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Chapter 1 

 
 

Introduction 
 
 

Cocaine use disorder (CUD) 
 
History of cocaine  

Cocaine is an ester alkaloid extracted from the coca plant (Erythroxylum Spp.), 

which is endemic to the vast Andes mountain region, but grows and is cultivated all over South 

and Central America 1,2.  Indigenous populations of South and Central America have been 

consuming coca for millennia, due to the plants mild stimulant and medicinal properties and its 

role in religious practices 2,3. Coca was introduced to Europe following the 14th century invasion, 

conquest, and subjugation of the Inca empire by the Spaniards 3.  The first European medical 

description of the plant was published by the Spanish doctor Nicholas Modarnes in 1565 3. While 

the use of coca leaves and paste remained popular for the next 300 years, cocaine was first 

separated and extracted by the German chemist Friedrich Gaedcke in 1855 1. The process of 

cocaine purification was later refined and perfected by Albert Neumann, who also described the 

local anesthetic properties of the substance 1.  

 During the late 19th century, cocaine was widely prescribed in Europe and America as a 

remedy for many ailments including fatigue, pain, and even opioid addiction 3. In 1863, the 

Italian chemist Angelo Mariani, developed Vin Coca Mariani, a wine containing cocaine that 

was endorsed by prominent figures of the time, most notably the Pope 3. By 1886, following the 

success of Vin Mariani, the American biochemist John Stith Pemberton patented a formula for a 

medicinal drink containing the extract of coca leaves termed Coca-Cola, which remains 

massively popular, although by 1916, most cocaine had been eliminated from the drink 3. The 
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most influential proponent of the use of cocaine during this period was the famed 

psychotherapist Sigmund Freud, who experimented with the substance during the 1880s and 

published a series of paper including uber coca in 1884 1. Freud received financial compensation 

and promoted the cocaine formulations of Merck and Parke-Davis, the leading pharmaceutical 

companies of that period 1.  

By the beginning of the 20th century, as cocaine’s addictive properties became widely 

recognized, the use of the substance began to be strictly regulated 3. Cocaine stopped being 

prescribed as an over the counter medication in 1916 3.  The illicit use of cocaine also waned 

during this period, due to the rise amphetamine use, a cheaper stimulant, during the 1920s and 

1930s, and remained low until the 1970s when consumption began to increase again 3. 

Mechanisms of action of cocaine  

   At higher doses or following repeated use, cocaine produces adverse effects, including 

jitteriness, aggressiveness, irritability, anxiety, and paranoia 4. Clinically, cocaine is classified as 

a local anesthetic due to its ability to produce numbing 5. Cocaine is also classified as a 

psychostimulant due to its enhancing effects on mood, arousal, alertness and energy levels 6. 

Cocaine produces analgesia by blocking voltage-gated sodium channels, which decreases the 

excitability of nerve terminals 7–9. By increasing blood levels of the catecholamine 

neurotransmitters dopamine (DA) and norepinephrine (NE), cocaine induces vasoconstriction, 

which leads to elevated blood pressure and heart rate 10. Centrally, by blocking the DA, NE, and 

serotonin (SER) transporters (DAT, NET, and SERT), cocaine prevents the reuptake and 

vesicular packaging of these neurotransmitters, resulting in increased levels at the synapse 11–14.   

Early work suggested that the acute psychostimulant and reinforcing effects of cocaine in 

animals, and the euphoric effects of the drug in humans, are dependent on dopamine signaling, 
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leading to the “DAT-is-it” theory, which stated that cocaine’s psychoactive effects are mediated 

by DAT-blockade  13,15–19. Microdialysis studies in rodents, and imaging studies in humans, 

provided further support for this theory. Cocaine rapidly elevates dopamine, presumably due to 

DAT blockade, particularly in the mesolimbic pathway consisting of the ventral tegmental area 

(VTA) to nucleus accumbens (NAc) and prefrontal cortex (PFC) projections, a feature shared by 

many other addictive substances and stimuli 20–23.  

However, early studies in knockout and transgenic mouse lines uncovered a complex role 

for NET and SERT in the reinforcing and aversive effects of cocaine in mice with life-long 

somatic deletion of DAT 6,24. While mice lacking DAT do not display cocaine-induced 

hyperlocomotion, they still exhibit cocaine conditioned place preference (CPP) and self-

administration (SA), which are measures of the reinforcing properties of this drug 6,25–27. Since 

the deletion of DAT induces profound changes in dopamine homeostasis and plasticity in 

catecholinergic systems, a potential role of SERT and NET on dopamine reuptake has been 

investigated. However these transporters were found to not contribute to the reuptake of 

dopamine in the NAc of DAT knockout mice27–29.  

Mice lacking either SERT or NET also exhibit CPP, suggesting that compensatory 

mechanisms in single-transporter knockout mice and functional redundancy amongst the 

transporters  may play a role in mice with germline mutations6. Using combinatorial knockdown 

and pharmacological approaches, researchers found that eliminating DAT and SERT 

simultaneously decreases the reinforcing effects of cocaine and that SERT/NET knockout 

increases the reinforcing effects of cocaine 30,31. These findings, alongside evidence showing that 

NET knockout leads to cocaine conditioned aversion (CPA), suggest that the reinforcing and 

stimulant effects of cocaine  on single transporter knockout mice are likely mediated by the 
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blockade of DAT and SERT, whereas the aversive effects reported by human subjects at higher 

doses are likely the result of NET blockade 4,13. Selective manipulations such as single-point 

mutations which eliminate cocaine’s ability to interact with DAT, revealed that in mice with 

functional DAT, cocaine’s rewarding and psychomotor effects are indeed mediated by this 

transporter32. 

Cocaine use, particularly chronic use, has substantial health risks, including the 

development of destructive patterns of compulsive thoughts and behaviors leading to the 

psychiatric disorder known as cocaine use disorder (CUD), described below.  

Diagnosis and prevalence of CUD 

The Diagnostic Manual of Mental Disorders (DSM-5) defines CUD using the following 

11 criteria 33: 1) Increased or prolonged use of cocaine, 2) desire to stop using cocaine but not 

being able to, 3) increased time spent acquiring, using, or recovering from the use of cocaine, 4) 

craving or strong desire for cocaine, 5) failure to fulfill work or family obligations, 6) continued 

use despite social, occupational, or  relationship problems, 7) continued use despite physical 

problems, 8) hazardous cocaine use, 9) reduced engagement in social, occupational, or 

recreational activities due to cocaine use, 10) tolerance (increased use of the drug needed to 

obtain same effects), and 11) withdrawal. Mild CUD is defined by meeting 2-3 of the diagnostic 

criteria, moderate CUD by meeting 4-5, and severe CUD by meeting 6 or more of the criteria 33. 

As of 2018, approximately 1 million individuals have a diagnosis of CUD in the united states, 

according to the National Survey on Drug Use and Health (NSDUH) 34. Furthermore, from 2011 

to 2015 there was 4-fold increase in the prevalence of CUD among the general population 

suggesting a resurgence in CUD as a potential epidemic health concern 35.  
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Health risks associated with CUD 

Cocaine use and CUD produce a number health issues that contribute to increased 

mortality including overdose 36,37. Cocaine users experience a number of cardiac and 

cerebrovascular complications associated with acute or chronic cocaine consumption, including: 

arrhythmias, cardiomyopathy, and coronary arterial disease 10,38. These cardiac complications are 

also worsened by the high degrees of comorbidity between CUD and alcohol use disorder 

(AUD), which further impacts cardiovascular health 10. Both cocaine’s ability to block sodium 

channels and increase NE levels in sympathetic tissue lead to vasoconstriction and increased 

blood pressure and heart rate in the short term. Whereas chronic cocaine exposure leads to toxic 

accumulation of free radicals and oxidative damage to myocardial tissue 10. However, adrenergic 

compounds that show efficacy in non-CUD patients, such as beta-adrenergic receptor (b-AR) 

antagonists, can have adverse and potentially lethal effects in the presence of cocaine due to 

unopposed alpha-adrenergic (a-AR) receptor signaling. Therefore, the contraindication of  b-AR 

antagonists further complicates the treatment of cardiac issues in CUD 38.  

Cognitive ability is another potential area that might be affected in patients with CUD 

which has been extensively studied39. However, reports have been inconsistent, with clinical 

laboratory and retrospective studies showing a wide range of decreases, increases, or lack of 

differences in the cognitive performance of CUD or cocaine-using individuals 39. In conjunction 

with these psychometric analyses, studies evaluating differences in brain structure between 

healthy individuals and cocaine users also show a wide range of results, with reported 

differences in gray and white or no changes39. There are many potential reasons for the 

discrepancies in these results, but differences in educational level, age, polydrug use, and 

comorbid AUD, play a role in the wide variability in results from cognitive assessments 39,40.   
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Current treatments for CUD and their limitations  

Psychosocial therapies  

Currently, there are no FDA-approved medications for the treatment of CUD, therefore 

psychologically- and socially-based treatment strategies are the preferred options 36. Group, and 

individual, drug counseling therapy show efficacy, particularly in establishing and sustaining 

early abstinence 36. Additionally, cognitive behavioral therapy and voucher-based contingency 

management have been shown to be efficacious in increasing days of abstinent in CUD patients 

that complete these treatments 41–45. However, these programs are expensive, time-consuming, 

and difficult to access, particularly for low socioeconomic status, racially-minoritized, or rural 

communities, which are disproportionally more affected by cocaine overdoses and lethality 46,47. 

Thus, these treatment modalities show high drop-out rates, as patients report high levels of re-

occurring relapse of cocaine use 45. Many pharmacotherapies have been investigated as potential 

treatments for CUD, however, due to the effects of cocaine on the catecholaminergic system, 

drugs that target dopamine and norepinephrine receptors have been of particular interest 36. 

Dopaminergic ligands  

The dopaminergic agents dextroamphetamine and amphetamine, which, due to different 

routes of administration, have a slower pharmacokinetic profile than cocaine, have been 

investigated in laboratory settings and clinical trials 48–52. While patients in these studies showed 

a reduction in cocaine use, particularly patients with comorbid attention deficit/hyperactivity 

disorder, dropout rates were high 50,52. Modafinil, a mild stimulant that binds to the same site in 

DAT as cocaine but with lower affinity, decreased subjective feelings of euphoria or “high” after 

cocaine use or cocaine administration in clinical laboratory studies 53. However, in clinical trials, 
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the efficacy of modafinil has been mixed, with a small trial reporting an increase in days 

abstinent, while larger follow-up studies have reported negative results 54,55.  

Noradrenergic ligands  

Due to their ability to regulate many of the psychological and physiological effects 

produced by cocaine, as well as anxiety, a common feature of CUD withdrawal, adrenergic 

ligands have been investigated as potential treatments for CUD 56–59.  

a1-AR antagonists  

 The a1-AR blocker doxazosin blocked the subjective effects of cocaine in clinical 

laboratory studies as well as cocaine-positive urine samples in a small clinical trial 59,60. 

However, the efficacy of doxazosin has been shown to be regulated by polymorphisms in the 

gene coding the a1D-AR, suggesting that this compound should be used in specific CUD 

subpopulations in order to enhance effectiveness 61.  

b-AR antagonists  

 b-AR antagonists such as propranolol show some efficacy as a treatment for CUD, 

particularly in reducing withdrawal-induced anxiety and craving 56,57. Patients with higher 

withdrawal severity report the most benefits 57. However, potential cardiovascular complications, 

due to unopposed a1-AR signaling, limit the clinical utility of these compounds 10. Therefore, 

researchers have also investigated the dual b-AR/a1-AR antagonist carvedilol which is used for 

the treatment of congestive heart failure and hypertension and has been shown to be safe in CUD 

patients 62. Although carvedilol blocked cocaine-induced elevations in blood pressure and 

cocaine-self administration in laboratory studies, in a small clinical trial, this compound did not 

reduce cocaine use in a population of CUD patients with comorbid opioid use disorder (OUD) 

undergoing methadone maintenance treatment 62. Given the safety and tolerability of carvedilol, 
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studies with larger sample sizes and in populations that do not have comorbid OUD are needed 

to better determine the clinical efficacy of this compound for the treatment of CUD.  

a2A-AR agonists  

 Given the prominent role of stress, hypothalamic-pituitary-adrenal (HPA) axis, 

sympathetic, and adrenergic activation on relapse in CUD, drugs that decrease NE release by 

activating a2-ARs have been investigated as treatment for stress-driven symptoms in CUD 58,63–

65. a2-AR agonists have been of particular interest due to their well-characterized safety and 

pharmacodynamic profiles, as well as their wide-spread clinical use 66,67.  

 In preclinical studies, a2-AR agonists such as clonidine, lofexidine, and guanfacine 

decrease NE release, stress-induced sympathetic activation, and stress-induced reinstatement of 

cocaine self-administration (SA) and conditioned place preference (CPP) which are animal 

models useful in the study of relapse 68–72. Conversely, the non-selective a2-AR antagonist 

yohimbine, and the selective a2A-AR antagonist BRL-4448, reinstate cocaine SA and CPP, 

providing more evidence for the role of  a2-ARs in stress-induced cocaine seeking 70,73,74. a2-AR 

agonists also decrease cocaine-induced anxiety, an important finding given the strong correlation 

between withdrawal severity, anxiety, and relapse in patients with CUD 63,75. However, the 

implementation of a2-AR agonists, particularly the non-selective agonists clonidine and 

lofexidine has been limited due to their potential adverse effects precluding their chronic use, 

including hypotension, sedation, somnolence, sexual problems, and decreases in cognitive 

performance 66.  

 In light of these results, the subtype-selective a2A-AR agonist guanfacine has been 

investigated as a pharmacological treatment for stress-related symptoms and complications in 

CUD 63. A low dose of guanfacine decreases anxiety-like behaviors and blocks stress-induced 
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reinstatement of cocaine CPP 76–78. In clinical laboratory studies, guanfacine decreases stress-

induced elevations in blood pressure, cue-evoked and stress-induced cocaine craving, anxiety 

and arousal in subjects with CUD 58,79.  Guanfacine was more effective in reducing cue- and 

stress-induced craving and anxiety in female subjects, as compared to male subjects with CUD 

79. 

 In addition to anti-craving effects, guanfacine also enhances cognitive flexibility and 

inhibitory control following stress in subjects with CUD 80. These cognitive improvements are 

likely due to activation and strengthening of prefrontal cortex (PFC) networks, which are 

observed in rodents and primate models 81–83. In subjects with CUD, guanfacine increases 

activation of medial and lateral PFC regions in response to stress, suggesting strengthening of 

inhibitory networks that may decrease stress-precipitated craving 58.  

While a2A-ARs show beneficial effects in clinical trials, such as reducing withdrawal-

induced anxiety and irritability, these compounds have failed to increase treatment retention or 

drug-free urine samples in clinical trials 84,85. The factors underlying the observed lack of 

efficacy of these compounds is currently unknown, but reported dose-dependent negative side 

effects such as sedation and dry mouth, as well as underlying mechanisms mediating adrenergic 

regulation of relapse of cocaine use are implicated 63,79,86,87. The following section will discuss 

the adrenergic system and contributions of different a2A-AR subpopulations to the 

pharmacological effects of a2A-AR agonists. 

Overview on the noradrenergic system 
 
  The noradrenergic system is composed of neurons from the locus coeruleus (LC), a brain 

stem cluster in A6, and the lateral tegmental nuclei, located in the nucleus tractus solitarii (NTS) 

in A1, A2, and A4. These regions send dense projections across the brain through the ventral and 
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dorsal noradrenergic bundles 88–91.  Upon stimulation, nerve terminals from these bundles release 

norepinephrine (NE), which binds to 3 classes of heterotrimeric G-protein coupled receptors 

(GPCRs): beta- (b-ARs), alpha1- (a1-ARs), and alpha2-adrenergic receptors 

(a2-ARs) 92. a-ARs and b-ARs were originally characterized as such due to the opposite potency 

of adrenergic ligands in soft-tissue contraction and relaxation assays. Ligands with higher 

affinity for a-ARs show stronger potency in contraction assays while b-AR ligands show 

stronger potency in relaxation assays 92,93. b-ARs couple to heterotrimeric Gas proteins which 

induces adenylyl cyclase (AC) activity, cyclic AMP (cAMP) production, protein kinase A 

activation and second messenger signaling. a2-ARs in contrast, couple to Gai/o proteins which 

inhibits cyclic AMP (cAMP) production, leading to a variety of intracellular events which result 

in decreased or increased cellular activity depending on signaling partners 92,94. Within the 

nervous system Gai/o-coupled GPCRs inhibit neurotransmitter release primary through three 

different pathways: 1) through the activation of G protein-coupled inwardly rectifying potassium 

channels (GIRKs), 2) the inhibition of voltage-gated calcium channels (VGCCs), and 3) via 

direct inhibitory interactions between Gbg and the vesicular release machinery 92,95,96. a1-ARs 

couple to Gaq/11 to activate the hydrolysis of phospholipids by the phospholipase c family of 

proteins, which leads to the release of intracellular calcium and subsequent cellular processes 

such as cardiomyocyte contraction, and long-term depression of excitatory transmission in 

neurons 92,97. Adrenergic receptors can also activate other non-Ga-mediated pathways such as the 

beta-arrestin-ERK (b-Arr-ERK) signaling cascade 92.  

a2A-ARs 

 The a2-AR family is composed of three distinct subtypes of receptors based on 

pharmacological and physiological profiles a2A-, a2B-, and a2C-ARs 98–100. While the three 
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subtypes show a large degree of overlapping and compensatory functions, a2a-ARs appear to be 

the most prominent subtype in the regulation of physiological processes including increases in 

neuronal activity, working memory networks, sedation, anesthesia, seizures, bradycardia, 

hypotension, and blockade of insulin secretion, among others 99. a2A-ARs can be further divided 

into autoreceptors, expressed in adrenergic neurons, and heteroreceptors, expressed in non-

adrenergic cells 99. While deciphering the relative contributions of auto- and heteroreceptors to 

the effects of a2-AR agonists, such as clonidine and guanfacine, has been difficult due to the 

non-specific nature of pharmacological manipulations, results from adrenergic denervation 

studies using toxins in the DSP family, gene knockout, and cell-targeted RNA-knockdown 

experiments provide insight into the relative function of auto- and heteroreceptor populations 

76,101,102. The following section summarizes the results from these experiments and outlines the 

relative contributions of auto- and heteroreceptor populations to the effects of a2A-AR agonists, 

which are widely used in the regulation of blood pressure and attention deficit/hyperactivity 

disorder (ADHD)67,87. 

a2A-AR autoreceptors 

a2A-ARs are among the most well characterized and abundant autoreceptors in the central 

and peripheral nervous systems 103. Early pharmacological studies reported agonist-mediated 

decreases in nerve stimulation of cardiac and soft muscle tissue, and adrenergic release 104,105. 

