14686–14691. 

234  Faghih, Ramin, Gopalakrishnan, Murali and Briggs, Clark A. (2008) ‘Allosteric 

modulators of the Alpha 7 nicotinic acetylcholine receptor’. Journal of Medicinal 

Chemistry, 51(4), pp. 701–712. 

235  Grønlien, Jens Halvard, Håkerud, Monika, Ween, Hilde, Thorin-hagene, Kirsten, et al. 

(2007) ‘Distinct profiles of α7 nAChR positive allosteric modulation revealed by 



 
 

160 
 

structurally diverse chemotypes’. Molecular Pharmacology, 72(3), pp. 715–724. [online] 

Available from: http://www.scopus.com/inward/record.url?eid=2-s2.0-

34548301101&partnerID=40&md5=5f49189623019145431d9b96723424cf 

236  Williams, Dustin K, Wang, Jingyi and Papke, Roger L (2011) ‘Investigation of the 

Molecular Mechanism of the Alpha 7 Nicotinic Acetylcholine Receptor Positive 

Allosteric Modulator PNU-120596 Provides Evidence for Two Distinct Desensitized 

States’. Molecular Pharmacology, 80(6), pp. 1013–1032. 

237  Gurley, David A. and Lanthorn, Thomas H. (1998) ‘Nicotinic agonists competitively 

antagonize serotonin at mouse 5-HT3 receptors expressed in Xenopus oocytes’. 

Neuroscience Letters, 247(2–3), pp. 107–110. 

238  Nikiforuk, Agnieszka, Kos, Tomasz, Potasiewicz, Agnieszka and Popik, Piotr (2015) 

‘Positive allosteric modulation of alpha 7 nicotinic acetylcholine receptors enhances 

recognition memory and cognitive flexibility in rats’. European 

Neuropsychopharmacology, 25(8), pp. 1300–1313. [online] Available from: 

http://dx.doi.org/10.1016/j.euroneuro.2015.04.018 

239  Potasiewicz, A., Nikiforuk, A., Ho uj, M. and Popik, P. (2016) ‘Stimulation of nicotinic 

acetylcholine alpha7 receptors rescue schizophrenia-like cognitive impairments in rats’. 

Journal of Psychopharmacology, p. 269881116675509. [online] Available from: 

http://jop.sagepub.com/cgi/doi/10.1177/0269881116675509 

240  Freitas, K, Carroll, F I and Damaj, M I (2013) ‘The antinociceptive effects of nicotinic 

receptors α7-positive allosteric modulators in murine acute and tonic pain models.’ The 

Journal of pharmacology and experimental therapeutics, 344(1), pp. 264–75. [online] 

Available from: 



 
 

161 
 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3533419&tool=pmcentrez&re

ndertype=abstract 

241  Freitas, K, Negus, S, Carroll, F I and Damaj, M I (2013) ‘In vivo pharmacological 

interactions between a type II positive allosteric modulator of α7 nicotinic ACh receptors 

and nicotinic agonists in a murine tonic pain model’. British Journal of Pharmacology, 

169(3), pp. 567–579. 

242  Papke, Roger L., Horenstein, Nicole A., Kulkarni, Abhijit R., Stokes, Clare, et al. (2014) 

‘The activity of GAT107, an allosteric activator and positive modulator of ??7 nicotinic 

acetylcholine receptors (nAChR), is regulated by aromatic amino acids that span the 

subunit interface’. Journal of Biological Chemistry, 289(7), pp. 4515–4531. 

243  Horenstein, Nicole A., Papke, Roger L., Kulkarni, Abhijit R., Chaturbhuj, Ganesh U., et 

al. (2016) ‘Critical molecular determinants of Alpha 7 nicotinic acetylcholine receptor 

allosteric activation: Separation of direct allosteric activation and positive allosteric 

modulation’. Journal of Biological Chemistry, 291(10), pp. 5049–5067. 

244  Bagdas, Deniz, Wilkerson, Jenny L., Kulkarni, Abhijit, Toma, Wisam, et al. (2016) ‘The 

Alpha7 nicotinic receptor dual allosteric agonist and positive allosteric modulator 

GAT107 reverses nociception in mouse models of inflammatory and neuropathic pain’. 

British Journal of Pharmacology, pp. 2506–2520. 

245  Briggs, Clark A., Grønlien, Jens Halvard, Curzon, Peter, Timmermann, Daniel B., et al. 

(2009) ‘Role of channel activation in cognitive enhancement mediated by Alpha7 

nicotinic acetylcholine receptors’. British Journal of Pharmacology, 158(6), pp. 1486–

1494. 

246  Papke, R L, Bagdas, D, Kulkarni, A R, Gould, T, et al. (2015) ‘The analgesic-like 



 
 

162 
 

properties of the alpha7 nAChR silent agonist NS6740 is associated with non-conducting 

conformations of the receptor.’ Neuropharmacology, 91, pp. 34–42. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/25497451 (Accessed 7 October 2016) 

247  Corradi, J. and Bouzat, C. (2016) ‘Understanding the bases of function and modulation 

of  7 nicotinic receptors: Implications for drug discovery’. Molecular Pharmacology, 

(September), pp. 288–299. [online] Available from: 

http://molpharm.aspetjournals.org/cgi/doi/10.1124/mol.116.104240 

248  Bodnar, Alice L, Cortes-Burgos, Luz a, Cook, Karen K, Dinh, Dac M, et al. (2005) 

‘Discovery and structure-activity relationship of quinuclidine benzamides as agonists of 

alpha7 nicotinic acetylcholine receptors.’ Journal of medicinal chemistry, 48(4), pp. 905–

908. 

249  Timmermann, Daniel B, Grønlien, Jens Halvard, Kohlhaas, Kathy L, Nielsen, Elsebet Ø, 

et al. (2007) ‘An Allosteric Modulator of the α7 Nicotinic Acetylcholine Receptor 

Possessing Cognition-Enhancing Properties in Vivo’. The Journal of Pharmacology and 

Experimental Therapeutics, 323(1), pp. 294–307. 