These studies were followed by experiments in acutely prepared brain slices which later defined 

the presynaptic a2-ARs expressed in the brain, which are predominantly the a2A-AR and a2C-AR 

subtypes 106–108.  

In more recent studies aimed at further dissecting the specific function of a2A-AR 

autoreceptors, researchers re-expressed a2a-ARs under the promoter for dopamine-b-hydroxylase 
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(DbH), an enzyme that synthetizes NE, in mice lacking all a2A-ARs, allowing for the functional 

expression of autoreceptors 102. Surprisingly, these studies have uncovered relatively minor 

contributions of a2A-AR autoreceptors in the effects of a2-AR agonists on physiology, which are 

discussed below.  

Autoreceptor functions in the cardioprotective effects of a2-AR agonists  

a2-AR knockout mice selectively re-expressing autoreceptors show agonist-mediated 

decreases in NE release from nerve terminals into cardiac tissue, and inhibition of voltage gated 

calcium channels, confirming the previously assigned role of this population as a feedback 

regulator of adrenergic signaling 102,109. The ability of a2a-AR agonists to decrease NE release 

and circulating NE levels had been previously ascribed to autoreceptors 110–113. Elevated levels of 

circulating NE are associated with cardiac damage and negative outcomes including fibrosis, 

hypertrophy and heart failure. Therefore, activation of autoreceptors has been hypothesized to be 

cardioprotective 114.  The negative cardiac outcomes associated with hyperadrenergic tone in 

patients are recapitulated by the full a2a-AR knockout mouse line and rescued in knockout mice 

re-expressing a2a-AR autoreceptors 109.  

Autoreceptor functions in depression  

Centrally, a2a-AR autoreceptor regulation of NE has been implicated in the pathology of 

depression 115. The link between depression and central NE was established by the observation 

that compounds that increase NE levels, such as tricyclic antidepressants, monoamine oxidase 

inhibitors, and NE reuptake inhibitors, have antidepressant actions 115. Radioligand assays of 

circulating platelets from patients with major depressive disorder (MDD) indicate that the levels 

of high affinity-state, supersensitive a2a-ARs are increased in this patient population 116. 

Postmortem analyses of mRNAs from patients with MDD that committed suicide also show an 
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increase in a2a-AR mRNAs when compared to samples from healthy controls 117,118. Chronic 

antidepressant administration prevents stress-induced, and depression-like, upregulation of a2a-

ARs in the LC, suggesting a causal relationship between stress, depression and LC autoreceptor 

expression 119. Data from functional studies in animal models support the results of these 

expression studies. Following chronic unpredictable stress, there is a decrease in NE release from 

LC terminals into the paraventricular nucleus of the hypothalamus, a brain region that has been 

implicated in depression, which correlates with decreased sucrose preference, a measure of 

anhedonia-like responses 119. The selective a2a-AR antagonist BRL-4448 malate normalized 

behavioral responses to stress and LC-terminal NE release 119. Based on these observations, it 

has been postulated that in MDD, compensatory mechanisms upregulate the expression and 

function of a2a-AR autoreceptors on LC terminals, leading to a hypo-noradrenergic state that 

drives depressive symptoms 115. Interestingly, results from gene deletion studies appear to 

contradict this model. Mice lacking all a2a-ARs show increased time in the closed arm in the 

elevated plus maze model of anxiety-like behaviors and increased immobility in the forced swim 

model of learned helplessness and depression-like behaviors 120. However, in a recent study, the 

selective RNA knockout of a2-AR heteroreceptors in the basolateral amygdala prevented 

guanfacine-induced antidepressant-like responses in the forced swim assay, suggesting that the 

depressive-like responses observed in a2a-AR knockout mice may be heteroreceptor-dependent 

76.    

Autoreceptor functions in the somniferous effects of a2-AR agonists  

a2a-AR autoreceptors also play a major role in the sleep-promoting effects of a2-AR 

agonists. NE is a key regulator of arousal, alertness and sleep and compounds that decrease NE 

release, such as clonidine, produce somnolence and increase sleeping time in human subjects 121–
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123. The LC controls wakefulness and arousal through noradrenergic release onto to the ventral 

periaqueductal gray and ventrolateral preoptic area 122,124–128. a2-AR agonists, presumably NE 

release into these areas, which produces drowsiness and sleep 127. Full a2a-AR knockout mice 

show spontaneous hyperlocomotion during the night period but animals that selectively express 

autoreceptors do not display this phenotype 102.  

Autoreceptor functions in seizure disorders   

a2a-AR autoreceptors also display proconvulsant effects, which can potentially limit the 

use of agonist targeting these receptors in populations with comorbid epilepsies 129,130. Toxin 

denervation studies, showed that NE depletion increases the severity and duration of seizures in 

animal models of epilepsy 130. Furthermore, LC lesions also increase seizures, which points 

towards a protective role of central NE in seizure disorders 131. Taken together, these findings 

suggest that a2a-AR autoreceptors may increase the propensity of seizures by decreasing NE 

release from the LC. However, results from studies using a2-AR agonists have been inconsistent, 

with anti-, proconvulsant, or no effects reported. Work in mice lacking DbH suggest that the 

proconvulsant effects of these compounds is autoreceptor dependent 129,130. Further work of the 

role of autoreceptors in seizure disorders is warranted.  

a2A-AR heteroreceptors 

 While few studies have specifically evaluated the function of a2A-AR heteroreceptors in 

physiological and pharmacological responses, these receptors have nonetheless been implicated 

in many of the a2A-AR actions, including the regulation of blood pressure, pain, and cognition 99. 

These actions are discussed below. 

Heteroreceptor functions in the hypotensive effects of a2-AR agonists 
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Clever denervation manipulations in which NE nerves are ablated using toxins, thus 

eliminating NE release and autoreceptor function, showed that a2-AR agonists decrease blood 

pressure, and heart rate by activating heteroreceptors 110. Mice lacking all a2-ARs show basal 

elevated blood pressure and heart rate, and do not respond to the hypotensive and bradycardic 

effects of a2-AR agonists 102. Re-expression of a2A-AR autoreceptors does not rescue the deficits 

in a2-AR agonist regulation of blood pressure or heart rate, further suggesting that 

heteroreceptors are required for the hypotensive effects of these compounds 102.  While the 

heteroreceptor-driven hypotensive mechanism is currently unknown, heteroreceptor inhibition of 

GABAergic projections onto vagal neurons has been implicated 132. Disinhibition of vagal 

neurons that innervate cardiac muscle leads to greater sympathetic control of cardiac output, 

bradycardia, and hypotension 132.  

Heteroreceptor functions in the analgesic effects of a2-AR agonists and neuropathic pain 

 a2A-AR heteroreceptors also play a significant role in the analgesic effects of a2-AR 

agonists. a2A-AR receptors are highly expressed in the superficial layers of the spinal cord, 

particularly in glutamatergic projections onto dorsal horn neurons in the outer zone of the layer 

II/III lamina 133–135. Ex vivo, a2A-AR agonist administration decreases evoked excitatory 

postsynaptic currents (EPSC) into dorsal horn neurons 135. In vivo, denervation of NE fibers, 

which results in functional elimination of autoreceptors, actually increases acute agonist-induced 

analgesia, further implicating heteroreceptors in this process 136. In accordance with these 

studies, full a2A-AR and heteroreceptor knockout mice do not show a2A-AR agonist induced 

analgesia 102. Taken together, these studies suggest that targeting a2A-AR heteroreceptors in 

glutamatergic terminals on the spinal cord might be beneficial in acute pain. However, in models 

of chronic and neuropathic pain, heteroreceptor activation may increase pain responses 136. 
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Following root constriction, a model of neuropathic pain, rats show increase expression of a2A-

AR mRNA in dorsal root ganglion cells 136. Furthermore, in this model, systemic administration 

or local spine infusions of a2A-AR antagonists reduce pain responses 137. In vitro experiments 

suggest that activation of a2A-AR heteroreceptors in dorsal root ganglion cells may lead to the 

release of neuropeptide factors and reduced desensitization of transient receptor potential 

vanilloid type 1 (TRPV1) channels, leading to increased pain and sensitivity 138.  

Heteroreceptor functions in the pro-cognitive effects of a2A-AR agonists 

 Early studies defined a role of catecholaminergic regulation the dorsolateral prefrontal 

cortex (dlPFC) in attention and cognitive control, particularly pyramidal neurons from layers 

II/III 139. Elevated levels of DA or NE, which can occur following chronic drug or stress 

exposure, decrease the activity of layer II/III pyramidal neurons 139. Due to their actions as 

inhibitory autoreceptors, a2-AR agonists were investigated as potential regulators of dlPFC 

function and cognitive pathology 139. In studies in aged monkeys, clonidine and guanfacine were 

found to strengthen dlPFC network dynamics and improve performance in tests of cognition, 

attention, and impulsivity 140. These results have been recapitulated in rats and monkeys with a 

history of cocaine exposure 141. Guanfacine ameliorated cognitive and attentional deficits in 

animals chronically treated with cocaine 141. Human laboratory studies found that guanfacine 

increases dlPFC activation and attentional bias to emotional cues in healthy subjects, suggesting 

greater top-down cognitive control in response to emotionally salient cues 142. Guanfacine also 

increases dlPFC activity and cognitive flexibility during a stressful imaginary exercise in 

subjects with CUD 58,143,144.  Based on these studies, clinical trials evaluated the potential use of 

clonidine and guanfacine as ADHD medications and found efficacy for both agents although 
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guanfacine is preferred due to the more favorable therapeutic profile of its extended release 

formulation 67.  

Studies on the effects of guanfacine on cortical activity have revealed novel mechanisms 

of action of a2A-AR heteroreceptors. Toxin denervation experiments in rats showed that the a2-

AR agonists-mediated improvements in PFC function are heteroreceptor-dependent 145. a2A-AR 

heteroreceptors are expressed in dendritic spines in cortical layers II/III and show a high degree 

of colocalization with hyperpolarization cyclic nucleotide-gated (HCN) channels 140. HCN 

channels are gated by cAMP, and during periods when cAMP is elevated, these channels open 

and decrease neuronal excitability, resulting in a “weakening” of PFC networks 139,140. Activation 

of a2A-AR heteroreceptors and Gai-signaling leads to a decrease in cAMP, closing of HCN 

channels, and restoration of neuronal excitability 140. Pharmacological blockade or genetic 

deletion of cortical HCN channels mimics the pro-cognitive effects of guanfacine 140. 

Conversely, intracortical infusions of cAMP analogs abolishes the pro-cognitive effects of 

guanfacine 82,140 In addition to their acute effects on HCN channel gating, chronic guanfacine 

administration prevents stress- and hypoxia-mediated dendritic spine loss in layers II/III, 

suggesting that this compound may be effective for the treatment of chronic conditions that 

impact the cortex 81,146.  

Stress as a risk factor for reinstatement in CUD 

Stress is a broad concept that encompasses a wide range of stimuli that challenges the 

coping abilities of  organisms 147,148. Stress can be positive (eustress) or negative (distress) in 

nature, and in humans it can take many forms raging from psychological, sexual, economic, 

social, or environmental 148. The link between drug use disorders, including CUD, and stress has 
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been investigated for many decades, some of the primary stressors that have been implicated in 

CUD are discussed below. 

Posttraumatic stress disorder (PTSD) and CUD 

 PTSD is a chronic stress disorder characterized by anxiety, sleep disturbances, 

perseverative and intrusive thoughts, and flashbacks 149. Following a traumatic incident, a 

fraction of individuals, as high as 8%, will experience PTSD 150. Among patients with CUD, the 

life-time prevalence of PTSD is significantly higher than the general population, with reports 

raging from 8-43% 151,152. The wide range in the reported CUD and PTSD co-occurrence is due 

in part to methodological differences among studies as well as gender differences 151–153. For 

example, female patients with CUD are twice as likely to report experiencing traumatic events 

and PTSD when compared to male patients 154. CUD patients with comorbid PTSD report 

greater cocaine use following unpleasant or negative situations when compared to patients with 

CUD alone 153. PTSD and CUD comorbidity has also been associated with worse CUD symptom 

severity, decreases in treatment adherence and days-abstinent, and increased relapse rates 152. 

Childhood trauma and CUD  

Data from preclinical models and correlational clinical studies show that early childhood 

trauma alters HPA axis function, stress responsiveness, coping, and susceptibility to drug use 

relapse 155,156. CUD patients report higher incidence of childhood trauma and neglect compared 

to the general population, conversely individuals with childhood trauma are more likely to 

experience CUD 157. CUD patients with childhood trauma report more negative responses to 

daily life stressors and more severe withdrawal symptoms during detoxification treatment, which 

may lead to increased relapse 156. Indeed, the severity and duration of childhood trauma has been 
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strongly correlated with poorer treatment outcomes and abstinence in female CUD patients 

158,159.  

Stress-induced craving and relapse 

Stressful events are often cited as precipitating factors in cocaine use relapse, with female 

patients reporting a higher propensity to relapse due to stressful or negative affective stimuli 

compared to male patients, which show a higher rate of craving and relapse due to drug-

associated cues 79,158,160. In clinical laboratory settings, female CUD patients also show greater 

stress-induced elevations in circulating cortisol and corticotropin releasing factor (CRF), 

hormones that play a key role in the HPA axis response to stressors 158,161. The pharmacological 

stressor yohimbine, which induces anxiety and stress-like responses, also increases craving in 

cocaine users 158. Infusions of CRF also lead to craving, particularly in female patients with CUD 

161. Elevated cortisol levels in stressful clinical laboratory exercises are associated with increased 

cocaine use relapse rates 162.  

Stress-driven craving and relapse has been studied using preclinical models, allowing for 

more invasive exploration of the brain regions, cellular populations, and molecular signaling 

mechanism underlying relapse, these studies are summarized below.  

Stress-induced reinstatement procedures: preclinical research models of relapse 

For decades, stress-induced reinstatement procedures has been the primary framework 

used for the preclinical modeling of stress-driven relapse 73. In these studies, rodents are typically 

trained to either self-administer drug through operant responding by nose poking or level 

pressing (self-administration (SA)), or learn to associate a distinct place within a chamber with 

the drug (conditioned place preference (CPP)) 70,163.  Drug or conditioned place seeking can be 

suppressed through extinction training, a process analogous to abstinence in patients 73. Once 
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extinction is achieved, a variety of stimuli including contextual or drug associated cues, the drug 

itself, or stressors, can induce the reinstatement of responding in SA or CPP 70,73,164. Researchers 

have found that stress-induced reinstatement procedures have a high degree of validity, with 

studies showing translatability among stressor, brain region-specific, and pharmacological 

findings 73. For example, foot shock, predator odor, and single prolonged stress, which are 

models analogous to PTSD, induce reinstatement of cocaine SA 165. Pharmacological stressors 

that produce discomfort, anxiety, and craving in patients with CUD, such as yohimbine and CRF, 

reinstate cocaine SA and CPP in animals 70,166–168. Also, studies have reported sex-differences in 

stress-induced reinstatement behavior, findings that converge with reports of differences in the 

magnitude of stress-induced craving and relapse among male and female patients with CUD 168.  

Stress-induced reinstatement procedures have also identified many putative targets for the 

potential pharmacological treatment of stress-driven relapse 73. In corroboration with clinical 

observations, researchers have found that CRF, b-AR, and a1-AR inhibitors block stress-

induced reinstatement of SA and CPP in rodents 69,158. Additionally, compound classes that 

target receptors or processes predicted to play a role in stress-induced relapse but have not been 

as extensively tested in human populations have also been empirically evaluated in these 

procedures, including: serotonin receptor agonists, GABA receptor agonists, subtype-selective 

metabotropic glutamate receptor agonists,  and neuropeptide ligands, among others 73.  

Brain regions and neurotransmitter systems that regulate stress-induced reinstatement  

Ventral tegmental area (VTA) 

 Although the VTA has been traditionally associated with the reinforcing and hedonistic 

properties of addictive substances, results from stress-induced reinstatement studies show a role 

for this brain region in stress-induced neuronal activity and reinstatement 17,22,69. The VTA 
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receives ascending inputs from areas involved in stress processing including the extended 

amygdala (discussed below), and lateral hypothalamus 69,169,170. The VTA also projects to many 

areas that are important for drug seeking and stress-induced reinstatement including the NAc, 

infralimbic and prefrontal cortex, BNST and CeA (Fig. 1)171,172. VTA dopamine neurons are 

activated by acute and chronic stressors 173,174.  Stress increases excitatory, and decreases 

inhibitory, input onto VTA dopaminergic neurons 173. Elevated excitatory transmission in the 

VTA is associated with stress-induced reinstatement and blockade of ionotropic glutamate 

receptors within this region blocks stress-induced reinstatement 175,176. Inactivation of the VTA  

through the infusion of a GABA receptor cocktail consisting of muscimol and baclofen, prevents 

stress-induced reinstatement of SA 177. Suppressing the output of VTA dopaminergic neurons, 

Figure 1. Brain regions and neurotransmitter systems that contribute to stress-induced 
reinstatement of cocaine seeking behavior. IL = infralimbic cortex, NAc = nucleus accumbens, 
BNST = bed nucleus of the stria terminalis, CeA = central amygdala, LH = lateral hypothalamus, VTA 
= ventral tegmental area, VNB = ventral noradrenergic bundle, NTS = nucleus tractus solitarii. 
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using chemogenetic or pharmacological approaches, also abolishes stress-induced reinstatement 

29,171. 

 Stress increases CRF within the VTA, and in cocaine-experienced rodents, CRF increases 

VTA glutamatergic input into dopamine neurons (Fig. 2)176. Intra-VTA application of CRF is 

sufficient to reinstate cocaine SA in manner similar to stress 178. Attempts at identifying the 

precise site of the reinstating actions of CRF in the VTA have yielded conflicting results 176,178. 

Figure 2. Excitatory signaling pathways in the VTA implicated in stress-induced 
reinstatement. Stress increases the release of CRF into the VTA from extended 
amygdala projections. CRF binds to CRF receptors to synergistically increase glutamate 
release from excitatory terminals and the activity of dopaminergic projecting neurons, 
leading to reinstatement. VTA = ventral tegmental area, vBNST = ventral bed nucleus of 
the stria terminalis, CRFR = CRF receptor 1 or 2, Glu = glutamate, iGluR = ionotropic 
glutamate receptor, mGluR = metabotropic glutamate receptor.  
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Some studies have reported that bilateral infusions of CRF receptor 1 (CRF-R1) antagonists can 

block reinstatement, with no involvement of CRF receptor 2 (CRF-R2)  176,178. While other 

studies have reported that CRR-R2 receptor is the primary receptor in the VTA mediating the 

reinstating effects of stress and CRF 179,180. These discrepancies might be due to differences in 

methodology and in the pharmacological profiles of the CRF receptor ligands used in these 

studies, since reports suggest that ligands that activate CRF biding-protein (CRF-BP) in the VTA 

may be more efficacious at regulating reinstatement 180. However, non-pharmacological viral 

knockdown of CRF-R1 abolishes stress-induced cocaine SA suggesting that this receptor might 

play a more prominent role in this proccess 181. 

 CRF-R2 induced reinstatement requires GABAB signaling in the VTA, and slice 

electrophysiology studies have uncovered that CRF-R2 agonists increase GABA release 179. In 

stress-naïve mice, CRF-R2 agonists increase inhibitory postsynaptic currents (IPSCs) in the 

VTA, however following stress, these compounds increase EPSCs, suggesting a mechanisms by 

which stress alters CRF system dynamics to increase VTA dopaminergic output and drive 

reinstatement 179. Kappa opioid receptors (KORs) also mediate stress-induced reinstatement 

through actions that converge on VTA GABAergic signaling (Fig. 3) 182. Stress blocks long term 

potentiation (LTP) of GABAergic synapses onto VTA dopaminergic cells, which disinhibits 

them and results in increased output through activation of kappa opioid receptors (KORs) in 

GABA interneurons 182. Consequently, KOR antagonists block stress-induced deficits in VTA 

GABA LTP and stress-induced reinstatement of CPP 173,182. Orexin signaling from lateral 

hypothalamic terminals into the VTA also regulates GABA dynamics in this region and stress 

induced reinstatement 169,183. Orexin receptor 2 or 1 (OX2R and OX1R) agonist infusion into the 

VTA induces reinstatement, while OX1R antagonist infusion blocks stress-induced reinstatement 
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169,183. Activation of OX2R in VTA dopamine cells induces Gaq -dependent retrograde 

cannabinoid receptor (CB1) activation in GABA neurons, which decreases their output to 

disinhibit dopamine cells 183. Taken together, these findings highly the critical role VTA 

Figure 3. Inhibitory signaling pathways in the VTA implicated in stress-induced 
reinstatement. Stress increases the release of orexin into the VTA from LH 
projections, which bind to OX2R in dopamine neurons and induces the production of 
2-AG, an endocannabinoid. 2-AG retrogradely binds to CB1 receptors in inhibitory 
interneurons to decrease GABA release onto dopamine neurons. KORs binds 
dynorphin or other opioid ligands to decrease GABA release onto VTA dopamine 
neurons to increase relapse.VTA = ventral tegmental area, LH = lateral hypothalamus, 
OX2R = orexin receptor 2, GABAA R = GABA A receptor, DAG = diacylglycerol, 
DAGL = diacylglycerol lipase, 2-AG = 2-Arachidonoylglycerol, CB1 = cannabinoid 
receptor 1, KOR = kappa opioid receptor.  
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dopaminergic and GABAergic signaling in stress-induced reinstatement of cocaine-associated 

behaviors (Fig. 3).  

Extended amygdala  

 The extended amygdala is composed of the central nucleus of the amygdala (CeA), the 

bed nucleus of the stria terminalis (BNST), and the nucleus accumbens shell 184. The CeA and 

BNST are highly interconnected and show a functional role in stress, anxiety, craving, and fear 

responses 185–187. The role of the CeA and BNST in stress-induced reinstatement of drug-seeking 

behaviors, including cocaine, has been extensively characterized 70,73,165,166,188,189. Intermittent 

foot-shock, restraint, and forced swim, stressful manipulations that reinstate cocaine CPP and SA 

also increase levels of the immediate early gene and proxy marker of cellular activity cFOS in 

the CeA and BNST 190–192. Forced swim also increases levels of CREB phosphorylation, another 

marker of activity, in the CeA 193. Reversible pharmacological inactivation of the CeA or BNST 

via intracranial infusions of tetrodotoxin (TTX), a sodium channel blocker, or a GABAA and 

GABAB receptor agonist cocktail (baclofen + muscimol) block stress-induced reinstatement of 

SA 73,177.  

In vivo studies provide a link between NE in the extended amygdala and stress-induced 

reinstatement. Lesions to the ventral noradrenergic bundle, the main noradrenergic pathway into 

the BNST, prevents stress-induced reinstatement 73. Infusions of clonidine into the BNST, block 

stress-induced reinstatement of SA 194. Infusions of the a2-AR antagonist yohimbine into the 

BNST or CeA mimic stress-induced reinstatement 195. These findings are limited by the non-

specific nature of yohimbine as well as data showing that yohimbine drives reinstatement and 

BNST activity through non-adrenergic mechanisms that might be dependent on orexin and 

serotonin signaling 164,196,197. The more selective a2A-AR antagonist BRL 4448 malate also 
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reinstates cocaine CPP 198. BNST or CeA infusions of a cocktail of the b1- and b2-AR 

antagonists betaxolol and ICI-118,551, block stress-induced reinstatement of cocaine SA, 

suggesting a role for b-AR signaling in the effects of stress on extended amygdala activity and 

reinstatement 165. Further studies found that pharmacological blockade of b2-ARs, but not b1-

ARs, in the ventral BNST is capable of blocking stress-induced reinstatement 69. Conversely, 

infusions of the b2-AR selective agonist clenbuterol, but not the b1-AR selective agonist 

dobutamine, induces reinternment of cocaine SA 69.   

 Extended amygdala CRF has also been implicated in stress-induced reinstatement 

73,168,188. Forced swim increases CRF mRNA in cocaine-experienced rodents 188. Additionally, 

infusions of CRF into the BNST but not the CEA, reinstates cocaine SA and CPP in a manner 

similar to stress 168. CRF-R1 antagonist infusions into the BNST, but not CeA, block stress-

induced reinstatement of cocaine SA and CPP 166. Using a disconnection approach to inhibit the 

CeA in one hemisphere and CRF-R1s in the contralateral BNST, researchers found that the CeA 

to BNST CRF pathway is necessary for stress-induce reinstatement, a finding that clarifies the 

discrepancy between the effects of CRF manipulations between these two brain regions 199. 

Other hemispheric disconnection studies show that b2-ARs drive reinstatement by increasing the 

activity of CRF neurons in the ventral BNST that project to the VTA 69. The upregulating effects 

of b-ARs on excitatory transmission within the extended amygdala are also dependent on CRF-

R1 signaling 200–202. These findings are in accordance with previous reports of a sequential link 

between CRF and b2-AR actions on the extended amygdala and reinstatement (Fig. 4)203. CRF-

R1 antagonists pretreatment blocks NE- and b2-AR-induced reinstatement but suppressing NE 

signaling does not block CRF-induced reinstatement 69. 
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Stress-induced activation of the extended amygdala is regulated by NE release through 

ascending noradrenergic fibers from the NTS to the BNST and CeA 89,202,204,205. While the 

entirety of the extended amygdala is regulated by NE, the ventral BNST is one of the most 

densely innervated NE targets within the brain, providing a promising anatomic locus for 

targeted pharmacological manipulations 206.  Through release of NE, stress modulates excitatory 

and inhibitory neurotransmission into the extended amygdala 201,202. Within the dorsal BNST, NE 

induces excitatory and inhibitory responses, while in the ventral BNST and CeA the effects of 

Figure 4. Neurotransmitter signaling pathways in the BNST implicated in stress 
induced reinstatement. Stress increases the release of glutamate, CRF, and NE into the 
BNST and acts through pre- and postsynaptic receptors to induce BNST activity and 
drive reinstatement. CRF = corticotropin releasing factor, CRFR1 = CRF receptor 1, 
Glu = glutamate, iGluR = ionotropic glutamate receptor, mGluR = metabotropic 
glutamate receptor, NTS = nucleus tractus solitarii, NE = norepinephrine, ⍺2-AR = 
alpha2-adrenergic receptor, ⍺1-AR = alpha1-adrenergic receptor, β-AR = beta-
adrenergic receptor. 
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adrenergic stimulation are primarily excitatory 202,207. The diversity in responses is due the large 

heterogeneity in receptor populations, cell types, and inputs within these regions 208.  

 
In acutely prepared brain slices, b-AR stimulation broadly increases excitatory 

transmission in the extended amygdala 202,206.  The non-selective b-AR agonist isoproterenol 

increases spontaneous and evoked excitatory postsynaptic currents (EPSCs) in the BNST and 

spontaneous EPSCs in the CeA 200,201,206. Isoproterenol-mediated increases in spontaneous 

EPSCs within the BNST are b1-AR-dependent, whereas the potentiation of EPSCs produced by 

isoproterenol is b2-AR-dependent 200,206.  

Chronic, but not acute applications of NE produce long term depression (LTD) of 

excitatory transmission within the BNST, which is consistent with Gaq-mediated mechanisms 209. 

Accordingly, NE-mediated LTD in the BNST is blocked by a1-AR antagonist application 209. 

The a1-AR agonist methoxamine induces LTD in the BNST 209. a1-AR-mediated LTD is 

disrupted in genetic mice models that show increased anxiety- and depression-like phenotypes, 

suggesting that restoration of BNST a1-AR-mediated LTD following chronic drug use might be 

a site of action mediating the anti-reinstatement effects of a1-AR ligands 209.  

The effects of a2A-AR agonists on BNST neuronal activity are complex. a2A-AR are 

highly expressed in glutamatergic terminals that make axiosommatic connections within the 

BNST, in intra-BNST cell populations, and NE terminals primarily into the ventral BNST 

subregion 210,211. This wide-spread pattern of expression indicated the potential for multi-site 

regulation of BNST activity (Fig. 4). In slice preparations, a2A-AR agonist application decreases 

BNST excitatory synaptic transmission through input-specific inhibition of excitatory drive from 

areas such as the PBN, but not the insula 210,212,213. Chemogenetic mimicry of a2A-AR activation 
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in the PBN using a Gai-coupled  designer receptor exclusively activated by designer drugs (Gi-

DREADDs) prevents stress-induced increases in BNST cFOS mRNA, particularly in CRF cells 

212.  

The seemingly paradoxical observation that systemic a2A-AR agonist administration 

increases cFOS within the BNST suggested that some of the actions of these receptors might be 

excitatory, but such effects would be masked by the use of electrical stimulation, which 

presumably induces release from all excitatory terminals, including both guanfacine-inhibited 

(i.e. PBN) and activated projections 211,214. The use of the Thy1-COP4 mouse line, which 

randomly expresses the light gated excitatory tool channelrhodopsin 2 (ChR2), circumvents this 

limitation because in this line, ChR2s show little co-localization with CGRP,  a marker of PBN 

terminals (Flavin et al., 2014; Harris et al., 2018). In this mouse line, guanfacine potentiates 

optically-evoked EPCs via a postsynaptic mechanism that is dependent on intra-BNST a2A-AR  

heteroreceptors and HCN channels 211. These findings suggest that intra-BNST a2A-ARs play an 

excitatory role within the BNST. Chemogenetic experiments also provide evidence to this 

notion, since mimicking intra-BNST a2A-AR  heteroreceptor signaling using Gi-DREADDs 

increases cFOS ex vivo and calcium transients in vivo 211. Intra-BNST Gi-DREADD activation 

also produced anxiety-like responses in the elevated plus maze, consistent with the well-defined 

role of BNST activity in anxiety 211,215,216.  

Given that BNST activity is also critical for stress-induced reinstatement, it would be 

expected that activation of a Gai-coupled signaling in this region, by a2A-AR heteroreceptors or 

Gi-DREADDs, would be sufficient to drive reinstatement in a manner similar to stress 166. It is 

likely that competition between a2A-AR autoreceptors and heteroreceptors within the BNST 

accounts for some of the divergent responses to a2A-AR agonists reported in the extended 
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amygdala, as well as the decreased efficacy of these compounds in curving relapse 77,84,85,214,217. 

However, the contributions of a2A-AR heteroreceptors to stress-induced reinstatement of 

cocaine-associated behaviors has not been defined. Overall, the work on this dissertation will 

address:  

Hypothesis: Following stress, elevated levels of NE activate a2A-AR heteroreceptors which 
increase BNST activity via Gai-coupled GPCR signaling to induce reinstatement. Thus, 
preferentially targeting a2A-AR autoreceptors will decrease NE release, heteroreceptor-
dependent activation of the BNST, and stress-induced reinstatement.  
 
Specific Aim 1: Determine the role of a2A-AR heteroreceptors in stress-induced 
reinstatement of cocaine CPP.  
 
Specific Aim 2: Determine if Gai-coupled GPCR signaling in the BNST is sufficient to 
induce reinstatement of cocaine CPP.  
 
Specific Aim 3: Identify a dose of the a2A-AR agonists guanfacine that does not increase 
BNST activity and determine if this dose blocks stress-induced reinstatement of cocaine 
CPP.  
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Chapter 2 

a2A-adrenergic heteroreceptors are required for stress-induced reinstatement of cocaine 

conditioned place preference 

Introduction 

 Stress is a precipitating factor for craving and relapse in cocaine use disorder (CUD) 162,218,219; 

however, there are no FDA-approved medications for the treatment of relapse in CUD. a2a-

adrenergic receptor (a2a-AR) agonists inhibit stress-induced reinstatement of operant drug-seeking 

and conditioned place preference (CPP), animal models useful in the study of stress-induced relapse 

71,73,163,194. In clinical laboratory studies, these compounds have been investigated for stress-induced 

cocaine craving 58,63, but the application of full a2a-AR agonists for the treatment of CUD has been 

limited due to adverse effects such as sedation and hypotension 66,220.  Pretreatment with the a2a-AR 

partial agonist guanfacine reduces stress-induced craving in female and stress-induced sympathetic 

tone in male CUD patients 79. Guanfacine also decreases stress-induced craving of nicotine and 

alcohol in male and female patients, suggesting a potentially broad applicability for the treatment of 

stress-induced drug use 79,80. Although guanfacine decreases stress, craving, and withdrawal 

symptoms in clinical trials, it has not been reported to reduce relapse rates 84,85. 

 The mechanisms underlying the anti-drug craving effects of guanfacine are unknown, but it has 

been suggested that guanfacine blunts stress responses through its actions at presynaptic Gi protein-

coupled (Gi-coupled) autoreceptors, which decrease norepinephrine (NE) release 221,222. Pre-clinical 

studies show that at low doses, guanfacine blocks stress-induced activation of the extended 

amygdala, a group of brain regions that contains the central amygdala and bed nucleus of the stria 

terminalis (BNST)217. NE-signaling within the BNST is critical for stress-induced reinstatement of 
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CPP, and previous research suggests that a2a-AR autoreceptors might suppress stress-induced 

reinstatement by decreasing NE-mediated activation of BNST beta-adrenergic receptors 69,70,165,188. 

 Guanfacine also activates postsynaptic a2a-AR heteroreceptors 140. a2a-AR heteroreceptors are 

expressed in non-adrenergic cells and regulate many of the pharmacological and physiological 

effects of a2a-AR agonists, including analgesia, sedation, and improvements in cognition 98. We 

previously reported that within the dorsal BNST (dBNST), a high dose of guanfacine increased 

cFOS, a proxy marker of cellular activity, via activation of a2a-AR heteroreceptors and the 

subsequent blockade of  hyperpolarization-activated cyclic nucleotide-gated (HCN) channels 94,140,211. 

Furthermore, functionally mimicking intra-dBNST a2a-AR heteroreceptor signaling using virally 

expressed Gi-coupled designer receptors exclusively activated by designer drug (Gi-DREADDs) also 

increased dBNST cFOS proportionally to high-dose guanfacine, and produced anxiety-like responses 

211. Given the prominent role of BNST activity in stress-induced reinstatement of cocaine seeking 

behavior, and the interest in guanfacine as a potential treatment for CUD 63, understanding how a2-

AR heteroreceptor signaling may regulate these behaviors is imperative. In this study, we 

demonstrate that a2-AR heteroreceptors are necessary for stress-induced reinstatement of CPP, and 

that mimicking their signaling in the dBNST using Gi-coupled DREADDs is sufficient to induce 

reinstatement. Finally, we show that a low dose of guanfacine that does not increase dBNST activity 

blocks stress-induced reinstatement.   