250  Hurst, Raymond S., Hajos, Mihaly, Raggenbass, Mario, Wall, Theron M., et al. (2005) ‘A 

Novel Positive Allosteric Modulator of the α7 Neuronal Nicotinic Acetylcholine 

Receptor: In Vitro and In Vivo Characterization’. The Journal of Neuroscience, 25(17), 

pp. 4396–4405. [online] Available from: 

http://www.jneurosci.org/cgi/content/abstract/25/17/4396%5Cnhttp://www.jneurosci.org/c

gi/content/full/25/17/4396 

251  Sitzia, Fabrio, Brown, Jon T., Randall, Andrew D. and Dunlop, John (2011) ‘Voltage- and 

temperature-dependent allosteric modulation of alpha 7 nicotinic receptors by 



 
 

163 
 

PNU120596’. Frontiers in Pharmacology, 2 DEC(December), pp. 1–9. 

252  Greenbaum, L, Kanyas, K, Karni, O, Merbl, Y, et al. (2006) ‘Why do young women 

smoke? I. Direct and interactive effects of environment, psychological characteristics and 

nicotinic cholinergic receptor genes.’ Molecular psychiatry, 11(3), pp. 312–22, 223. 

[online] Available from: 

http://www.nature.com/doifinder/10.1038/sj.mp.4001774%5Cnpapers2://publication/doi/1

0.1038/sj.mp.4001774%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/16314871 

253  Philibert, Robert A., Todorov, Alexandre, Andersen, Allan, Hollenbeck, Nancy, et al. 

(2009) ‘Examination of the nicotine dependence (NICSNP) consortium findings in the 

iowa adoption studies population’. Nicotine and Tobacco Research, 11(3), pp. 286–292. 

254  Saccone, N. L., Schwantes-An, T. H., Wang, J. C., Grucza, R. A., et al. (2010) ‘Multiple 

cholinergic nicotinic receptor genes affect nicotine dependence risk in African and 

European Americans’. Genes, Brain and Behavior, 9(7), pp. 741–750. 

255  Grottick, A J, Trube, G, Corrigall, W A, Huwyler, J, et al. (2000) ‘Evidence that nicotinic 

α7 receptors are not involved in the hyperlocomotor and rewarding effects of nicotine.’ 

The Journal of Pharmacology and Experimental Therapeutics, 294(3), pp. 1112–1119. 

256  Besson, Morgane, David, Vincent, Baudonnat, Mathieu, Cazala, Pierre, et al. (2012) 

‘Alpha7-nicotinic receptors modulate nicotine-induced reinforcement and extracellular 

dopamine outflow in the mesolimbic system in mice.’ Psychopharmacology, 220(1), pp. 

1–14. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/21901321 (Accessed 

24 March 2016) 

257  Whiteaker, Paul, Marks, Michael J, Christensen, Sean, Dowell, Cheryl, et al. (2008) 

‘Synthesis and Characterization of 125 I-alpha Conotoxin ArIB [ V11L ; V16A ], a 



 
 

164 
 

Selective alpha 7 Nicotinic Acetylcholine Receptor Antagonist’. , 2, pp. 910–919. 

258  Mogg, Adrian J, Whiteaker, Paul, McIntosh, J Michael, Marks, Michael, et al. (2002) 

‘Methyllycaconitine is a potent antagonist of α-conotoxin-MII-sensitive presynaptic 

nicotinic acetylcholine receptors in rat striatum.’ The Journal of Pharmacology and 

Experimental Therapeutics, 302(1), pp. 197–204. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12065717 

259  Panagis, George, Kastellakis, Andreas, Spyraki, C and Nomikos, G (2000) ‘Effects of 

methyllycaconitine (MLA), an alpha 7 nicotinic receptor antagonist, on nicotine- and 

cocaine-induced potentiation of brain stimulation reward.’ Psychopharmacology, 149(4), 

pp. 388–96. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/10867966 

260  Brioni, J D, Kim, D J and O’Neill, A B (1996) ‘Nicotine cue: lack of effect of the alpha 7 

nicotinic receptor antagonist methyllycaconitine.’ European journal of pharmacology, 

301(1–3), pp. 1–5. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/8773440 

261  Stolerman, I. P., Chamberlain, S., Bizarro, L., Fernandes, C. and Schalkwyk, L. (2004) 

‘The role of nicotinic receptor Alpha 7 subunits in nicotine discrimination’. 

Neuropharmacology, 46(3), pp. 363–371. 

262  Livingstone, Phil D, Srinivasan, Jayaraman, Kew, James N C, Dawson, Lee A, et al. 

(2009) ‘alpha7 and non-alpha7 nicotinic acetylcholine receptors modulate dopamine 

release in vitro and in vivo in the rat prefrontal cortex.’ The European journal of 

neuroscience, 29(3), pp. 539–50. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19187266 (Accessed 24 March 2016) 

263  Zhou, F M, Liang, Y and Dani, J a (2001) ‘Endogenous nicotinic cholinergic activity 



 
 

165 
 

regulates dopamine release in the striatum’. Nature neuroscience, 4(12), pp. 1224–9. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/11713470 

264  Liu, Xiu (2013) ‘Positive allosteric modulation of α4β2 nicotinic acetylcholine receptors 

as a new approach to smoking reduction: evidence from a rat model of nicotine self-

administration.’ Psychopharmacology, 230(2), pp. 203–13. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3797181&tool=pmcentrez&re

ndertype=abstract (Accessed 4 May 2016) 

265  de Moura, Fernando B and McMahon, Lance R (2017) ‘The contribution of α4β2 and 

non-α4β2 nicotinic acetylcholine receptors to the discriminative stimulus effects of 

nicotine and varenicline in mice.’ Psychopharmacology, 234, pp. 781–792. [online] 

Available from: http://link.springer.com/10.1007/s00213-016-4514-

4%0Ahttp://www.ncbi.nlm.nih.gov/pubmed/28028600 

266  Spiller, Krista, Xi, Zheng Xiong, Li, Xia, Ashby, Charles R., et al. (2009) ‘Varenicline 

attenuates nicotine-enhanced brain-stimulation reward by activation of ??4??2 nicotinic 

receptors in rats’. Neuropharmacology, 57(1), pp. 60–66. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2009.04.006 

267  Yohn, Nicole L, Turner, Jill R and Blendy, Julie A (2014) ‘Activation of α4β2*/α6β2* 

nicotinic receptors alleviates anxiety during nicotine withdrawal without upregulating 

nicotinic receptors.’ The Journal of pharmacology and experimental therapeutics, 349(2), 

pp. 348–54. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3989801&tool=pmcentrez&re

ndertype=abstract (Accessed 2 March 2016) 

268  Bitner, Robert S, Bunnelle, William H, Anderson, David J, Briggs, Clark A, et al. (2007) 



 
 

166 
 

‘Broad-spectrum efficacy across cognitive domains by alpha7 nicotinic acetylcholine 

receptor agonism correlates with activation of ERK1/2 and CREB phosphorylation 

pathways.’ The Journal of neuroscience : the official journal of the Society for 

Neuroscience, 27(39), pp. 10578–87. [online] Available from: 

http://www.jneurosci.org/content/27/39/10578.full 

269  Shen, Jian-xin and Yakel, Jerrel L (2009) ‘Nicotinic acetylcholine receptor-mediated 

calcium signaling in the nervous system.’ Acta pharmacologica Sinica, 30(6), pp. 673–80. 

[online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4002362&tool=pmcentrez&re

ndertype=abstract 

270  Tietje, Karin R., Anderson, David J., Bitner, R. Scott, Blomme, Eric A., et al. (2008) 

‘Preclinical characterization of A-582941: A novel α7 neuronal nicotinic receptor agonist 

with broad spectrum cognition-enhancing properties’. CNS Neuroscience and 

Therapeutics, 14(1), pp. 65–82. 

271  Lendvai, Bal??zs, Kassai, Ferenc, Sz??jli, ??gota and N??methy, Zsolt (2013) ‘Alpha7 

Nicotinic acetylcholine receptors and their role in cognition’. Brain Research Bulletin, 

93(2013), pp. 86–96. [online] Available from: 

http://dx.doi.org/10.1016/j.brainresbull.2012.11.003 

272  Nordman, J C and Kabbani, N (2012) ‘An interaction between alpha7 nicotinic receptors 

and a G-protein pathway complex regulates neurite growth in neural cells’. J Cell Sci, 

125(Pt 22), pp. 5502–5513. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/22956546 

273  King, Justin R., Nordman, Jacob C., Bridges, Samuel P., Lin, Ming Kuan and Kabbani, 



 
 

167 
 

Nadine (2015) ‘Identification and characterization of a G protein-binding cluster in ??7 

nicotinic acetylcholine receptors’. Journal of Biological Chemistry, 290(33), pp. 20060–

20070. 

274  Wang, Hong, Yu, Man, Ochani, Mahendar, Amella, Carol Ann, et al. (2003) ‘Nicotinic 

acetylcholine receptor alpha7 subunit is an essential regulator of inflammation.’ Nature, 

421(6921), pp. 384–388. 

275  Báez-Pagán, Carlos a., Delgado-Vélez, Manuel and Lasalde-Dominicci, José a. (2015) 

‘Activation of the Macrophage α7 Nicotinic Acetylcholine Receptor and Control of 

Inflammation’. Journal of Neuroimmune Pharmacology, 10(3), pp. 468–476. [online] 

Available from: http://link.springer.com/10.1007/s11481-015-9601-5 

276  Zhu, Y, Kan, L, Qi, C, Kanwar, Y S, et al. (2000) ‘Isolation and characterization of 

peroxisome proliferator-activated receptor (PPAR) interacting protein (PRIP) as a 

coactivator for PPAR.’ The Journal of biological chemistry, 275(18), pp. 13510–6. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/10788465 (Accessed 20 

June 2015) 

277  Mascia, Paola, Pistis, Marco, Justinova, Zuzana, Panlilio, Leigh V, et al. (2011) ‘Blockade 

of nicotine reward and reinstatement by activation of alpha-type peroxisome proliferator-

activated receptors.’ Biological psychiatry, 69(7), pp. 633–41. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2994947&tool=pmcentrez&re

ndertype=abstract (Accessed 11 May 2015) 

278  Melis, Miriam, Carta, Stefano, Fattore, Liana, Tolu, Stefania, et al. (2010) ‘Peroxisome 

proliferator-activated receptors-alpha modulate dopamine cell activity through nicotinic 

receptors’. Biological Psychiatry, 68(3), pp. 256–264. [online] Available from: 



 
 

168 
 

http://dx.doi.org/10.1016/j.biopsych.2010.04.016 

279  Mameli-Engvall, Monica, Evrard, Alexis, Pons, Stéphanie, Maskos, Uwe, et al. (2006) 

‘Hierarchical Control of Dopamine Neuron-Firing Patterns by Nicotinic Receptors’. 

Neuron, 50(6), pp. 911–921. 

280  Benowitz, Neal L (2010) ‘Nicotine addiction.’ The New England journal of medicine, 

362(24), pp. 2295–303. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2928221&tool=pmcentrez&re

ndertype=abstract (Accessed 20 June 2015) 

281  Schilström, B, Svensson, H M, Svensson, T H and Nomikos, G G (1998) ‘Nicotine and 

food induced dopamine release in the nucleus accumbens of the rat: putative role of 

alpha7 nicotinic receptors in the ventral tegmental area.’ Neuroscience, 85(4), pp. 1005–9. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/9681941 (Accessed 2 

March 2016) 

282  Hughes, J R, Gulliver, S B, Fenwick, J W, Valliere, W A, et al. (1992) ‘Smoking cessation 

among self-quitters.’ Health psychology : official journal of the Division of Health 

Psychology, American Psychological Association, 11(5), pp. 331–4. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/1425551 (Accessed 8 March 2016) 

283  Salas, Ramiro, Pieri, Fredalina and De Biasi, Mariella (2004) ‘Decreased signs of nicotine 

withdrawal in mice null for the beta4 nicotinic acetylcholine receptor subunit.’ The 

Journal of neuroscience : the official journal of the Society for Neuroscience, 24(45), pp. 