Methods and Materials  

Reagents  

 Cocaine hydrochloride was obtained from Sigma Aldrich (#C5776, St. Louis, MO) and RTI 

international (SWM-2-9041-001-23, Triangle Research Park, NC) and dissolved in 0.9% sterile 

saline (Hospira, Lake Forest, IL) which was use as vehicle for all in vivo injection experiments.  
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Cocaine was administered at a final volume of 10 ml/g. Clozapine-N-oxide (CNO) was obtained 

from Sigma Aldrich (#C0832, St. Louis, MO) and diluted in sterile saline. Metacam was 

obtained from Patterson Veterinary (#07-845-6986; Greeley, CO) and diluted in sterile saline.  

Guanfacine hydrochloride was obtained from Fisher scientific (#1030; Hampton, NH) and 

diluted in 0.01 mM ice cold PBS. Primary antibodies included rabbit anti-cfos (Millipore; 

abe457; RRID: AB_2631318) at 1:2000 dilution and mouse anti-NeuN (Millipore mab377 clone 

A60; RRID: AB_2298772) at 1:1000 dilution. Secondary antibodies included Cy2 donkey anti-

rabbit (711-225-152; RRID: AB_2340612) at 1:500 dilution and Cy3 donkey anti-mouse (715-

165-150; RRID: AB_2340813) at 1:500 dilution. Adeno-associated viral (AAV) vectors AAV5-

CaMKIIα-hM4Di:mcherry (Gi-DREADD; UNC Viral Vector Core) and AAV5-CaMKIIα-

mcherry (mcherry; UNC Viral Vector Core) were used in CNO-induced reinstatement 

experiments.   

Animals  

 Male and female wild-type (WT), a2a-AR knockout (KO), and KO mice re-expressing a2a-

ARs under the DBH promoter (HeteroKO), were bred in house and maintained on a C57BL/6J 

background were used 102,211. For chemogenetic studies, male C57BL/6J mice (Jackson 

Laboratories; Bar Harbor, ME) were delivered at 6 or 7 weeks of age and acclimated for at least 

one week before surgical manipulations. For all conditioning experiments, mice were singly-

housed at least 2 weeks prior to experiments. Male and female C57BL/6J mice were used for 

immunohistochemical experiments and were group-housed with 2-5 mice per cage. All procedures 

were approved by the Vanderbilt University animal care and use committee.  

Behavior 



34 
 

 Apparatus- Six mouse open field arenas (ENV-510S) with two-sided place preference insets 

(ENV-512) from Med Associates, Inc. were used in this study. The place preference inserts consisted 

of a clear polyvinyl chloride box 28. 7 x 28.7 x 20.6 cm partitioned into two sides. One side 

contained a floor with stainless-steel rods 0.318 x 14. 61 cm, spaced 0.76 cm apart (ENV-3013BR), 

while the opposite side contained a stainless-steel mesh floor with 0.08 cm rods spaced 0.64 cm 

apart. In the unmodified apparatus, mice spend more time in the side containing the mesh floor (data 

not shown). In order to minimize this bias, the light bulb above the un-preferred side was turned off, 

the side was lined with a stripped black and white wallpaper and the rod floor was covered with a 

stainless-steel plate. 

 Conditioning- On day 1, mice were randomly placed in one of the sides and allowed to freely 

move between the compartments for 20 minutes. To minimize pre-conditioning bias, mice that spent 

more than 65% of the session time on one side were excluded from the study (n = 7). For each 

mouse, a side was randomly assigned as the cocaine-paired side. On days 2, 4, 6, and 8, mice were 

injected with cocaine (15 mg/kg, i.p.) and immediately confined to the paired side for 20 minutes. On 

days 3, 5, 7, and 9, mice were injected with saline and immediately confined to the unpaired side for 

20 minutes. During day 10, mice underwent post-conditioning CPP testing. Mice were placed in the 

same side that they were originally placed on day 1 and allowed to freely move between the sides for 

20 minutes. CPP was defined as an increase in time spent on the cocaine-paired side between the 

post- and pre-conditioning sessions.  

 Extinction- Extinction training was conducted daily, starting 24 hours after the post-

conditioning CPP test session. During each extinction training session, mice were placed in the 

apparatus and allowed to move freely between the sides for 20 minutes. Mice underwent extinction 

training until they met the extinction criterion. This criterion was defined as a decrease in the time 
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spent on the cocaine-paired side equal or lower to 50% of the difference between the time spent on 

this side during the post- and pre-conditioning test sessions. Mice that did not reach the extinction 

criterion within 10 days of extinction training were excluded from experiments (n = 5).  

 Reinstatement Testing- Mice underwent reinstatement testing 24 hours after reaching the 

extinction criterion. For stress-induced reinstatement testing, mice underwent forced swim stress in a 

beaker of warm water (22-26o c) for 6 minutes, towel-dried for 30 seconds, and placed in the CPP 

apparatus for 20 minutes. For pharmacological blockade studies, mice were injected with guanfacine 

(0.15 mg/kg, i.p.) 30 minutes prior to forced swim stress. For CNO-induced reinstatement testing, 

mice received CNO injections (3mg/kg, i.p.) 30 minutes prior to being placed in the CPP apparatus. 

 Mock saline-saline CPP acquisition, extinction, and stress bias testing- A separate group of 

WT, KO, and heteroKO mice were subjected to mock saline CPP training and testing. For each 

mouse, one side of the chamber was randomly selected to be the mock-paired side. On day 1, mice 

were allowed to explore the apparatus as described above. During days 2 to 9, mice were injected 

with saline and immediately restricted to one side of the apparatus for 20 minutes. On days 2, 4, 6, 

and 8 mice were placed on the mock saline-paired side. On days 3, 5, 7, and 9, mice were placed on 

the mock unpaired side. On day 10, mice underwent CPP testing as described above. Beginning 24 

hour following CPP testing, mice underwent extinction training as described above. Since saline-

treated mice did not acquired CPP, they did not have an extinction criterion therefore, each saline-

treated mouse underwent as many extinction training sessions as a sex-, genotype-, and age-matched 

cocaine-treated mouse. 24 hours after the last day of extinction training, mice were subjected to 

stress-induced reinstatement testing as described above. 

Stereotaxic Surgery 
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Mice were anesthetized with isoflurane (initial dose = 3%; maintenance dose = 1.5%) and 

injected intracranially with either the mcherry or hM4Di constructs. Bilateral microinjections 

(300 nL) were made into the dorsolateral BNSTs using previously published coordinates (AP: 

0.14, ML: +/- 0.88, DV: -4.24) at a 15.03° angle 211. Mice were treated with daily 5 mg/kg 

injections of metacam for 48 hours following surgery. Mice were allowed to recover for at least 

3 weeks prior to behavioral testing.  

Fluorescent immunohistochemistry 

 The cFOS upregulation assay was conducted as previously described 211,212. WT mice 

received i.p. injections of either vehicle (saline) or guanfacine (0.15 mg/kg or 1 mg/kg). 90 minutes 

after the injection, mice were transcardially perfused and brains were harvested. Extracted brains 

were submerged in 4% PFA for 24 hours at 4°C and cryoprotected in 30% sucrose in PBS for a 

minimum of two days. Coronal sections were cut on a cryostat (Leica, CM3050S) in Optimal 

Cutting Temperature (OCT) solution (VWR, Radnor, PA) at a thickness of 40 µm and stored in 

PBS at 4°C until immunological staining and viral assessments.   

For cFOS staining, coronal sections were washed with PBS (4x10 min), permeabilized 

with 0.5% Triton X-100 in PBS (1 hour), and blocked with 5% Normal Donkey Serum (NDS) 

and 0.5% Bovine Serum Albumin (BSA) for 1 hour at room temperature (RT). Primary 

antibodies were applied in blocking solution and slices were incubated in primary antibody 

(rabbit anti-cFOS and mouse anti-NeuN) for 24 hours at RT, washed in PBS (4x10 min), and 

incubated in combinations of secondary antibodies (Cy2 donkey anti-rabbit and Cy3 donkey 

anti-mouse) in 0.1% Triton X-100 in PBS for 24 hours at 4°C.  Slices were washed in PBS (4x10 

min), mounted on Fisher plus slides (Fisher Scientific), and coverslipped with PolyAquamount 

when dry. All images were obtained with a Zeiss LSM 710 scanning confocal microscope using 
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either a 20X/0.80 N.A. Plan-Apochromat, 40X/1.30 N.A. C Plan-Apochromat Oil, or 63X/1.40 

N.A. Plan-Apochromat Oil objective lens. Excitation/emission wavelengths (nm) for each 

fluorophore were 448/521.5 (Cy2, cFOS) and 561.0/610.8 (Cy3, mcherry for chemogentic 

confirmation). The same acquisition parameters and alterations to brightness and contrast in 

ImageJ were used across all images within an experiment. Cells were manually counted using 

ImageJ by a blinded researcher. No overt differences were observed between sub-nuclei of the 

dBNST so all numbers are reported as a single averaged value for each dBNST and then 

averaged for each animal. 

For chemogenetic experiments, injection and viral spread were verified following 

behavioral testing. Tissue was mounted onto slices with PolyAquamount (Polysciences, 

Warrington, PA), coverslipped and evaluated by a blinded researcher. Known sites that project to 

the BNST were also assessed to verify a lack of retrograde expression of the AAV5 construct.  

Statistics 

 Data are represented as means, means ± SEM, or medians. All statistics were run using 

Prism 8 (GraphPad, La Jolla, CA). Differences between groups were assessed using t-tests, one-

way, or 2-way repeated measures ANOVAs. Differences in standard deviation between groups 

were assessed using the Brown-Forsythe test, when significant differences in standard deviation 

were found using this test, they are reported in the text. Significance was set at α=0.05. When 

significant main effects were obtained using ANOVA testing, appropriate post-hoc comparisons 

between groups were performed.  

 

RESULTS  
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a2a-AR full or heteroreceptor deletion does not impact the acquisition or extinction of cocaine 

CPP.  

 Consistent with previous studies 196,197, we determined that conditioning increased the amount 

of time WT, KO, and HeteroKO mice spent on the cocaine-paired side during the post-conditioning 

session,  with a main effect of conditioning (pre-conditioning test session [PRE] vs post-conditioning 

test session [POST], (F2, 30= 128.7, p < .0001; two-way RM ANOVA), and a trend towards a main 

effect of genotype (WT, KO, or HeteroKO), (F2, 30 = 2.95, p = .057) that is likely due to the 

HeteroKO mice spending less time in the cocaine-paired side when compared to WTs and KOs (in 

sec: 819 +/-113 for WT, 821 +/- 138 for KO, and 723 +/- 59 for HeteroKO). The Genotype x 

Conditioning interaction was not significant (F2, 30 = .99, p = .38) (Fig 5. C). We found no between-

genotype differences in the increase in time on the paired side following conditioning, represented by 

the preference score (one-way ANOVA), or differences in locomotion during the post-conditioning 

session (two-way RM ANOVA) (Fig 5. D-E). Next, we determined the impact of full or 

heteroreceptor deletion on the extinction of cocaine CPP (see Materials and Methods, Fig 5. F). We 

found no differences in the latency to reach the extinction criterion between groups (one-way 

ANOVA; in days: 3 +/- 1 for WT, KO, and HeteroKO) (Fig 4. 5). Taken together, these findings 

suggest that  a2a-AR auto- and heteroreceptors do not play a role in the acquisition or extinction of 

cocaine CPP.  
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Figure 5. Full or heteroreceptor ⍺2A-AR KO does not disrupt the acquisition or extinction of 
cocaine CPP. A. Genetic model used to determine relative ⍺2A-AR auto- and heteroreceptor 
function. B. Timeline and schematic of conditioned place preference (CPP) procedure. C. 
Conditioning increased the amount of time mice from all genotypes spent on the paired side when 
compared to the pre-conditioning session. Data displayed as means with superimposed individual 
points. D. There was no difference between genotypes in the preference scores (% change in time 
spent on the paired side from the pre- and post-conditioning sessions). Data displayed as 
individual points overlaid on top of medians (solid lines) and quartiles (dashed lines). E. There 
were no intra-genotype differences in the distance travelled in the CPP apparatus during the pre- 
and post-conditioning sessions. F. There were no inter-genotype differences in the latency to reach 
the extinction criteria. Data displayed as means plus individual points, or means and individual 
data points +/- SEM (E) (WT n = 9, KO n = 8, HeteroKO n = 12) (****p < .0001) (PRE = pre-
conditioning session, POST = post-conditioning session). 
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a2a-AR full or heteroreceptor deletion disrupts stress-induced reinstatement of CPP  

 We next determined the impact of a2a-AR KO or HeteroKO on stress-induced reinstatement of 

cocaine CPP. 24 hours after reaching the extinction criterion, WT, KO, and HeteroKO mice 

underwent stress-induced reinstatement testing (Fig 6. A). There was a main effect of stress 

(extinction session [EXT] vs stress-induced reinstatement session [STRESS]) but no significant 

genotype x stress interaction (stress F1, 28 = 15.01, p = .0006 interaction F2, 28 = 2.31, p = .11, 2-way 

RM ANOVA). Sidak’s multiple comparisons post-hoc test revealed that stress only significantly 

increased time in the paired side in WT mice when compared to the last day of extinction (EXT vs 

STRESS: WT p < .01, KO p = .78, HeteroKO p = .15) (Fig 6. B). Stress induced a significant 

Figure 6. Full or heteroreceptor ⍺2A-AR KO disrupts stress-induced reinstatement of 
cocaine CPP. A. Timeline and schematic of stress-induced reinstatement of CPP procedure. B. 
during the stress test session (STRESS), 6 minutes of forced swim stress increased the time WT 
mice spent on the paired side compared to the last day of extinction (EXT) and this increase was 
different from heteroKO mice. Data displayed as means plus individual points. C. There was a 
difference between genotypes in the variance of preference scores (Brown-Forsythe test for 
differences in SD, **$ < .01). Data displayed as individual points overlaid on top of medians 
(solid lines) and quartiles (dashed lines). D. There was an intra-genotype difference in distance 
travelled in the CPP apparatus during EXT and STRESS. Data displayed as means plus individual 
points (WT n = 9, KO n = 8, HeteroKO n = 12) (**p < .001, ****p < .0001) (EXT = last 
extinction session, STRESS = stress-induced reinstatement session). 
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difference in the variance of the preference score of WT, KO, and HeteroKO mice (Brown Forsythe 

test; F2, 27= 5.67, p < .001) that was driven by a stress-induced increase in standard deviation (SD) in  

KO and HeteroKO mice (WT SD = 7.21, KO SD = 24.51, HeteroKO SD = 26.31) (Fig 5. C). There 

was a main effect of stress on locomotion, but no effect of genotype, or the interaction (stress F1, 22 = 

76.20, p < .0001, genotype F2, 22 = .03, p = .97, interaction F2,22 = .45, p = .64; 2-way RM ANOVA; 

Sidak’s multiple comparisons post-hoc test, EXT vs STRESS: WT p < .0001 KO p < .0001, 

HeteroKO p = .0005) (Fig 6. D). These findings suggest that stress reinstates cocaine CPP in WT 

mice, and that this reinstatement might be disrupted in KO mice. Furthermore, this disruption is not 

ameliorated by re-expression of a2a-AR autoreceptors in heteroKO mice.  

Figure 7. Full or heteroreceptor deletion of α2A-ARs does not induce chamber biases in 
cocaine-naïve mice but prevents mock conditioning-induced decreases in locomotion in 
full KOs. A. Timeline and schematic of mock conditioning. Mice were injected with saline 
before being confined to a side of the chamber. Side placement was alternated daily. B and C.  
Mock conditioning did not change time in a randomly paired side or the preference score across 
genotypes in cocaine-naïve mice. D. WT and heteroKO mice show a mock conditioning-
induced decrease in locomotion which do not occur in full KO (WT n = 8, KO n = 8, HeteroKO 
n = 11). Data displayed as means with individual data points (B. and D.) or medians (solid 
lines) and quartiles (dashed lines with individual data points (C.) (*p < .05, **p < .01). 
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a2a-AR full or heteroreceptor deletion does not produce stress-dependent biases in side 

occupancy in cocaine-naïve mice 

 The above findings suggest that, by suppressing locomotion, stress may spuriously increase 

time on one side of the chamber in a subset of KO and HeteroKO mice, independent of the retrieval 

of cocaine CPP.  We tested this hypothesis by conducting a mock saline CPP experiment followed by 

stress-induced reinstatement. Mice were subjected to a CPP, extinction, and reinstatement procedure 

as described above, but only received injections of saline during the conditioning stage (mock 

conditioning) (Fig 6. A). Mock conditioning, genotype, or the mock conditioning x genotype 

interaction, did not increase time in a randomly-paired side (two-way RM ANOVA), or alter the  

preference score of WT, KO, or HeteroKO mice (one-way ANOVA) (Fig 7. B-C). Interestingly, 

mock conditioning decreased locomotion in WT and HeteroKO mice, but failed to do so in full KO 

mice (in cm: 3247 +/-937 for WT, 5115 +/- 537 for KO, and 3537 +/-1618 for HeteroKO). This 

decrease in locomotion was statistically significant, with main effects for both the genotype and 

mock conditioning factors as well as the interaction (mock conditioning F1, 27 = 4.12, p = .017, 

genotype F2, 27= 11. 54, p = .029, interaction F2,27 = 4.88p < .01; two-way RM ANOVA, Sidak’s 

multiple comparisons test, PRE vs POST: WT p < .01, KO p = .92, HeteroKO p < .05) (Fig 7. D). 