10035–9. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/15537871 

(Accessed 24 March 2016) 

284  Kota, D, Martin, B R, Robinson, S E and Damaj, M I (2007) ‘Nicotine dependence and 



 
 

169 
 

reward differ between adolescent and adult male mice.’ The Journal of pharmacology and 

experimental therapeutics, 322(1), pp. 399–407. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17446302 (Accessed 8 March 2016) 

285  Vicens, P, Ribes, D, Heredia, L, Torrente, M and Domingo, J L (2013) ‘Motor and anxiety 

effects of PNU-282987, an alpha7 nicotinic receptor agonist, and stress in an animal 

model of Alzheimer’s disease’. Curr Alzheimer Res, 10(5), pp. 516–523. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/23566346 

286  Freitas, K, Ghosh, S, Carroll, F I, Lichtman, A H and Damaj, M I (2013) ‘Effects of alpha 

7 positive allosteric modulators in murine inflammatory and chronic neuropathic pain 

models’. Neuropharmacology, 65, pp. 156–164. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2012.08.022 

287  Moreno, S, Farioli-Vecchioli, S and Cerù, M P (2004) ‘Immunolocalization of peroxisome 

proliferator-activated receptors and retinoid X receptors in the adult rat CNS.’ 

Neuroscience, 123(1), pp. 131–45. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/14667448 (Accessed 6 June 2015) 

288  Plaza-Zabala, Ainhoa, Berrendero, Fernando, Suarez, Juan, Bermudez-Silva, Francisco 

Javier, et al. (2010) ‘Effects of the endogenous PPAR-alpha agonist, oleoylethanolamide 

on MDMA-induced cognitive deficits in mice.’ Synapse (New York, N.Y.), 64(5), pp. 379–

89. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/20029832 (Accessed 

28 July 2015) 

289  Smaga, Irena, Bystrowska, Beata, Gawliński, Dawid, Pomierny, Bartosz, et al. (2014) 

‘Antidepressants and changes in concentration of endocannabinoids and N-

acylethanolamines in rat brain structures.’ Neurotoxicity research, 26(2), pp. 190–206. 



 
 

170 
 

[online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4067538&tool=pmcentrez&re

ndertype=abstract (Accessed 4 June 2015) 

290  Bilbao, Ainhoa, Serrano, Antonia, Cippitelli, Andrea, Pavón, Francisco J, et al. (2015) 

‘Role of the satiety factor oleoylethanolamide in alcoholism.’ Addiction biology. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/26037332 (Accessed 6 July 2015) 

291  Blednov, Yuri A, Black, Mendy, Benavidez, Jillian M, Stamatakis, Eleni E and Harris, R 

Adron (2016) ‘PPAR Agonists: I. Role of Receptor Subunits in Alcohol Consumption in 

Male and Female Mice.’ Alcoholism, clinical and experimental research. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/26857685 (Accessed 13 February 

2016) 

292  Blednov, Yuri A, Black, Mendy, Benavidez, Jillian M, Stamatakis, Eleni E and Harris, R 

Adron (2016) ‘PPAR Agonists: II. Fenofibrate and Tesaglitazar Alter Behaviors Related 

to Voluntary Alcohol Consumption.’ Alcoholism, clinical and experimental research. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/26857541 (Accessed 13 

February 2016) 

293  Staels, B, Dallongeville, J, Auwerx, J, Schoonjans, K, et al. (1998) ‘Mechanism of action 

of fibrates on lipid and lipoprotein metabolism.’ Circulation, 98, pp. 2088–2093. 

294  Verme, Jesse Lo, Fu, Jin, Astarita, Giuseppe, Rana, Giovanna La, et al. (2005) ‘The 

Nuclear Receptor Peroxisome Proliferator-Activated Receptor- ␣ Mediates the Anti-

Inflammatory Actions of Palmitoylethanolamide’. , 67(1), pp. 15–19. 

295  Willson, T M, Brown, P J, Sternbach, D D and Henke, B R (2000) ‘The PPARs: from 

orphan receptors to drug discovery.’ Journal of medicinal chemistry, 43(4), pp. 527–50. 



 
 

171 
 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/10691680 (Accessed 24 

May 2015) 

296  Keating, Gillian M (2011) ‘Fenofibrate: a review of its lipid-modifying effects in 

dyslipidemia and its vascular effects in type 2 diabetes mellitus.’ American journal of 

cardiovascular drugs : drugs, devices, and other interventions, 11(4), pp. 227–47. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/21675801 (Accessed 29 June 2015) 

297  Bagdas, Deniz, Muldoon, Pretal P., Zhu, Andy Z X, Tyndale, Rachel F. and Damaj, M. 

Imad (2014) ‘Effects of methoxsalen, a CYP2A5/6 inhibitor, on nicotine dependence 

behaviors in mice’. Neuropharmacology, 85, pp. 67–72. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2014.05.006 

298  Zachariou, Venetia, Caldarone, Barbara J., Weathers-Lowin, Ariel, George, Tony P., et al. 

(2001) ‘Nicotine receptor inactivation decreases sensitivity to cocaine’. 

Neuropsychopharmacology, 24(5), pp. 576–589. 

299  Alajaji, Mai, Lazenka, Matthew F., Kota, Dena, Wise, Laura E., et al. (2016) ‘Early 

adolescent nicotine exposure affects later-life cocaine reward in mice’. 

Neuropharmacology, 105, pp. 308–317. [online] Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2016.01.032 

300  Araki, Hiromitsu, Tamada, Yoshinori, Imoto, Seiya, Dunmore, Ben, et al. (2009) 

‘Analysis of PPARα-dependent and PPARα-independent transcript regulation following 

fenofibrate treatment of human endothelial cells’. Angiogenesis, 12(3), pp. 221–229. 

301  Binello, Emanuela, Mormone, Elisabetta, Emdad, Luni, Kothari, Harini and Germano, 

Isabelle M (2014) ‘Characterization of fenofibrate-mediated anti-proliferative pro-

apoptotic effects on high-grade gliomas and anti-invasive effects on glioma stem cells.’ 



 
 

172 
 

Journal of neuro-oncology, 117(2), pp. 225–34. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/24493576 (Accessed 24 May 2015) 

302  Kim, Jaetaek, Ahn, Ji-Hyun, Kim, Jeong-Hun, Yu, Young-Suk, et al. (2007) ‘Fenofibrate 

regulates retinal endothelial cell survival through the AMPK signal transduction pathway.’ 