The higher level of locomotion in KO mice following repeated exposure to the chamber is consistent 

with previous findings suggesting that autoreceptors play a role in suppressing spontaneous hyper-

locomotion 102. 

 24 hours after the last mock extinction training session, mice were subjected to 6 minutes of 

forced swim stress and placed in the CPP apparatus (Fig 8. A). Cocaine-naïve mice did not show a 

significant change in preference for a randomly-paired side of the chamber after stress (two-way RM 
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ANOVA), and we found no inter-genotype differences in preference score of the cocaine-naïve WT, 

KO, and HeteroKO mice (one-way ANOVA) (Fig 8. B-C). Interestingly, stress increased the SD of 

the preference score across genotypes when compared to the mock post-conditioning test session 

(26.65 vs 12.56 for WT, 21.76 vs 14.25 in KO, and 19 vs 11.51 for HeteroKO). This increase in SD 

demonstrates an enhanced variability in how much time mice spent on each side of the chamber. KO 

mice showed increased locomotion during the last day of mock extinction which was significantly 

different from WT, with main effects of genotype and stress but no interaction (genotype F2,20 = 3.77, 

p < .05, stress F1,20 = 68, p < .0001, interaction F2,20 = 1.71, p = .205, two-way ANOVA; Sidak’s 

multiple comparisons test, EXT vs STRESS: WT p < .05, KO p < .0001, HeteroKO p < .01). 

Figure 8. Full or heteroreceptor deletion of a2A-ARs does not induce stress-dependent biases 
in side occupancy in cocaine-naïve mice. A. Timeline and schematic of mock conditioning, 
extinction, and stress-induced reinstatement test. B.  Stress did not change time in a randomly 
paired side across genotypes in cocaine-naïve mice. C. Stress did not produce differences in the 
preference score between genotypes. D. Stress suppressed locomotion across genotypes and there 
was a difference in locomotion between WT and KO mice during the last day of mock extinction 
(EXT) (WT n = 8, KO n = 8, HeteroKO n = 11). Data displayed as means with individual data 
points (B and C) or medians (solid lines) and quartiles (dashed lines with individual data points (C 
and G) (*p < .05, **p < .01, ****p < .0001) (EXT = last extinction session, STRESS = stress-
induced reinstatement session). 
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However, mice across all genotypes showed a stress-induced suppression in locomotion during the 

mock reinstatement test with a main effect of stress (F1, 20 = 68, p < .0001; two-way RM ANOVA). 

(Fig 8. D). Taken together, these findings indicate that stress suppresses locomotion and increases 

variability in side occupancy in cocaine-naïve mice and suggests that variability increases due to 

decreased movement between sides of the CPP chamber.  

Activation of dBNST Gi-coupled GPCR signaling reinstates cocaine CPP  

Figure 9. Anatomical localization of virus expression.  



45 
 

 We previously reported that a2a-AR heteroreceptors mediate increases in dBNST activity 

produced by a2a-AR agonists such as guanfacine, as measured by cFOS upregulation 211. Due to the 

fact that a2a-AR receptors are Gi-coupled GPCRs, we previously employed a Gi-coupled DREADD 

strategy to mimic a2a-AR heteroreceptor signaling and found hM4Di, expressed under the CaMKIIα 

promoter, activation is both sufficient to increase dBNST cFOS in a similar proportion of cells as 

guanfacine and occlude guanfacine-induced cFOS upregulation, suggesting the recruitment of an 

overlapping populations of neurons 211. Due to the prominent role of the BNST in stress-induced 

reinstatement 166,224, we investigated whether hM4Di enhancement of dBNST activity would be 

Figure 10. mcherry or mcherry-tagged hM4Di expression does not impact acquisition or 
extinction of cocaine CPP. A. Timeline and schematic of CPP and extinction paradigm. B. 
Conditioning increased the time spent in the paired side in mcherry- and hM4Di-expressing mice. 
Data displayed as means and individual data points. C. There was no difference between the 
preference score of mcherry and hM4Di-expressing mice. Data displayed as medians (solid lines) 
and quartiles (dashed lines). D. There was not difference in the latency to reach the extinction 
criterion between mcherry and hM4Di-expressing mice. Data displayed as means with individual 
data points (mcherry n = 5, hM4Di n = 9) (**p < .01, ****p < .0001). 
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sufficient to reinstate cocaine CPP. C57BL/6J mice were micro-injected in the dBNST with either 

AAV5-CaMKIIα-mcherry or AAV5-CaMKIIα-hM4Di:mcherry, which produced robust  

expression in this region (Fig 9., Fig 11. B-C). Following 4 weeks of recovery, mice underwent CPP 

training, testing, and extinction as described above (Fig 9. A).  

Conditioning increased time in the paired side for both mcherry- and hM4Di-expressing mice with a 

main effect of conditioning, but no effects of virus (vs hM4Di) or the interaction (conditioning F1, 12 = 

66.28, p < .0001, virus F1,12 = .00, p = .996, interaction F1,12 = 1.26, p = .282; two-way RM ANOVA; 

Sidak’s multiple comparisons test, PRE vs POST: mcherry p < .01, hM4Di.  p < .0001) (Fig 10. B). 

We also found no inter-condition differences in preference score (unpaired t-test, p = .275) (Fig 10. 

C), or latency to reach the extinction criterion (unpaired t-test, P = .593) (Fig 10. D). 24 hours after 

reaching the extinction criterion, mcherry- and hM4Di-expressing mice were injected with CNO (3 

mg/kg, i.p.) as previously described 211 and following a 30-minute period, mice underwent 

reinstatement testing (Fig 11. A). CNO treatment significantly increased the time hM4Di-expressing 

mice spent on the paired side when compared to the last day of extinction training, but failed to do so 

in mcherry-expressing mice (Fig 11. D). There was a significant main effect for CNO (EXT vs CNO 

sessions) and a trend towards significance for the interaction, but no effect of virus (CNO F1, 11 = 8, p 

< .05, interaction F1, 11 = 4.8, p = .0506; virus F1,11 = 1.43, p = .25, two-way RM ANOVA, Sidak’s 

multiple comparisons test, EXT vs CNO: mcherry, p = .9, hM4Di p < .01). There was a significant 

difference between the preference score of hM4Di- and mcherry-expressing mice (unpaired t-test, t2,11 

= 2.239, p < .05) (Fig 11. E). CNO-treatment did not alter locomotion in hM4Di- or mcherry-

expressing mice (two-way RM ANOVA) (Fig 11. F). Further, we found that in an additional group of 

mice in which the location of mcherry or hM4Di was off target (Fig 12. A), CNO did not induce 
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reinstatement, or alter locomotion (Fig 12. B-D). Taken together, these findings suggest that 

engagement of Gi-GPCR signaling in the dBNST is sufficient to reinstate cocaine CPP .  

 

 

Figure 11. Activation of Gi signaling within the BNST reinstates cocaine CPP. A. Timeline 
and schematic showing surgery, recovery and CNO-induced reinstatement of CPP procedure. B. 
Schematic and coordinates of injection site for mcherry and mcherry-tagged hM4Di. C. Low 
magnification (10x) images showing spread of mcherry and mcherry-tagged hM4Di in BNST. 
Scale bar = 200 µm. D. CNO treatment (CNO) increased the time hM4Di-expressing mice spent 
on the paired side when compared to the last day of extinction (EXT) but did not increase the time 
in mcherry-expressing controls. Data displayed as means plus individual data points. E. CNO 
treatment increased the CPP score of hM4Di-expressing mice compared to mcherry-expressing 
controls. Data displayed as individual points overlaid on top of medians (solid lines) and quartiles 
(dashed lines). F. CNO treatment did not alter locomotion in mcherry- or hM4Di-expressing mice 
when compared to the EXT session. Data displayed as means with individual data points 
(mcherry n = 5, hM4Di = 8) (p < .05) (EXT = last extinction session, CNO = CNO-induced 
reinstatement session). 
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Figure 12.  Mice lacking expression of mcherry or mcherry-tagged hM4Di within the BNST 
do not express CNO-induced reinstatement. A. anatomical localization of virus expression in 
the mice. B. Time spent in the paired side in non-BNST mcherry- and hM4Di-expressing mice 
during extinction and following CNO injection. Data displayed as means and individual data 
points. C. Preference score of non-BNST mcherry and hM4Di-expressing mice. Data displayed as 
medians (solid lines) and quartiles (dashed lines). D. Locomotion in non-BNST mcherry and 
hM4Di-expressing mice during extinction and following CNO injection. Data displayed as means 
with individual data points (mcherry n = 3, hM4Di n = 4). 
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A low dose of guanfacine that does not increase cFOS within the BNST blocks stress-induced 

reinstatement of cocaine CPP 

 While non-specific a2-AR agonism blocks stress-induced reinstatement of drug seeking, high 

doses of these compounds have negative effects, which limit their clinical applications 220. We 

previously reported that a 1 mg/kg dose of the a2a-AR partial agonist guanfacine, which produces a 

strong sedative effect, increased dBNST activity as measured by cFOS upregulation 211. Given the 

prominent role of BNST activity in reinstatement of drug seeking and anxiety-like behaviors 

216,225,226, we hypothesized that a lower dose of guanfacine that shows antidepressant- and anxiolytic-

like effects (0.15 mg/kg), would not increase cFOS in the dBNST but would block stress induced 

reinstatement 76,77. To determine dose-dependent changes in dBNST activity, we assessed cFOS 

expression within the dBNST following guanfacine administration 211. Mice were injected with either 

saline (vehicle, VEH), low (0.15 mg/kg), or high dose (1 mg/kg) guanfacine (Fig 13. A). As we 

previously reported, high dose guanfacine increased the number of cFOS positive cells within the 

dBNST, however, this effect that was not present in VEH- or low dose-treated mice (F2,14 = .154, p < 

.0001; one-way ANOVA, Sidak’s multiple comparisons test: VEH vs 0.15 mg/kg p = .88, VEH vs 1 

mg/kg p < .0001) (Fig 13. B-C).  

 We next examined the potential anti-reinstatement effects of low dose guanfacine. WT mice 

that had undergone CPP training and extinction were injected with either VEH or low dose 

guanfacine, 30 minutes prior to stress (Fig 13. D). While we did not find main effects of drug (VEH 

vs GUAN) or stress, we found a main effect of the treatment x session interaction (Drug F1,12 = .01, p 

= .9, stress F1,12 = 1.49, p .24, interaction F1,12 = 5.843, p = .032; two-way RM ANOVA), driven by a 

stress-induced increase in time on the paired side in VEH-treated mice that was not present in 

guanfacine-treated mice (Fig 13. E). Guanfacine-treated mice also showed a significant decrease in 
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preference score when compared to VEH-treated mice (t = 2.417, df = 12, p < .05; unpaired t-test) 

(Fig 13. F). While stress significantly suppressed locomotion in both groups, there were no 

differences in locomotion in VEH- and guanfacine-treated mice following stress, and no main effect 

of drug, suggesting that low dose guanfacine treatment did not have further sedative effects 

(interaction F1,12 = 10.34, p < .01, drug F1,12 = .18, p = .67, stress F1,12 = 222.5, p < .0001; two-way 

RM ANOVA, Sidak’s multiple comparisons test, STRESS: VEH vs guanfacine p = .44, EXT vs 

STRESS: VEH p < .0001, guanfacine p < .0001) (Fig 13. G). Taken together, these findings suggest 

low dose guanfacine does not increase the activity of the BNST but blocks stress-induced 

reinstatement without impacting locomotion.  
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Figure 13. A dose of guanfacine that does not increase BNST cFOS blocks stress-
induced reinstatement of cocaine CPP. A. Timeline and schematic of drug injection and 
immunohistochemistry experiment. Following an hour of acclimation mice were injected 
with saline (Vehicle, VEH) or guanfacine (GUAN) and sacrificed 90 minutes post-
injection. B. High magnification (20x) images showing cFOS staining in dorsal BNST. 
Scale bar = 50 µm. C. 1 mg/kg injection of GUAN increased cFOS within the BNST. 
(VEH n = 6, 0.15 mg/kg n = 6, 1 mg/kg n = 5). D. Timeline and schematic of stress-
induced reinstatement blockade experiment. Mice were injected with VEH or GUAN 
(0.15 mg/kg) 30 minutes prior to stress. E. Stress increased time in the paired side in 
VEH-treated mice but failed to do so in GUAN-treated mice. Data displayed as means 
plus individual data points. F. There was a difference in the CPP score of VEH-treated and 
GUAN-treated mice. Data displayed as individual points overlaid on top of medians (solid 
lines) and quartiles (dashed lines). G. Stress suppressed locomotion in VEH- and GUAN-
treated mice but there were not inter-treatment differences in locomotion. Data displayed 
as means plus individual data points (VEH n = 7, GUAN n = 7) (*p < .05, ****p < .0001) 
(EXT = last extinction session, STRESS = stress-induced reinstatement test session). 
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Figure 14. Related to Figure 5, WT, KO, and HeteroKO conditioning and extinction values 
separated by sex. A. Schematic of experimental paradigm and group key. B. Time spent in the 
paired side during the sessions before (PRE) and after conditioning (POST). Data displayed as 
means and individual data points. C. Preference scores. Data displayed as medians (solid lines) 
and quartiles (dashed lines). D. Locomotion PRE and POST. Data displayed as means with 
individual data points. E. Latency to reach the extinction criterion. Data displayed as means +/- 
SEM and superimposed individual values (WT female n = 4, WT male n = 4; KO female n = 5, 
KO male n = 4; HeteroKO female n = 5, heteroKO male n = 7). 
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Figure 15. Related to Figure 6, WT, KO, and HeteroKO stress-induced reinstatement test 
values separated by sex. A. Schematic of experimental paradigm. B. Group key.  
C. Time spent in the paired side during the last extinction session (EXT) and after forced swim 
stress (STRESS). Data displayed as means and individual data points. D. Preference scores. Data 
displayed as medians (solid lines) and quartiles (dashed lines). E.  Locomotion during the EXT 
and STRESS sessions. Data displayed as means with individual data points (WT female n = 4, 
WT male n = 4; KO female n = 5, KO male n = 4; HeteroKO female n = 5, heteroKO male n = 7). 
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Figure 16.  Related to Figure 8, WT, KO, and HeteroKO mock-conditioned stress-induced 
reinstatement test values separated by sex. A. Schematic of experimental paradigm. B. Group 
key. C. Time spent in the paired side during the last mock extinction session (EXT) and after 
forced swim stress (STRESS). Data displayed as means and individual data points. D. Preference 
scores. Data displayed as medians (solid lines) and quartiles (dashed lines). E. Locomotion. Data  
displayed as means with individual data points (WT female n = 5, WT male n = 3; KO female n = 
4, KO male n = 4; HeteroKO female n = 5, heteroKO male n = 6).  
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Figure 17. Related to Figure 12, guanfacine regulation of cFOS expression and stress-
induced reinstatement test values separated by sex. A. Schematic of experimental paradigm for 
cFOS upregulation assay. B. cFOS expression in mice treated with vehicle (Veh), low-dose (0.15 
mg/kg) or high-dose guanfacine (1 mg/kg). Data displayed as means +/- SEM and overlaid 
individual points. C. Experimental paradigm for stress-induced reinstatement assay. D. Time spent 
in the paired side during the last extinction session (EXT) and after forced swim stress (STRESS). 
Data displayed as means and individual data points. D. There were no intergroup differences in 
the preference score (2-way ANOVA). Data displayed as medians (solid lines) and quartiles 
(dashed lines). E. Locomotion during the EXT and STRESS sessions. Data displayed as means 
with individual data points (Veh female n = 4, Veh male n = 3, low-dose guanfacine female n = 3, 
low dose guanfacine male n = 4). 
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Table 1. Summary statistics for Figures 5-13.  
 
 
 

Figure Test Comparison Stat P value Summary 
5C  

 
2-way repeated 

Measures 
ANOVA 

Genotype: WT 
vs KO vs 
heteroKO 
Conditioning: 
Pre vs Post  
Genotype x 
Conditioning  

F(2, 27) = 3.17 
 
 
F(1, 27) = 115.1 
 
F(2,27) = .99 

p = .0577 
 
 
p = .0001 
 
p = .3819 

n.s.  
 
 
**** 
 
n.s.  

5D One-way 
ANOVA 

WT vs KO vs 
heteroKO 

F(2, 27) = .09 p = .4007 n. s.  

5E  
 

2-way repeated 
Measures 
ANOVA 

Genotype: WT 
vs KO vs 
heteroKO 
Conditioning: 
Pre vs Post  
Genotype x 
Conditioning 

F(2, 23) = .3672 
 
 
F(1, 23) = .6364 
 
F(2, 23) = 1290 

p = .3672 
 
 
p = .6364 
 
p =.1290 

n.s. 
 
 
n.s. 
 
n.s 

5F Kruskal-Wallis 
test  

WT vs KO vs 
heteroKO 

KW = .84 p = .65  n.s.  

6B 2-way repeated 
Measures 
ANOVA 

Genotype: WT 
vs KO vs 
heteroKO 
Stress: Pre vs 
Post  
Genotype x 
Stress 

F(2, 23) = 2.14 
 
 
F(1, 27) = 15.01 
 
F(2, 27) = 2.313 
 

p = .1388 
 
 
p = .0006 
 
p = .1175 

n. s.  
 
 
*** 
 
n.s.  

6C Brown-
Forsythe test  

WT vs KO vs 
heteroKO 

F(2, 27) = 5.6 p = .009 ** 

6D 2-way repeated 
Measures 
ANOVA 

Genotype: WT 
vs KO vs 
heteroKO 
Stress: Pre vs 
Post  
Genotype x 
Stress 

F(2, 22) = .03 
 
 
F(1, 22) = 76.2 
 
F(2, 22) = .4 
 

p = .9700 
 
 
p = .0001 
 
p =.6410 

n.s. 
 