Experimental eye research, 84(5), pp. 886–93. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17343853 (Accessed 24 May 2015) 

303  Yamasaki, Daisuke, Kawabe, Natsuko, Nakamura, Hitomi, Tachibana, Keisuke, et al. 

(2011) ‘Fenofibrate suppresses growth of the human hepatocellular carcinoma cell via 

PPARα-independent mechanisms.’ European journal of cell biology, 90(8), pp. 657–64. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/21514001 (Accessed 25 

May 2015) 

304  Hajós, M, Hurst, R S, Hoffmann, W E, Krause, M, et al. (2005) ‘The Selective alpha 7 

Nicotinic Acetylcholine Receptor Agonist PNU-282987 Enhances GABAergic Synaptic 

Activity in Brain Slices and Restores Auditory Gating Deficits in Anesthetized Rats’. The 

Journal of Pharmacology and Experimental Therapeutics, 312(3), pp. 1213–1222. 

305  Taslim, Najla and Saeed Dar, M. (2011) ‘The Role of Nicotinic Acetylcholine Receptor 

(nAChR) Alpha 7 Subtype in the Functional Interaction Between Nicotine and Ethanol in 

Mouse Cerebellum’. Alcoholism: Clinical and Experimental Research, 35(3), pp. 540–

549. 

306  Gould, Thomas J., Wilkinson, Derek S., Yildirim, Emre, Blendy, Julie A. and Adoff, 

Michael D. (2014) ‘Dissociation of tolerance and nicotine withdrawal-associated deficits 

in contextual fear’. Brain Research, 1559(215), pp. 1–10. 

307  Perkins, K. a., Karelitz, J. L., Michael, V. C., Fromuth, M., et al. (2015) ‘Initial Evaluation 



 
 

173 
 

of Fenofibrate for Efficacy in Aiding Smoking Abstinence’. Nicotine & Tobacco 

Research, pp. 1–5. [online] Available from: 

http://ntr.oxfordjournals.org/cgi/doi/10.1093/ntr/ntv085 

308  Guo, Lei, Fang, Hong, Collins, Jim, Fan, Xiao-hui, et al. (2006) ‘Differential gene 

expression in mouse primary hepatocytes exposed to the peroxisome proliferator-activated 

receptor alpha agonists.’ BMC bioinformatics, 7 Suppl 2, p. S18. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1683558&tool=pmcentrez&re

ndertype=abstract (Accessed 24 May 2015) 

309  Liu, Zhong-Min, Hu, Miao, Chan, Paul and Tomlinson, Brian (2015) ‘Early 

investigational drugs targeting PPAR-α for the treatment of metabolic disease’. Expert 

Opinion on Investigational Drugs, 24(5), pp. 611–621. [online] Available from: 

http://www.tandfonline.com/doi/full/10.1517/13543784.2015.1006359 

310  Fruchart, Jean-Charles (2013) ‘Selective peroxisome proliferator-activated receptor α 

modulators (SPPARMα): the next generation of peroxisome proliferator-activated 

receptor α-agonists.’ Cardiovascular diabetology, 12, p. 82. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3682868&tool=pmcentrez&re

ndertype=abstract (Accessed 24 May 2015) 

311  Ishibashi, Shun, Yamashita, Shizuya, Arai, Hidenori, Araki, Eiichi, et al. (2016) ‘Effects 

of K-877, a novel selective PPAR?? modulator (SPPARM??), in dyslipidaemic patients: A 

randomized, double blind, active- and placebo-controlled, phase 2 trial’. Atherosclerosis, 

249, pp. 36–43. [online] Available from: 

http://dx.doi.org/10.1016/j.atherosclerosis.2016.02.029 

312  Raza-Iqbal, Sana, Tanaka, Toshiya, Anai, Motonobu, Inagaki, Takeshi, et al. (2015) 



 
 

174 
 

‘Transcriptome Analysis of K-877 (a Novel Selective PPARα Modulator (SPPARMα))-

Regulated Genes in Primary Human Hepatocytes and the Mouse Liver’. Journal of 

Atherosclerosis and Thrombosis, 22(8), pp. 754–772. [online] Available from: 

https://www.jstage.jst.go.jp/article/jat/22/8/22_28720/_article 

313  Dietz, Michel, Mohr, Peter, Kuhn, Bernd, Maerki, Hans Peter, et al. (2012) ‘Comparative 

Molecular Profiling of the PPARα/γ Activator Aleglitazar: PPAR Selectivity, Activity and 

Interaction with Cofactors’. ChemMedChem, 7(6), pp. 1101–1111. [online] Available 

from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3504387&tool=pmcentrez&re

ndertype=abstract (Accessed 22 October 2015) 

314  Lo Verme, Jesse, Fu, Jin, Astarita, Giuseppe, La Rana, Giovanna, et al. (2005) ‘The 

nuclear receptor peroxisome proliferator-activated receptor-alpha mediates the anti-

inflammatory actions of palmitoylethanolamide.’ Molecular pharmacology, 67(1), pp. 15–

9. [online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/15465922 (Accessed 8 

April 2015) 

315  Cullingford, T E, Bhakoo, K, Peuchen, S, Dolphin, C T, et al. (1998) ‘Distribution of 

mRNAs encoding the peroxisome proliferator-activated receptor alpha, beta, and gamma 

and the retinoid X receptor alpha, beta, and gamma in rat central nervous system.’ Journal 

of neurochemistry, 70(4), pp. 1366–75. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9523552 (Accessed 26 July 2016) 

316  Buczynski, Matthew W, Polis, Ilham Y and Parsons, Loren H (2013) ‘The volitional 

nature of nicotine exposure alters anandamide and oleoylethanolamide levels in the 

ventral tegmental area.’ Neuropsychopharmacology : official publication of the American 



 
 

175 
 

College of Neuropsychopharmacology, 38(4), pp. 574–84. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3572454&tool=pmcentrez&re

ndertype=abstract (Accessed 20 January 2016) 

317  Piomelli, Daniele and Sasso, Oscar (2014) ‘Peripheral gating of pain signals by 

endogenous lipid mediators.’ Nature neuroscience, 17(2), pp. 164–74. [online] Available 

from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4020413&tool=pmcentrez&re

ndertype=abstract (Accessed 15 May 2015) 

318  Petrosino, Stefania and Di Marzo, Vincenzo (2016) ‘The pharmacology of 

palmitoylethanolamide and first data on the therapeutic efficacy of some of its new 

formulations’. British Journal of Pharmacology, pp. 1–17. 

319  Ghosh, Sudeshna, Kinsey, Steven G, Liu, Qing-Song, Hruba, Lena, et al. (2015) ‘Full 

FAAH inhibition combined with partial monoacylglycerol lipase inhibition: Augmented 

and sustained antinociceptive effects with negligible cannabimimetic side effects in mice.’ 

The Journal of pharmacology and experimental therapeutics. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/25998048 (Accessed 25 May 2015) 

320  Muccioli, Giulio G (2010) ‘Endocannabinoid biosynthesis and inactivation, from simple 

to complex.’ Drug discovery today, 15(11–12), pp. 474–83. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20304091 (Accessed 19 May 2015) 

321  Ueda, N, Yamanaka, K and Yamamoto, S (2001) ‘Purification and characterization of an 

acid amidase selective for N-palmitoylethanolamine, a putative endogenous anti-

inflammatory substance.’ The Journal of biological chemistry, 276(38), pp. 35552–7. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/11463796 (Accessed 26 



 
 

176 
 

May 2015) 

322  Alhouayek, Mireille, Bottemanne, Pauline, Subramanian, Kumar V, Lambert, Didier M, et 

al. (2015) ‘N-Acylethanolamine-hydrolyzing acid amidase inhibition increases colon N-

palmitoylethanolamine levels and counteracts mu’. FASEB journal : official publication of 

the Federation of American Societies for Experimental Biology, 29(2), pp. 650–61. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/25384424 (Accessed 24 

May 2015) 

323  Ribeiro, Alison, Pontis, Silvia, Mengatto, Luisa, Armirotti, Andrea, et al. (2015) ‘A Potent 

Systemically Active N-Acylethanolamine Acid Amidase Inhibitor that Suppresses 

Inflammation and Human Macrophage Activation.’ ACS chemical biology. [online] 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/25874594 (Accessed 16 May 2015) 

324  Lein, Ed S, Hawrylycz, Michael J, Ao, Nancy, Ayres, Mikael, et al. (2007) ‘Genome-wide 

atlas of gene expression in the adult mouse brain.’ Nature, 445(7124), pp. 168–76. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/17151600 (Accessed 9 

July 2014) 

325  Sasso, Oscar, Moreno-Sanz, Guillermo, Martucci, Cataldo, Realini, Natalia, et al. (2013) 

‘Antinociceptive effects of the N-acylethanolamine acid amidase inhibitor ARN077 in 

rodent pain models.’ Pain, 154(3), pp. 350–60. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3723234&tool=pmcentrez&re

ndertype=abstract (Accessed 6 December 2015) 

326  Alhouayek, Mireille, Bottemanne, Pauline, Makriyannis, Alexandros and Muccioli, Giulio 

G. (2017) ‘N-acylethanolamine-hydrolyzing acid amidase and fatty acid amide hydrolase 

inhibition differentially affect N-acylethanolamine levels and macrophage activation’. 



 
 

177 
 

Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, 1862(5), pp. 

474–484. [online] Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S138819811730001X 

327  Bandiera, Tiziano, Ponzano, Stefano and Piomelli, Daniele (2014) ‘Advances in the 

discovery of N-acylethanolamine acid amidase inhibitors’. Pharmacological Research, 

86, pp. 11–17. 

328  Yang, Longhe, Li, Long, Chen, Ling, Li, Yanting, et al. (2015) ‘Potential analgesic effects 

of a novel N-acylethanolamine acid amidase inhibitor F96 through PPAR-α.’ Scientific 

reports, 5(August), p. 13565. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4550851&tool=pmcentrez&re

ndertype=abstract 

329  Panlilio, LV, Justinova, Z, Mascia, P, Pistis, M, et al. (2012) ‘Novel use of a lipid-

lowering fibrate medication to prevent nicotine reward and relapse: preclinical findings.’ 

Neuropsychopharmacology, 37(8), pp. 1838–1847. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3376316&tool=pmcentrez&re

ndertype=abstract (Accessed 20 June 2015) 

330  Wu, Jie, George, Andrew A, Schroeder, Katherine M, Xu, Lin, et al. (2004) 

‘Electrophysiological, Pharmacological, and Molecular Evidence for 7-Nicotinic 

Acetylcholine Receptors in Rat Midbrain Dopamine Neurons’. The Journal of 

Pharmacology and Experimental Therapeutics, 311(1), pp. 80–91. [online] Available 

from: http://jpet.aspetjournals.org/cgi/doi/10.1124/jpet.104.070417 

331  Patel, Hansa, Truant, Ray, Rachubinski, Richard a and Capone, John P (2005) ‘Activity 

and subcellular compartmentalization of peroxisome proliferator-activated receptor alpha 



 
 

178 
 

are altered by the centrosome-associated protein CAP350.’ Journal of cell science, 118(Pt 

1), pp. 175–186. 

332  Chen, H.-H., Chen, T.-W. and Lin, H. (2009) ‘Prostacyclin-induced peroxisome 

proliferator-activated receptor-  translocation attenuates NF- B and TNF-  activation after 

renal ischemia-reperfusion injury’. AJP: Renal Physiology, 297(4), pp. F1109–F1118. 

[online] Available from: http://www.ncbi.nlm.nih.gov/pubmed/19640904 

333  Kreitzer, Anatol C. and Regehr, Wade G. (2002) ‘Retrograde signaling by 

endocannabinoids’. Current Opinion in Neurobiology, 12(3), pp. 324–330. 