 
**** 
 
n.s.  

7B 2-way repeated 
measures 
ANOVA  

Genotype: WT 
vs KO vs 
heteroKO 
Mock 
conditioning: 
Pre vs Post  

F(2, 24) = .02 
 
F(1, 24) = .01 
 
F(2, 24) = .07 

p = .8271 
 
p = .8920 
 
p = 9272 

 n.s  
 
n.s 
 
n.s 
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Genotype x 
Mock 
Conditioning  

Figure Test Comparison Stat P value Summary 
7C One-way 

ANOVA  
WT vs KO vs 
heteroKO 

F(2, 24) P = .9176 n.s. 

7D 2-way repeated 
measures 
ANOVA  

Genotype: WT 
vs KO vs 
heteroKO 
Mock 
conditioning: 
Pre vs Post  
Genotype x 
Mock 
Conditioning 

F(2, 24) = 4.1 
 
F(1, 24) = 11.54 
 
F(2, 24) = 4.9 

p = .0295 
 
p = .0025 
 
 
p = .0170 

 * 
 
** 
 
 
* 

8B 2-way repeated 
Measures 
ANOVA 

Genotype: WT 
vs KO vs 
heteroKO 
Stress: Pre vs 
Post  
Genotype x 
Stress 

F(2, 24) = .02 
 
 
F(1, 24) = .1 
 
F( 2, 24) = 1.1 
 

p = .9734 
 
 
p = .7303 
 
p = .3617 

n.s. 
 
 
n.s 
 
n.s.  
 

8C One-way 
ANOVA 

WT vs KO vs 
heteroKO 

F(2, 24) = 1 p = .4 n.s.  

8D 2-way repeated 
Measures 
ANOVA 

Genotype: WT 
vs KO vs 
heteroKO 
Stress: Pre vs 
Post  
Genotype x 
Stress 

F(2, 20) = 3.8 
 
 
F(1, 20) = 68.5 
 
F(2, 20) = .9 

p = .0408 
 
 
p < .0001 
 
p =.5390 

* 
 
 
**** 
 
n.s.  

10B 2-way repeated 
measures 
ANOVA 

Virus: mcherry 
vs hM4Di 
Conditioning: 
Pre vs Post 
Virus x 
Conditioning  

F(1, 12) = .00 
 
F(1, 12) = 66.3 
F(1, 12) = 1.3 

p = .9961 
 
p < .0001 
 
p = .2823 

n.s. 
 
**** 
 
n.s 

10C t test   mcherry vs 
hM4Di 

t (12) = 1.14 p = .2755 n.s.  

10D t test   mcherry vs 
hM4Di 

t(12) = .55 p = .5931 n.s.  

11D 2-way repeated 
Measures 
ANOVA 

Virus: mcherry 
vs hM4Di 
CNO: Ext vs 
CNO 
Virus x CNO 

F(1, 11) = 1.4 
 
F(1, 11) = 8 
 
F(1, 11) = 4.8 

p = .2560 
 
p = .0163 
 
p = .0506 

n.s. 
 
* 
 
n.s. 
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Figure Test Comparison Stat P value Summary 

11E t-test mcherry vs 
hM4Di 

t(11) = 2.234 p = .0468 * 

11F 2-way repeated 
Measures 
ANOVA 

Virus: mcherry 
vs hM4Di 
CNO: Ext vs 
CNO 
Virus x CNO 

F(1, 11) = .02 
 
F(1, 11) = .2 
 
F(1, 11) = 1 

p = .8759 
 
p = .6918 
 
p = .3275 

n.s. 
 
n.s. 
 
n.s.  

13C One-way 
ANOVA 

Veh vs .15 vs 1 
mg/kg 

F(2, 24) = 21.34 p < .0001 **** 

13E 2-way repeated 
Measures 
ANOVA 

Drug: Veh vs 
GUAN 
Stress: Ext vs 
Stress  
Drug x Stress  

F(1, 12) = .01 
 
F(1, 12) = 1.58 
 
F(1, 12) = 5.8 

p = .9081 
 
p = .2450 
 
p = .0347 

n. s.  
 
n.s.  
 
* 

13F t-test Veh vs GUAN t(12) = 2.417 p = .0325 * 
13G 2-way repeated 

Measures 
ANOVA 

Drug: Veh vs 
GUAN 
Stress: Ext vs 
Stress  
Drug x Stress 

F(1, 12) = .6725 
 
F(1, 12) = 222.5 
 
F(1, 12) = 10.3 

p = .6725 
 
p < .0001 
 
p = .0074 

n.s.  
 
**** 
 
** 
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DICUSSION  

 a2a-AR agonists such as guanfacine have risen in popularity for the treatment of several 

psychiatric conditions 67,227. a2a-AR agonists target autoreceptors expressed in adrenergic neurons 

and heteroreceptors expressed in non-adrenergic cells. Determining the relative contributions of these 

receptor populations to the pharmacological effects of a2a-AR agonists and behavior has been 

challenging, due to the inability to distinguish these populations using conventional pharmacological 

or genetic approaches 102. In the current study, we used selective genetic deletion models, behavior, 

histology, and chemogenetics to define the role of a2a-AR heteroreceptors on stress-induced 

reinstatement of cocaine CPP.  

 In our unbiased two-sided CPP apparatus, stress reinstated cocaine CPP in all wild-type mice, 

but only a fraction of a2a-AR full and HeteroKO mice. Following stress, we observed a high degree 

of variability in the amount of time a2a-AR KO and HeteroKO mice spent on the two sides of the 

apparatus. This increase in variability was also found in cocaine-naïve mice from all genotypes, but 

not in cocaine-treated WTs. Notably, stress reduces locomotion in the CPP assay independent of 

genotype or drug exposure history. Therefore, our data suggest that in a2a-AR full and heteroreceptor 

knockouts, stress-induced reinstatement of CPP is replaced by increased occupancy in an arbitrary 

side of the chamber, due to an overall reduction in activity rather than side preference. While this is a 

parsimonious interpretation of the data, currently we cannot unequivocally rule out the possibility 

that some of the a2a-AR full and HeteroKO mice show stress-induced reinstatement. Regardless of 

this limitation, it is still clear that a2a-AR heteroreceptors positively regulate reinstatement behavior.  

 Our previous findings have demonstrated functional recovery of autoreceptors in the dBNST  

in this model211, suggesting the surprising result that a2a-AR heteroreceptor deletion disrupts the 

ability of stress to drive reinstatement of preference for the cocaine-paired side. It is possible that 
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within the dBNST, a2a-AR auto- and heteroreceptors play opposing roles, where autoreceptors might 

prevent reinstatement by decreasing NE release, heteroreceptor, and beta-adrenergic signaling 69,165. 

Conditions in which large amounts of NE are released into the BNST, such as chronic stress, might 

override autoreceptor regulation to lead to reinstatement 205,228.  

  We used a chemogenetic approach to mimic dBNST a2a-AR heteroreceptor signaling to 

determine the effects of Gi-GPCRs on reinstatement of cocaine CPP. We found that acute activation 

of BNST hM4Di was sufficient to induce reinstatement of CPP. This Gi-DREADD-induced 

reinstatement is consistent with our findings showing that activation of Gi-DREADDs within the 

BNST increases activity and anxiety-like responses 211. Previous work has shown that activation of 

intra-BNST Gi-DREADDs can inhibit drug consumption or the acquisition of CPP 229–232. Notably, 

these studies focused on alcohol consumption and CPP acquisition without a focus on reinstatement. 

Thus, our study provides novel insight into the potential role of Gi-GPCR signaling on stress-induced 

reinstatement of cocaine CPP.  Additionally, we previously reported that direct a2a-AR activation or 

Gi-DREADD mimicking of a2a-AR signaling in excitatory inputs onto BNST CRF cells decreases 

stress-induced cFOS 212. Taken together, these findings highlight the heterogeneous nature of a2a-AR 

regulation of BNST activity. Future studies will aim to determine the role of different BNST cell 

populations and projections in the pro-reinstatement effects of Gi-coupled GPCR signaling.  

 A pro-reinstatement role of heterosynaptic a2a-ARs contrasts with previous reports suggesting 

that systemic administration of the nonselective a2-AR antagonist yohimbine and the a2a-AR 

antagonist BRL-44408 malate reinstate CPP 70. While yohimbine antagonizes a2a-ARs and increases 

norepinephrine levels, it is also a 5-HT1a receptor agonist 233,234. Yohimbine-induced reinstatement of 

cocaine- and food-seeking, or cocaine CPP is not blocked by application of the a2a-AR agonist 

clonidine 70,164. Indeed, yohimbine’s effects on drug-associated behaviors requires orexin and 
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serotonin 5-HT1a receptor signaling 167,196. Furthermore, we have previously reported that within the 

BNST, yohimbine produces a2a-AR independent, orexin receptor-1 dependent decreases in excitatory 

transmission 196. Therefore, our current findings add to the growing body of evidence suggesting that 

the pro-reinstatement effects of yohimbine may not be dependent on modulation of adrenergic 

signaling. BRL-44408 malate also reinstated CPP, presumably through inhibition of  a2a-AR 

autoreceptors 73. The location of the receptors mediating the pro-reinstatement effects of BRL-44408 

malate remain unknown, but would be predicted to involve presynaptic terminal a2a-ARs 212.   

 As we previously found that a high dose of guanfacine increases BNST activity, we next 

sought to determine if a low dose of guanfacine, which has been previously reported to reduce 

anxiety-like behaviors, would lack excitatory effects in the BNST 76,77. We replicated our previous 

finding showing that a high dose of guanfacine increases cFOS in the BNST, but found that the low 

dose did not. This suggests that a low dose of guanfacine does not engage BNST a2a-AR 

heteroreceptors. We also found that low dose guanfacine blocked stress-induced reinstatement of 

CPP without impacting locomotion. While previous work has shown that higher doses of the a2A-AR 

agonist clonidine do not block stress-induced reinstatement 70, the strong hypo-locomotive effects of 

the 1 mg/kg dose of guanfacine prevented us from testing this dose in the current study. Future 

studies will aim to determine the effects of intra-dBNST manipulation of a2a-AR signaling. These 

findings may inform the development of dose-targeted guanfacine for the treatment of substance use 

disorders and are congruent with recent reports suggesting that the efficacy of guanfacine in some 

clinical applications is dose-dependent 86,87.  

 Notably, while a2A-AR agonism shows sex-dependent effects in patients with CUD 79, we did 

not find any apparent sex differences in the effects of a2a-AR full or heteroreceptor KO, therefore 

data from male and female mice were combined in our statistical analyses (see Figures 14-17 for 
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values separated by sex). However, one limitation of the current study is that it is not sufficiently 

powered to analyze more subtle sex differences. While a recent report showed that the low dose of 

guanfacine used in the current study equally prevented forced swim-induced reinstatement of 

nicotine CPP in male and female mice 217, future investigations will be aimed at determining 

potential sex differences in a2a-AR regulation of BNST activity as well as low-dose guanfacine on 

cocaine CPP reinstatement.  

 Our findings demonstrate a previously unknown role of a2a-AR heteroreceptors in stress-

induced reinstatement of cocaine-associated behaviors. Additionally, we also expand on previous 

reports suggesting that guanfacine should be further explored as a potential treatment for CUD and 

other drug use disorders.  
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Chapter 3 
 
 

Photometric monitoring of BNST activity patterns during acquisition, extinction, and 

reinstatement of cocaine CPP. 

Introduction   

 The BNST plays a critical role in addiction related behaviors 235. Previous research using 

pharmacological and chemogenetic manipulations show that the activity of the BNST is required for 

the acquisition and stress-induced reinstatement of drug CPP 189,231. Slice electrophysiology studies 

suggest that acute and chronic cocaine, and stress, modulate excitatory transmission within the BNST 

through actions on catecholamine release ex vivo 200,236. However, how the activity of the BNST 

changes in vivo during the acquisition, expression, and stress-induced reinstatement of cocaine CPP 

remains poorly understood. In vivo fiber photometry tools allow for the long-term recording of 

neuronal activity during behavior, and have been previously integrated into the cocaine CPP 

procedure to assay changes in the activity of the striatum 237,238. This chapter presents preliminary 

data evaluating activity patterns in the BNST throughout the CPP procedure as well as following the 

application of two reinstating stimuli, stress and intra-BNST Gai-GPCR activation.  

 

Methods and Materials  

Animals  

 Male C57BL/6J mice were delivered at 6 or 7 weeks of age and acclimated for at least one 

week before surgical manipulations. Following surgery, mice were singly-housed and allowed to 

recover for at least 2 weeks prior to behavioral experiments. All procedures were approved by the 

Vanderbilt University animal care and use committee.  

Stereotaxic Surgery 
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Mice were anesthetized with isoflurane (initial dose = 3%; maintenance dose = 1.5%), 

and injected intracranially with recombinant AAV constructs AAV5-CaMKII-hM4Di:mCherry 

(AAV5-hM4Di; UNC Viral Vector Core) and AAV5-hSyn-GCaMP7f (AAV5- GCaMP7f; 

Addgene), mixed in equal volumes immediately before injection. Targeted bilateral injections of 

750nl virus cocktail were made into the BNST (AP: 0.14, ML:	±0.88, DV:	-4.24) as previously 

described 211,223 at a 15.03° angle at 100nl/min. For fiber photometry experiments, a 400 µm 

fiber optic cannula (Doric Lenses: MFC_400/430-0.48_6mm_MF1.25_FLT) was planted 

0.02mm above the virus injection, and fixed to the skull using a dual-cure resin (Patterson 

Dental, Inc.). 

Behavior 

  Prior to conditioning experiments, mice were handled and plugged into the patch cable for 5 

consecutive days in order to minimize experimenter and cable-induced stress. Cocaine CPP training, 

extinction, and reinstatement testing was conducted as described on chapter 278.  

Testing took place in open-field arenas with two-chamber preference inserts, which lacked a 

top cover to allow for the cable to move with the mice. During conditioning, mice received injections 

of cocaine (15 mg/kg i.p.) or saline and confined to alternating sides of the CPP apparatus. On the 

post-conditioning testing day and subsequent days, mice were allowed to move freely between sides. 

During extinction training, mice were placed in the CPP apparatus daily until they reached the 

extinction criterion. Mice underwent reinstatement testing 24 hours after reaching the extinction 

criterion. For stress-induced reinstatement of CPP, mice underwent forced swim stress in a beaker of 

warm water (22-26o C) for 6 minutes and were placed in the CPP apparatus. For Gi-DREADD-

induced reinstatement of CPP, mice were injected with clozapine-N-oxide (CNO) (3 mg/kg i.p.) 30 

minutes prior to being placed in the CPP apparatus 78. 
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Fiber photometry  

Fiber photometry data was acquired using a RZ5P fiber photometry workstation (Tucker-

Davis Technologies). 470 and 405nm LEDs (ThorLabs) were modulated at distinct carrier 

frequencies and were passed through a fluorescence minicube (Doric Lenses) coupled to a patch 

cord (400µm, 0.48 NA) connected to the implanted fiberoptic. Fluorescence was back-projected 

through the minicube onto a photoreceiver (Newport). Signals were recorded at 1017.3Hz, 

demodulated in real-time and saved for online analysis. Each channel was low-pass filtered (<2 

Hz) and a linear least squared model fit the isosbestic control signal (405 nm) to the calcium 

signal (470 nm). Change in fluorescence (ΔF/F0) was calculated as ((470nm signal-fit 405nm 

signal)/fit 405nm signal). Calcium transients were found by determining locations of local 

maxima of the ΔF/F0 trace, thresholded by peak prominence. Traces were either analyzed with a 

high (0.06) or low (0.03) prominence threshold based on pre-conditioning results, and thresholds 

were kept consistent for each animal for all subsequent recordings. Spike frequency was defined 

as the number of transients within the full recording period (1200s) or during time spent in either 

conditioning chamber. AnyMaze behavioral recordings of location and ΔF/F0 recordings were 

down-sampled to 10Hz by averaging with bins of 0.1s, and were then synchronized to correlate 

animal location with calcium signal. Following the completion of behavioral studies, GcaMP7f, 

hM4Di, and fiber placement was confirmed using immunobiological approaches 78.  

Statistics 

 Data are represented as means or means ± SEM. All statistics were run using Prism 8 

(GraphPad, La Jolla, CA). Differences between sessions were assessed using t-tests and one 

measures ANOVAs. Significance was set at α=0.05. When significant main effects were 
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obtained using ANOVA testing, Sidak’s multiple comparisons tests were used to assess 

differences between sessions post-hoc.  

 

RESULTS 

Acute cocaine administration decreases BNST activity during conditioning 

 To determine the effect of cocaine on neuronal population activity in the BNST during 

the acquisition of cocaine CPP, we used an in vivo calcium imaging approach to measure 

transient frequency during conditioning (Fig. 18A). Cocaine administration increases locomotion 

relative to saline administration, as has previously been reported 239 (one way ANOVA; F2, 22 = 

15.8 Sidak’s multiple comparisons test S1 vs C1 p < .001, S1 vs C4 p < .01 ) (Fig. 18D). 

Cocaine administration decreased the frequency of calcium transients in the dlBNST when 

compared to saline (one way ANOVA; F1.6, 22 = 45.44, Sidak’s multiple comparisons test S1 v 

C1 p < .0001, S1 vs C4 p < .001) (Fig. 18E).There was a main effect of cocaine administration 

on amplitude and post-hoc analyses revealed that amplitude was significantly increased during 

the last day of cocaine administration (C4) (one-way ANOVA; F1.6, 22 = 7.05, p < .01, Sidak’s 

multiple comparisons tests, S1 vs C4, p < .01 ). These findings suggest that cocaine suppressed 

the activity of the dlBNST during conditioning.  
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Figure 18. Acute cocaine-administration decreases BNST activity during cocaine 
conditioning. A. Experimental paradigm. Male mice were injected with either cocaine or 
saline and restricted to one side of a chamber for a period of 20 minutes with daily alternating 
drug presentation. B. representative low magnification (5X) image showing bilateral 
expression of GCaMP7f in the BNST. C. representative trace showing photon count 
throughout the duration of the first session following saline (S1) or cocaine (C1) 
administration for the 470 and 405 (isosbestic control) channels. D. Mice show decreased 
frequency of calcium transients following cocaine administration when compared to the first 
day of saline administration (One-way ANOVA with Sidak’s multiple comparisons test; S1 vs 
C1, S1 vs C4). E. Mice show a significant increase in BNST calcium transient amplitude on 
the last day of cocaine administration (One-way ANOVA with Sidak’s multiple comparisons 
test; S1 vs C4). Data displayed as means +/- SEM with superimposed individual values (**p < 
.01, ***p < .001).  
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Cocaine CPP is associated with a decrease in BNST activity in the unpaired side in the CPP 

apparatus  

We next evaluated changes in BNST activity during the CPP acquisition test (Fig. 19A). 