334  Robbins, T W and Everitt, B J (2002) ‘Limbic-striatal memory systems and drug 

addiction.’ Neurobiology of learning and memory, 78(3), pp. 625–36. [online] Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/12559840 (Accessed 12 January 2016) 

335  Robinson, Terry E and Berridge, Kent C (2003) ‘Addiction.’ Annual review of 

psychology, 54, pp. 25–53. [online] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12185211 (Accessed 15 December 2015) 

336  De Biasi, M and Dani, J A (2011) ‘Reward, addiction, withdrawal to nicotine.’ Annual 

review of neuroscience, 34, pp. 105–130. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3137256&tool=pmcentrez&re

ndertype=abstract (Accessed 18 May 2015) 

337  Hernandez, Caterina M, Cortez, Ibdanelo, Gu, Zhenglin, Colón-Sáez, José O, et al. (2014) 

‘Research tool: Validation of floxed α7 nicotinic acetylcholine receptor conditional 

knockout mice using in vitro and in vivo approaches.’ The Journal of physiology, 592(Pt 

15), pp. 3201–14. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4146370&tool=pmcentrez&re



 
 

179 
 

ndertype=abstract (Accessed 16 December 2015) 

338  Ambrosino, Paolo, Soldovieri, Maria Virginia, Russo, Claudio and Taglialatela, Maurizio 

(2013) ‘Activation and desensitization of TRPV1 channels in sensory neurons by the 

PPARα agonist palmitoylethanolamide’. British Journal of Pharmacology, 168(6), pp. 

1430–1444. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3596648&tool=pmcentrez&re

ndertype=abstract (Accessed 2 November 2015) 

339  Godlewski, Grzegorz, Offertáler, László, Wagner, Jens A and Kunos, George (2009) 

‘Receptors for acylethanolamides-GPR55 and GPR119.’ Prostaglandins & other lipid 

mediators, 89(3–4), pp. 105–11. [online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2751869&tool=pmcentrez&re

ndertype=abstract (Accessed 28 July 2015) 

340  Ryberg, E, Larsson, N, Sjögren, S, Hjorth, S, et al. (2007) ‘The orphan receptor GPR55 is 

a novel cannabinoid receptor.’ British journal of pharmacology, 152(7), pp. 1092–101. 

[online] Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2095107&tool=pmcentrez&re

ndertype=abstract 

341  Gee, Kelvin W, Olincy, Ann, Kanner, Richard, Johnson, Lynn, et al. (2017) ‘First in 

human trial of a type I positive allosteric modulator of alpha7-nicotinic acetylcholine 

receptors : Pharmacokinetics , safety , and evidence for neurocognitive effect of AVL-

3288’. , pp. 1–8. 

342  Hurst, Raymond, Rollema, Hans and Bertrand, Daniel (2013) ‘Nicotinic acetylcholine 

receptors: From basic science to therapeutics’. Pharmacology & Therapeutics, 137(1), pp. 



 
 

180 
 

22–54. [online] Available from: http://dx.doi.org/10.1016/j.pharmthera.2012.08.012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

181 
 

 

VITA 

 

    Asti Bre’un Jackson was born on January 29, 1991 in Mobile, Alabama. Her family moved to 

Georgia when she was five and resided in cities within Dekalb County. Asti attended schools in 

Lithonia, Ga. Her teacher Ms. Lockhart sparked her interest for science in her 7th grade Life 

Science class at Salem Middle School. Ms. Lockhart enthusiastically taught about Punnett 

squares and recessive traits and the topic caught Asti’s attention. It was during that period Asti 

was told she herself had sickle cell trait and she had a half-brother with sickle cell disease. From 

that point on Asti was interested in becoming a genetic counselor. Asti graduated from Martin 

Luther King Jr. High School in 2009.  

    In 2009, she began her college career entering Georgia State University in Atlanta, GA. Asti 

majored in biology and was focused on becoming a genetic counselor until she met the director 

of the Ronald E. McNair Postbaccalaureate Achievement Program. This program aims to 

increase the number of underrepresented minorities entering into graduate school. The director 

encouraged her to apply and to pursue a Ph.D. In 2012 she was accepted into the Ronald E. 

McNair Postbaccalaureate Achievement Program and conducted research on cocaine addiction in 

Dr. Kyle Frantz’s lab.  In 2013, she graduated Magna cum laude with a BS in Biology from 

Georgia State University.   

 Asti then enrolled in Fall of 2013 at Virginia Commonwealth University in the Biomedical 

Sciences Doctoral Portal Program. In 2014, Asti joined Dr. M. Imad Damaj’s lab in the 

Pharmacology and Toxicology Department and conducted nicotine dependence research. 

 

 

 



 
 

182 
 

Asti Bre’un Jackson 

Education 
Virginia Commonwealth University, Richmond, VA 2013-Present  

Doctorate of Philosophy in Pharmacology and Toxicology  
• Travel Award Recipient for Chemistry and Pharmacology of Drugs of Abuse Conference, 2016 

 

Georgia State University, Atlanta, GA 2009-2013 

Bachelor of Science in Biology, Magna cum laude 
• Georgia’s HOPE Scholarship, 2009-2013 

• International Education Fee Study Abroad Scholarship, 2012 

• Ronald E McNair Scholar, 2012-Present 

 

Research Experience 
Doctoral Dissertation, Virginia Commonwealth University, Richmond, VA 2013-Present  

Adviser: Dr. M. Imad Damaj 

Investigating the Modulations and Mechanisms of Alpha Nicotinic Acetylcholine Receptors in Nicotine Dependence 

• Investigated the effect of physiological characteristics of alpha 7 nicotinic acetylcholine receptors using 

pharmacological interventions and implicated the peroxisome proliferator activated receptor alpha as a downstream 

mediator of the alpha 7 nicotinic acetylcholine receptor. 

 

Undergraduate Ronald E. McNair Scholar, Georgia State University, Atlanta, GA 2012-2013  

Adviser: Dr. Kyle Frantz  

Impact of Cocaine Self-Administration in Adolescent vs Adult Rats 

• Investigated the effect of white noise on lever pressing behaviors in rats 

 

Teaching Experience 
Teaching Assistant, Department of Chemistry, Georgia State University, Fall 2011 

• Provided support for faculty member and guided students with cobalt synthesis experiments. 