Mice spent more time in the cocaine-paired side during the post-conditioning test day (POST) 

when compared to the pre-conditioning test day (PRE) (paired t-test; t = 7.58, df = 12, p < .0001) 

(Fig. 19B). Mice also showed increased locomotion during POST (paired t-test; t = 2.48, df = 12, 

p < .05) (Fig. 19C). During POST, there was a decrease in the frequency of calcium transient in 

the dlBNST compared to PRE (paired t-test; t = 2.32, df = 12, p < .05) (Fig. 19E). Further 

analyses revealed that this decrease occurred while the mice were in the unpaired (saline) side 

(paired t-test; t = 2.53, df = 12, p < .05) (Fig. 19G), with no apparent changes in activity during 

transitions into either side or the amplitude of calcium transients (Fig. 19H-I, D).  



69 
 

 

Figure 19. BNST activity is decreased during the CPP test in a chamber-dependent 
manner. A. timeline and schematic of experimental paradigm. B. Conditioning increased the 
time mice spent on the cocaine-paired side (paired t-test). C. Conditioning increased the 
distance travelled in the chamber (paired t-test). D. Conditioning does not alter the amplitude 
of calcium transients during the pre- conditioning (PRE) and post-conditioning (POST) 
testing sessions (paired t-test). E. Conditioning decreases the overall frequency of calcium 
transients within the BNST. F-G. The effect of cocaine CPP on frequency is driven by 
decreased frequency in the saline-paired side of the chamber. H-I. Calcium signal associated 
with transition from cocaine to saline or from saline to cocaine paired sides of the chamber is 
not affected by conditioning. Data displayed as means with superimposed individual values 
(*p < .05, ****p < .0001).  
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Stress-induced reinstatement is associated with overall decreases in BNST activity but 

increased activity during side transitions in the CPP apparatus 

Stress-induced reinstatement of cocaine-associated behaviors is blocked by 

pharmacological inactivation of the BNST 189. However, how BNST activity may change during 

stress-induced reinstatement is currently unknown. To address this, we conducted recording of 

gCAMP7f signals during stress-induced reinstatement of cocaine CPP (Fig. 20A) 78.  Stress 

increased the time mice spent on the paired side during the stress-induced reinstatement test day 

(STRESS) compared to the last day of extinction (EXT) (paired t-test; t = 2.618, df = 8, p < .05) 

(Fig. 20B). Stress also suppressed locomotion (paired t-test; t = 7.66, df = 8, p < .0001) (Fig. 

20C). There was a significant decrease in overall calcium transients in the dlBNST during 

STRESS compared to EXT (paired t-test; t = 2.79, df = 8, p < .05) (Fig. 20E). However, there 

were no changes in frequency when the mice were in the paired or unpaired side, but there was a 

trend towards a significant decrease in frequency when mice were in the unpaired side (paired t-

test; t =2.29, df = 8, p = .053) (Fig. 20G). There was an increase in activity in the BNST during 

transitions from one side of the chamber to another (Fig. 20H-I). These findings suggest that 

BNST activity is altered during stress-induced reinstatement in a with increases occurring during 

transitions from one side of the chamber to another.  
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Figure 20. Altered activity patterns in the BNST during stress-induced reinstatement of 
cocaine CPP. A. timeline and schematic of experimental paradigm. B. Stress increased the 
time mice spent on the cocaine-paired side (paired t-test). C. Stress decreased the distance 
travelled in the chamber (paired t-test). D. Stress does not alter the amplitude of calcium 
transients (paired t-test). E. Stress decreases the frequency of calcium transients within the 
BNST. F-G. Effect on frequency may be driven by decreased frequency in the saline-paired 
side of the chamber. H-I. Calcium signal associated with transition from the cocaine- to 
saline-paired side and from the saline- to cocaine-paired side is increased by stress. Data 
displayed as means with superimposed individual values (*p < .05, ****p < .0001).  
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Gi-DREADD activation reinstates cocaine CPP and increases BNST activity independent of 

side-transitions in the CPP apparatus 

 We previously reported that intra-BNST activation of Gi-DREADDs induces 

reinstatement of cocaine CPP in a manner similar to stress  and that Gi-DREADDs increase 

BNST activity in assays of anxiety 78,211. We investigated if Gi-DREADD-induced reinstatement 

would also result in BNST activity pattern similar to stress-induced reinstatement (Fig. 21A). 

CNO administration reinstated cocaine CPP (paired t-test; t = 4.5, df = 5, p < .05) without 

altering locomotion (Fig. 21B-C). CNO administration decreased the amplitude of calcium 

transients in the dlBNST (paired t-test; t = 5.323, df = 5, p < .01) (Fig. 21D). CNO increased the 

frequency of calcium transients in the dlBNST (paired t-test;) (Fig. 21E). But further analyses 

revealed that although there was a trend towards a significant increase in calcium transients in 

the paired side (paired t-test, t = 2.27, df = 5, p = .052) (Fig. 21F), mice did not show significant 

increases in BNST activity while occupying a particular side or during transitions from one side 

to the other (Fig. 21F-I). Overall, these findings suggest that, as previously reported, activation 

of Gai-GPCR signaling in the BNST increases cellular activity to drive reinstatement. These 

findings also suggest that Gi-DREADDs induce reinstatement of CPP by upregulating BNST 

activity in a side-placement independent manner.  
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Figure 21. Chemogenetic activation of Gi-GPCR signaling reinstates CPP and increases 
BNST activity in a side transition-independent manner. A. Timeline and schematic of 
experimental paradigm. B. CNO increased the time mice spent on the cocaine-paired side 
(paired t-test). C. CNO does not affect distance travelled in the chamber (paired t-test). D. 
CNO decreases the amplitude of calcium transients (paired t-test). E. CNO increases the 
frequency of calcium transients within the BNST. F-G. Effect on frequency may be driven by 
decreased frequency in the cocaine-paired side of the chamber. H-I. Calcium signal associated 
with transition from cocaine to saline and from saline to cocaine paired sides of the chamber 
is not affected by stress. Data displayed as means with superimposed individual values (*p < 
.05, **p < .01).  
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DISCUSSION 
 
 Using the CPP model of drug-associated behaviors, we assessed changes in patterns of 

activity in the BNST in response to acute cocaine as well as during the expression and 

reinstatement of conditioned responses. We found that cocaine administration suppressed 

activity globally within the BNST, as measured by changes in the frequency of calcium transient 

pikes. These findings are in accordance with previous studies, which have shown that cocaine 

administration decreases NAc activity, a process mediated by the downregulation of the activity 

of dopamine D2 receptor-expressing medium spiny neurons (D2-MSNs)17,238. Cocaine, or 

selective DAT inhibitor administration, also increases dopamine levels in the BNST, so it is 

likely that cocaine might inhibit BNST activity in vivo through a similar D2R-mediated 

mechanism 240. Interestingly, BNST activity was also lower during the CPP acquisition test but 

this effect was not as pronounced as the decrease that occurs following cocaine administration.  

The decrease in activity observed during the CPP acquisition test in the BNST does not occur in 

the NAc 238, suggesting a potential divergence between these two regions in their functional 

responses during the CPP test or to cocaine-associated contexts.  

 The global suppression of BNST activity observed during the CPP test was driven by a 

decrease that occurred while mice were in the unpaired side of the chamber. The implications of 

this finding are currently unknown but it is possible that, given its role as a detector of salient 

emotional stimuli, the BNST might be more active while the animal is in the paired side due to 

salient cocaine-induced associations 241. 

 We were able to recapitulate our previous findings showing that Gi-DREADD activation 

increases BNST activity in vivo and reinstates cocaine CPP, providing further support for an 

excitatory and pro-reinstatement role of postsynaptic Gai-GPCRs in this brain region78,211.  
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Surprisingly, stress also decreased BNST activity, a finding that appears to be in contrast 

with ex vivo studies showing that stress increases levels of cFOS within this region, as well as 

pharmacological studies showing that inactivation of the BNST prevents stress-induced 

reinstatement 189. However, preliminary analyses suggest that the activity of the BNST might be 

elevated during transitions, although this effect was modest. One potential explanation for these 

discrepancies is that the results from ex vivo cFOS analyses and in vivo photometry recording 

might diverge, particularly due to the lack of temporal resolution of immunohistological 

assessments. Another potential source of the observed differences might be the fact that the 

BNST is highly heterogenous, and within this region, activation or inhibition of distinct 

microcircuits can produce opposite responses 208,242,243. Therefore, future studies will be aimed at 

determining the response of specific populations to cocaine and stress, particularly CRF-

expressing neurons, which have been implicated in stress-driven pathology 203,244. In summary, 

these studies provide new insight into the effects of cocaine and stress on BNST activity.   
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Chapter 4  
 
 

Discussion and Future Directions  
 

The main hypothesis of this thesis is that following stress, elevated levels of NE activate 

a2A-AR heteroreceptors which increase BNST activity via Gai-coupled GPCR signaling to 

induce reinstatement and that preferentially targeting a2A-AR autoreceptors will heteroreceptor-

dependent activation of the BNST, and stress-induced reinstatement. How the data presented in 

this thesis provides evidence supporting this hypothesis is discussed in detail below. 

Opposing roles of a2A-AR hetero- and autoreceptors in the regulation of BNST activity and 

stress-induced reinstatement of cocaine CPP.     

Since ablation of the ventral noradrenergic bundle (VNB), one of the primary conduits of 

NE into the brain prevents stress-induced reinstatement, and clinical and preclinical work had 

established that both chronic drug administration and stress induce a hyper-noradrenergic state 

correlated with craving and relapse, early studies focused on determining the potential of a2-AR 

agonists as anti-reinstatement agents 162,205,245. Systemic a2-AR agonist administration prevents 

stress-induced reinstatement, an effect that was ascribed to actions at inhibitory autoreceptors in 

NE terminals with the extended amygdala 70,195. However, furthers studies have expanded our 

understanding of the complexity of the central a2A-AR adrenergic system, and have defined not 

only presynaptic autoreceptors, but also both presynaptic and postsynaptic heteroreceptors 98. 

While both auto- and heteroreceptors couple to the Gai- family of heterotrimeric G proteins, the 

cellular localization, auxiliary protein coupling, and downstream signaling partners allows for a 

wide variety of responses 98.  
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 The development of transgenic mouse lines lacking either all a2A-ARs or just 

heteroreceptors accelerated the investigation of the relative function of auto- and heteroreceptors 

Figure 22. Model of auto- and heteroreceptor regulation of BNST activity and stress-induced 
reinstatement. A. mice with a history of cocaine, that do not show a preference for the side previously paired 
with cocaine, stress increases NE release into the BNST. B. NE activates postsynaptic 2A-AR heteroreceptors 
which increase BNST output to drive reinstatement. C. Selectively targeting autoreceptors using a low 
dose of guanfacine decreases NE release into the BNST and blocks stress-induced reinstatement.  
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in physiology and pharmacology 102. Since germline re-introduction of a2-AR autoreceptors did 

not rescue many of the deficits that occur in mice lacking all a2A-ARs, researchers deduced that 

heteroreceptors mediate most of the physiological and pharmacological actions of a2A-ARs 99.  

These results and conclusions were surprising, particularly in light of the conventional 

understanding of a2-ARs as primarily autoreceptors 103. Results from studies using DSP toxins 

which selectively ablate LC neurons, thus functionally eliminating one of the main centers of 

presynaptic NE and autoreceptor function, in combination with adrenergic receptor ligands, 

support these conclusions 245,246. Based on this work, it was expected that some of the anti-

reinstatement actions of a2-AR agonists may have been mediated by a2A-AR heteroreceptors. 

The primary finding of this thesis is that a2A-AR heteroreceptors are necessary for stress-

induced reinstatement of cocaine CPP. While mice lacking all a2A-ARs show normal acquisition 

and extinction of cocaine CPP, results that have been previously reported and are in accordance 

with a minimal role of NE in the binge-intoxication phase of the allostatic cycle of compulsive 

behaviors, conceptualized by Koob et al., the display disrupted reinstatement 196,197,247–249.  Stress 

robustly produced reinstatement in all wild-type mice tested in the current studies, but only 

produced “apparent” reinstatement in a fraction of full a2A-AR knockout mice. A potential 

reason for these findings includes an elevated baseline of NE in these mice due to the lack of 

autoreceptor negative feedback loop, which would induce a ceiling effect that would “mask” any 

effects of forced swim stress on behavior 120. Results from studies in full a2A-AR knockouts 

showing that these mice have increase immobility in the forced swim test, as well as higher 

sensitivity to mild stressors such as saline injections, suggest this possibility is unlikely 120,211. 

Another potential explanation for the disrupted reinstatement in full a2A-AR knockouts is 

that life-long compensatory adaptations to the hyper-noradrenergic environment produced by the 
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knockout, such postsynaptic a1-, and b-AR, desensitization would counteract the effects of 

stress 92. This is an attractive explanation, due to the well-defined pro-reinstatement role of a1-, 

and b-ARs 70,188. However, if this explanation was correct, then embryonic re-introduction of 

a2A-AR autoreceptors would prevent these compensatory mechanisms from occurring. To test 

this possibility, we employed a differential genetic approach in which we compared the 

behavioral response of wild-type, full a2A-AR knockouts, and full a2A-AR knockouts re-

expressing autoreceptors by targeting expression to the DbH promoter 102.  

We have previously validated the a2A-AR heteroreceptor-lacking line using slice 

voltammetry and pharmacology experiments 211. While a2A-AR agonists failed to reduce 

electrically evoked catecholamine release in the BNST, this effect was rescued in a2A-AR 

heteroreceptor knockouts, demonstrating the functional recovery of autoreceptors 211. 

Additionally, heteroreceptor function was evaluated using a slice pharmacology approach in 

which acutely prepared slices containing the BNST are incubated with compounds but otherwise 

not stimulated. Since release of NE or other neurotransmitter release is not evoked and slices are 

allowed to acclimate for a period of time prior to compound wash, this setup allows for the proxy 

measure of intra-BNST heteroreceptor function 211. Guanfacine failed to increase cFOS in full 

knockout mice, a deficit that was not rescued by autoreceptor re-expression 211. Thus, 

heteroreceptor-lacking mice show physiological phenotypes that are consistent with intact 

autoreceptor and disrupted heteroreceptor function within the extended amygdala. We found that 

mice that express autoreceptors, but lack heteroreceptors, also display aberrant stress-induced 

reinstatement, suggesting that compensatory adrenergic receptor desensitization is an unlikely 

mechanism mediating abnormal reinstatement in full knockout mice. However, we currently 

cannot rule out contributions of postsynaptic adrenergic receptor desensitization to the deficits in 
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reinstatement found in full a2A-AR knockout mice, particularly given the role of these receptors 

in the regulation of excitatory transmission within the extended amygdala 202. Future studies 

aimed at evaluating changes in a1-, and b-ARs expression and function in the BNST and CeA of 

a2A-AR knockout mice are warranted. Nevertheless, a2A-AR heteroreceptors play a critical role 

in stress-induced reinstatement of cocaine CPP.  

Since engagement of autoreceptors decreases NE release into the BNST, and the 

elimination of NE into the BNST via VNB ablation block reinstatement, it appears that the anti-

reinstatement actions of a2A-AR agonists may be mediated by autoreceptors 70–72,245. If this was 

the case, then a dose of guanfacine that does engage autoreceptors but does not activate 

heteroreceptors within the BNST would, by avoiding the pro-reinstatement actions of 

heteroreceptors, decrease stress-induced NE release into the BNST and prevent stress-induced 

reinstatement. We used an ex vivo immunohistological approach that had been previously 

employed to assess guanfacine-induced increases in BNST cFOS, which were found to be 

heteroreceptor dependent 211,214. We recapitulated previous findings showing that an 

intraperitoneal (i.p.) injection of a relatively high dose of guanfacine (1 mg/kg), increases cFOS 

in the BNST 211,214. We also found that a lower dose of guanfacine (0.15 mg/kg) did not increase 

BNST cFOS, suggesting that this dose does not engage intra-BNST heteroreceptors. As 

predicted, the 0.15 guanfacine dose blocked stress-induced reinstatement of cocaine CPP. These 

findings point towards a2A-AR autoreceptors as the key receptor population mediating the anti-

reinstatement effects of a2A-AR agonists. Studies using the selective a2A-AR antagonist BRL-

4448 malate also support the notion that autoreceptors mediate the anti-reinstatement actions. 

BRL-4448 malate administration reinstates cocaine CPP 198. While BRL-4448 malate likely 

inhibits intra-BNST a2A-AR heteroreceptors, which prevent Gai-mediated increases in BNST 
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activity (discussed below), autoreceptor blockade elevates NE levels which leads to the 

activation of postsynaptic b2-ARs increases BNST excitatory drive and reinstatement 198,200. 