 

Guest Lecturer, Drug Biology 491 Course, Virginia Commonwealth University Nov. 2015,2016 

• Taught undergraduate students about nicotine dependence and made test questions 

 

 

Leadership Experience 
President, Virginia Commonwealth University Pharmacology and Toxicology Student Organization 2015-2016. 

Public Relations Chair, Black Graduate Student Association, Virginia Commonwealth University 2016-Present 

Mentor, Professional and Personal Development Class 2016 

Mentor, Big Brothers and Big Sisters Organization, 2015-2016  

Secretary, Social Justice Ministry,  Sixth Mount Zion Baptist Church, 2016-2017 

Student Representative, Virginia Commonwealth University, Department Retreat Committee 2016 

Conference Manager, Georgia State University Housing, 2013 

Resident Assistant, Georgia State University Housing, 2012-2013 

Secretary, Georgia State University, Beta Beta Beta Biological Honor Society 2012-2013 

 

 

Research Publications 
Jackson A, Bagdas D, Muldoon P ,Lichtman A, Carroll FI, Greenwald M, Miles M, and Damaj MI (2017) In vivo 

Interactions between α7 Nicotinic Acetylcholine Receptor and Nuclear Peroxisome Proliferator-Activated 

Receptor- α: Implication for Nicotine Dependence. Neuropharmacology 118:38-45 

 



 
 

183 
 

Slater C., Jackson A.*, Muldoon P., Dawson A., O'Brien M., Soll L., Abdullah R., Carroll FI, Tapper A., Miles M., 

Banks M, Damaj MI (2016) Nicotine Enhances the Hypnotic and Hypothermic Effects of Alcohol in the Mouse. 

Alcohol: Clinical and Experimental Research 40(1):62-72 *co-first author 

 

Alsharari SD, King JR, Nordman JC, Muldoon PP, Jackson A, Zhu AZ, Tyndale RF, Kabbani N, Damaj MI. (2015) 

Effects of Menthol on Nicotine Pharmacokinetic, Pharmacology, and Dependence in Mice. PLoS One 

10(9):e0137070 

 

Bowers MS, Jackson A, Muldoon P, Damaj MI (2016). N-acetylcysteine decreased nicotine reward-like properties 

and withdrawal in mice. Psychopharmacology 233(6):995-1003 

 

Carroll FI, Navarro HA, Mascarella SW, Castro AH, Luetje CW, Wageman CR, Marks MJ, Jackson A, Damaj 

MI.(2015) In Vitro and in Vivo Neuronal Nicotinic Receptor Properties of (+)- and (-)-Pyrido[3,4]homotropane 

[(+)- and (-)-PHT]: (+)-PHT is a Potent and Selective Full Agonist at α6β2 Containing Neuronal Nicotinic 

Acetylcholine Receptors. ACS Chemical Neuroscience 6(6):920-6 

 

Enga R, M, Jackson A, Damaj MI, Beardsley PM (2016) Oxycodone physical dependence and its oral self-

administration in C57BL/6J mice. European Journal of Pharmacology 789:75-80 

Jackson KJ, Jackson A, Ivy Carroll F, Damaj MI (2015) Effects of orally-bioavailable short-acting kappa opioid 

receptor-selective antagonist LY2456302 on nicotine withdrawal in mice. Neuropharmacology 97:270-4 

 

Professional Oral Presentations 
Jackson A., and Damaj M. (2016) Investigating the Role of Peroxisome Proliferator-Activated Receptor Type-α in 

Nicotine Dependence. Carolina Cannabinoid Collaborative Meeting in Philadelphia, PA 

 

Jackson A., and Damaj M. (2014) Investigating the Genetics of Nicotine Dependence Using Mouse Models. 

Virginia Commonwealth University Biomedical Sciences Doctoral Portal in Richmond, VA 

 

  

 

Professional Poster Presentations 

 

Jackson A., Bagdas D., Muldoon P., Lichtman A., Carroll FI, Miles M. and Damaj M. (2016).  Investigating the 

Role of the α7 Nicotinic Acetylcholine Receptors in Nicotine Dependence. Society for Neuroscience in San 

Diego, CA 

 

Jackson A., Muldoon P., Damaj M. (2016) The Role of the α7 Nicotinic Acetylcholine Receptor in Nicotine 

Dependence. Chemistry and Pharmacology of Drugs of Abuse Conference in Boston, MA 

 

Jackson A., Bagdas D., Damaj M. (2016) Investigating the Role of the α4β2 Nicotinic Receptor Positive 

Allosteric Modulator Desformylflustrabromine in Nicotine Dependence. Virginia Brain Rx Symposium in 

Richmond, VA 

 

 

Jackson A., Muldoon P., Damaj M. (2015) Nicotine Reward Modulated by α7 Nicotinic Acetylcholine Receptor 

and Peroxisome Proliferator-Activated Receptor α Interaction. Mid-Atlantic PREP/IMSD Research Symposium 

in Raleigh, NC 

 

Jackson A., Alsharari S., Siu E., Tyndale R., Kabbani N., Damaj M. (2015) Effects of Menthol on Nicotine 

Pharmacokinetic, Pharmacology, and Dependence in Mice. Society for Research on Nicotine and Tobacco 

Meeting in Philadelphia, PA 

 



 
 

184 
 

Jackson A., Muldoon P., Damaj M. (2014) Peroxisome Proliferator-Activated Receptor Type-α Agonists as New 

Treatments for Nicotine Dependence. Carolina Cannabinoid Collaborative Meeting in Winston-Salem, NC 

 

Jackson A., Slater C., Muldoon P., Damaj M., (2013) Acute and Chronic Nicotine-Ethanol Interaction in the Loss 

of Righting Reflex Test. Research Colloquium at Virginia Commonwealth University in Richmond, VA 

 

Jackson A., Polites J., Williams B., Frantz K., (2012) Comparison of Locomotor Activity in Adolescent and 

Adult Male Rats during Cocaine Self-Administration. Annual Biomedical Research Conference for Minority 

Students Conference in San Jose, CA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Investigating the Modulation and Mechanisms of α7 Nicotinic Acetylcholine Receptors in Nicotine Dependence
	Downloaded from

	tmp.1494430086.pdf.SOhZq