 Currently, a role of a2A-AR heteroreceptors in the anti-reinstatement action of agonists 

cannot be ruled out. a2A-AR heteroreceptors are also expressed in presynaptic glutamatergic 

terminals from the parabrachial nucleus into the BNST 212. Guanfacine, likely acting on this 

receptor population, inhibits excitatory drive from these terminals onto the BNST (Fetterly et al., 

2018; Flavin et al., 2014). Activation of Gai-GPCR signaling in the PBN is sufficient to prevent 

stress-induced cFOS expression, and likely cellular activity, within the BNST 212. Thus, 

guanfacine may produce its anti-reinstatement effects through the coordinated actions of BNST 

presynaptic auto- and heteroreceptor populations.  

 The studies presented in this thesis suggest that a2A-AR auto- and heteroreceptors play 

opposing roles in the regulation of BNST activity following stress and stress-induced 

reinstatement. The evolutionary origins and implications of this oppositional system are currently 

unknown, but research on a2A-AR regulation of the dorsolateral prefrontal cortex (dlPFC), 

allows for the formulation of a theoretical framework. a2A-AR auto- and heteroreceptors also 

play opposing roles in the regulation of dlPFC activity 82,83,250.  Increased NE levels are 

associated with a weakening of dlPFC networks, which is hypothesized to be a mechanism by 

which stress and other negative experiences “shuts down” top down control of behavior, which 

releases deeper older brain structures to direct behavior towards survival quickly 139. During 

periods of highly elevated NE, postsynaptic a2A-AR heteroreceptors provide an additional 

“safeguard,” alongside autoreceptors, by bolstering dlPFC network activity against the effects of 

stress 139. In contrast to the dlPFC, the BNST plays a critical role in mobilizing the body to 

respond to stressful or harmful stimuli 208. Thus, following stress, intra-BNST heteroreceptor 
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activation may provide an additional mechanism, alongside b-ARs and glutamatergic receptors, 

ensuring BNST activity and the potential survival of the organism. In substance use disorders 

and preclinical models, natural appetitive and survival mechanisms are hijacked by chronic drug 

use 22. Thus, the multisynaptic a2A-AR regulatory system in the BNST may serve a beneficial 

evolutionary role, that can be maladaptive in the context of drug addiction.  

Further defining the cellular and receptor populations underlying the pro- and anti-

reinstatement actions of a2A-ARs 

 Although the transgenic lines used in this thesis are valuable for the study of the relative 

contributions of auto- and heteroreceptors to behavior, they present a number of limitations. 

First, life-long knockout of a2A-ARs could induce compensatory mechanisms that might mask 

some of the functions of these receptors. Second, full body deletion of receptor population lacks 

region- and cell-specificity, which is particularly important in the case of a2A-AR 

heteroreceptors, which can produce varied, often contradictory effects. In future studies use of 

adeno-associated viral vectors (AAVs) and the cre-recombinase/loxP system will allow for the 

selective a2A-AR deletion in specific cell populations 251,252. The role of intra-BNST a2A-AR 

heteroreceptors on stress-induced reinstatement will be confirmed by AAV delivery into the 

BNST. Additionally, this approach could be used to establish the presynaptic locus of the anti-

reinstatement actions of guanfacine, through the use of retro-viruses in a2A-AR floxed mice in 

which cre-recombinase would result in the excision of adra2a gene in a pathway specific-

manner 253. These specific manipulations will allow the testing of the hypothesis that guanfacine 

blocks stress-induced reinstatement partially or totally through the inhibition of stress-induced 

glutamatergic release from PBN terminals onto the BNST, however, it is possible that other 

excitatory inputs such as the CeA may also play a role in the effects of guanfacine 212,254,255. 
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 Additionally, the role of CRF signaling within the BNST on stress-induced and NE-

mediated reinstatement of cocaine associated behaviors is well established 158,166,168. Yet, how 

a2A-AR heteroreceptors expressed in BNST CRF-producing neurons regulated BNST activity 

and output in response to agonists or stress remains unknown. in situ hybridization analyses 

aimed at classifying the BNST cell population activated by guanfacine (e.i cFOS-expressing), 

revealed a cell-autonomous pattern of activation within this region 211. Activation by guanfacine 

was spread across cells expressing many peptides, with the only apparent common feature 

among the cells being the co-expression of a2A-AR mRNAs 211. The systematic deletion of a2A-

AR from discreet cell populations within the BNST will allow for a more causal exploration of 

the actions of these receptors in BNST physiology and responses.   

Potential sex differences in a2A-AR heteroreceptor regulation of BNST activity and stress-

induced reinstatement  

 Stress and negative emotional experiences are more often cited as reasons for relapse in 

female, when compared to male patients with CUD 43,153,162. The reasons underlying sex 

differences in relapse causes are complex, including different adrenergic and hormonal responses 

to stress as well as reported incidence of traumatic events leading to PTSD and comorbid 

substance use 79,256. In clinical laboratory studies, female subjects with CUD show higher 

elevations in craving compared to male subjects, as well as activation of amygdala, hippocampal, 

and insular circuits in response to a stressful imagery exercise 158,161. In stressful imagery 

exercise studies, guanfacine was statistically more effective at curbing craving in female 

subjects, a finding that was proposed to be mediated by the higher baseline of craving in female 

subject increasing the therapeutic window of the compound 79. In addition to different responses 
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to a2A-ARs, sex differences in the response to CRF, a downstream target of stress- and NE-, 

have been reported in patients with CUD 161.  

 Preclinical studies also show evidence of sex differences in stress-induced cocaine-

associated behaviors. Female rodents show increased CPP acquisition in relationship to a 

relatively low dose of cocaine, an effect that is estrous cycle-dependent 257. Female rodents also 

show more pronounce stress- and CRF-induced reinstatement of cocaine SA 168,258. In addition to 

these findings, stress increases the co-expression of CRF and PRKd in the BNST of females, but 

not male mice, suggesting that stress differentially regulates BNST cell populations that have 

been implicated in stress-induced reinstatement 212. While it is possible that a2A-AR 

heteroreceptors regulate BNST activity and reinstatement differently in male and female mice, 

we did not observe any apparent sex differences in the current studies, therefore, the results 

presented show data from mixed-sex data sets.  However, these studies were not sufficiently 

powered to assess more subtle differences in behavior. Future studies will aim to determine sex-

specific effects of a2A-AR deletions and guanfacine treatments on stress-induced reinstatement.  

Gai-GPCR activation within the BNST reinstates cocaine CPP: implications for the use of 

Gi-DREADDs as inhibitory tools  

 Gai-GPCR signaling has been canonically associated with inhibition of neuronal activity.  

Gai- suppresses adenylyl cyclase (AC) activity, cAMP production, and intracellular signaling 92. 

In addition to direct actions at AC, Gai-GPCR can inhibit neuronal activity via Gbg -mediated G 

protein-coupled inwardly-rectifying potassium channel (GIRK) opening, which hyperpolarizes 

neurons, and through Gbg interactions with vesicular release machinery, which prevents 

neurotransmitter exocytosis 92,259. Due to their inhibitory effects, many Gai-GPCR ligands are 

used within research and clinical settings, particularly in the treatment of conditions 
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characterized by imbalances in excitatory and inhibitory balance such as epilepsy and attention 

deficit/hyperactivity disorder (ADHD) 36,67,260. Gai-GPCR also shows promise as a potential 

treatment for drug use disorders, particularly drug-withdrawal induced anxiety, negative affect, 

and relapse 63,261.  

In light of these findings, it would be expected that Gai-GPCR activation within the 

BNST could decrease stress-induced activation of the BNST and subsequently, reinstatement. 

However, we found that activation of Gai- signaling in mice we extinguished CPP was sufficient 

to induce reinstatement, even in the absence of stress. We used a chemogenetic approach in 

which a Gai-coupled designer receptor exclusively activated by designer drug (Gi-DREADD) 

was bi-laterally expressed into the BNST. These Gi-DREADDs were activated via systemic 

injections of the DREADD ligand clozapine-n-oxide (CNO). The ability of CNO to induce 

DREADD activation and Gai-GPCR signaling has been extensively validated in vitro and in vivo 

262. While potential DREADD-independent psychotropic effects of CNO have been raised as a 

concern for in vivo chemogenetic studies, we did not observe any effects of CNO on locomotion 

or reinstatement behaviors in mice either expressing control proteins in the BNST or with off-

target expression Gi-DREADDs. These observations suggest that the dose of CNO used in the 

current studies (3 mg/kg) did not produce confounding DREADD-independent effects.  

We previously reported that within the BNST, Gi-DREADDs induce the activation of 

about 30 percent of cells, a proportion that is similar to that of high-dose guanfacine 211. Gi-

DREADDs also increased calcium in vivo transients, another measure of neuronal activity. 

Taken together, these findings suggested that Gi-DREADDs may act through a similar 

mechanism as a2A-AR heteroreceptors, namely HCN channel gating, to increase BNST activity 

and behavioral output 211. These findings also suggest that in other brain regions where a2A-AR 
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heteroreceptors increase neuronal activity via HCN channel gating, such as the prefrontal cortex, 

Gi-DREADDs may also produce excitatory effects 140. Although Gi-DREADD actions will vary 

based on cellular expression, the current findings challenge the general assumption that these 

receptors are putative inhibitory switches that can be readily employed in in vivo investigations 

of activity without ex vivo validation.  

While some studies have reported slice electrophysiology validation of Gi-DREADD 

inhibitory actions alongside behavioral results, the practice has become less common as the use 

of chemogenetic technology has become more commonplace 263–265. The use of chemogenetic 

systems that do not rely on Gai-GPCR signaling to produce inhibition, such as the Ivecmectin-

gated chloride channel GluCab, or optogenetic silencers, may provide an alternative in HCN-

channel-sensitive neuronal populations, but these tools have their own set of limitations 266–268. 

Therefore, tools should always be validated to ensure that no confounding effects are introduced 

impede the proper interpretation of results.  

Dose-targeted approaches for the treatment of CUD and stress-driven neuropathology with 

a2-AR agonists 

 a2A-AR agonists, such as clonidine and guanfacine, have been investigated as potential 

pharmacotherapies against relapse, while these compounds have been effective at decreasing 

stress-induced craving and sympathetic activation in patients with cocaine use disorder, they 

have not been efficacious at preventing relapse 84,85. There are many factors underlying the lack 

of efficacy of a2A-AR agonists in clinical studies, including attrition due to negative side effects 

85. Due to binding to other a2-AR subtypes, particularly a2C-ARs as well as imidazole receptors, 

clonidine produces strong sedative and hypotensive effects 66,269. Lofexidine, another a2-AR 
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agonist, has been reported to produce cognitive deficits, leading to high dropout rates in clinical 

trials 72.  

The a2A-AR agonist guanfacine has a more favorable therapeutic profile when compared 

to non-subtype selective compounds such as clonidine and lofexidine 66. Additionally, the 

development of extended release guanfacine formulations has allowed for the administration of 

similar doses over longer periods of time, further minimizing adverse side-effects 87. In a meta-

analysis of phase 3 blind, placebo-controlled, studies of guanfacine extended release for the 

treatment of ADHD, a dose-dependent increase in adverse side effects was found for doses 

ranging from 1-4 mg 270.  The single doses used in clinical laboratory studies have been smaller 

than the ones used in extended-release formulations with ranges of 0.1-2 mg. Within this dose 

range, the primary adverse effect reported is dry mouth, with little or no sedation. However, the 

lower dose range also shows less efficacy in many laboratory tasks and conditions, including 

decreasing stress effects on cognitive flexibility in subjects with CUD 86,271. Taken together, 

these findings underscore the importance of dose in the design and implementation of the a2-AR 

agonist treatments.  

 Dose is also a critical factor in stress-induced reinstatement studies employing a2-AR 

agonists. Systemic administration of clonidine blocks foot-shock stress-induced reinstatement of 

SA and forced swim-induced reinstatement of CPP 70,71.  Yet the anti-reinstatement actions of 

clonidine are dose dependent, a 0.03 mg/kg dose blocks reinstatement but a 0.3 mg/kg dose does 

not 70. The lack of efficacy of clonidine at higher doses was ascribed to a2A-AR-independent 

mechanisms, which also might explain the sedative and hyperlocomotive effects of higher doses 

70. However, guanfacine also showed a narrow efficacy window in the forced swim test, which is 

useful in the study of antidepressant-like actions, and is used as stressor to reinstate CPP 77. Only 
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one out of five doses assayed in these studies (0.15 mg/kg) was able to decrease immobility, the 

primary measure of antidepressant-like actions 77. Taken together, these studies show that the 

efficacy of a2A-AR agonists to regulate stress-associated maladaptive behaviors is dose-

dependent.  

Since higher doses of guanfacine increase the activity of the BNST via the activation of 

a2A-AR heteroreceptor and Gai-coupled signaling, it is likely that the likely that some of 

guanfacine’s lack of clinical efficacy may be mediated by a2A-AR heteroreceptor and extended 

amygdala activation. Future studies using functional imaging modalities should aim to determine 

if guanfacine produces dose-dependent changes in the activity of the BNST in healthy 

populations and populations with CUD.  

Overall conclusions  

 Stress is often cited as a precipitating factor for relapse of cocaine use. Therefore, a2a-AR 

agonists such as guanfacine, which decreases stress-driven responses such as craving, has been 

investigated as a potential treatment for relapse in CUD. However, guanfacine has not been 

shown to be efficacious at preventing relapse. The mechanism underlying the lack of efficacy of 

guanfacine is poorly understood, but the work presented in this thesis provides insight into how 

a2a-AR auto- and heteroreceptor populations regulate guanfacine’s actions. The work on this 

thesis also shows that a2a-AR heteroreceptors are required for stress-induced reinstatement of 

cocaine CPP, a finding that broadens our understanding of how a2a-ARs regulate behavior. Our 

findings also expand our understanding of the functional consequences of Gai-GPCR signaling 

within the extended amygdala. 
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Appendix 

SNAP23D mice display altered cocaine CPP behaviors but normal responses to stress and 

guanfacine 

 Due to the necessity of a2A-AR heteroreceptors for stress-induced reinstatement as well 

as the anti-reinstatement effects of a dose of guanfacine that does not increase BNST activity, it 

is proposed that loci of the anti-reinstatement actions of guanfacine might be presynaptic. Gai-

GPCRs expressed in presynaptic terminals can inhibit neurotransmitter release in a variety of 

ways including the regulation of G protein-coupled inwardly-rectifying potassium channels 

(GIRKs) and the direct inhibition of the vesicle release complex via Gbg interactions with soluble 

NSF-attachment protein receptors (SNAREs) 8,96.   

To begin defining the possible role of Gbg – SNARE interactions on the anti-

reinstatement effects of guanfacine, we utilized the SNAP25D3 mouse model in which the 3 

terminal amino acids of the SNAP25 protein are truncated, resulting in a loss of receptor-specific 

inhibitory actions on neurotransmission 259. SNAP25D3 mice display a wide range of 

physiological deficits, but alterations in their response to stress and a guanfacine inhibition of 

PBN excitatory input in the BNST suggest that Gbg – SNARE interactions may be important for 

the regulation of stress-induced reinstatement and BNST activity by a2A-AR agonists 259.  

To test this hypothesis, 6-12 week old male wild-type and SNAP25D3 mice underwent 

cocaine CPP acquisition, extinction and forced swim stress-induced reinstatement as described in 

chapter 278. To access differences in stress-induced neuronal activity in brain regions that play a 

role in stress processing, mice were subjected to 6 minutes of forced swim stress before brain 

extraction and immunohistological staining for cFOS, as described in chapter 2 78,212. 
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We found that SNAP25D3 mice did not show differences in cocaine-induced increases in 

locomotion during conditioning, with a main effect of treatment (saline vs cocaine) (two-way 

RM ANOVA; treatment F3,257 = 45.04, p <.0001) (Fig. 23B). WT and SNAP25D3 mice spent 

more time on the paired side following conditioning and there was a main effect of conditioning 

(PRE vs POST) and genotype (two-way repeated measures ANOVA, conditioning F1,31 = 23, p < 

.0001; Genotype F1,31 = 1.58, p < .05) (Fig. 23C). Sidak’s multiple comparisons tests revealed 

both intra- and inter-genotype differences. However, there were no significant differences in the 

magnitude of conditioning, represented by the preference score, between SNAP25D3 and WT 

mice (Fig. 23D). These findings suggest that the SNAP25D3 mutation alters cocaine CPP 

expression but that the disruption does not inhibit the locomotor effects of cocaine or CPP 

acquisition.   

 Next, we determined the effects of the SNAP25D3 mutation of the extinction and stress-

induced reinstatement of cocaine CPP (Fig. 24A). By day 2 of extinction training, SNAP25D3 

mice spent less time in paired side when compared to WTs. Two-way ANOVAs revealed 

significant main effects of day and genotype (day F3, 88 = 3.88, p < .05, genotype F1, 88 = 5.24, p < 

.05). Sidak’s multiple comparisons test revealed a significant difference between WT and 

SNAP25D3 mice on day 2 of extinction training (Fig. 24B). WT and SNAP25D3 mice spent 

more time in the paired side during the reinstatement test session, with a main effect of stress 

(two-way ANOVA, stress F1,16 = 27.37, p < .0001) (Fig. 24C-D). These findings suggest that the 

SNAP25D3 mutation decreases CPP retention during extinction without impacting reinstatement. 

The deficit in CPP retention is likely driven by the altered hippocampal activity reported in 

SNAP25D3 mice, since hippocampal function is critical for the regulation of cocaine CPP 

extinction and cocaine-associated memories 259,272. 
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 Next, we assessed potential changes in stress-induced neuronal activation in regions that 

have been implicated in stress processing and drug-associated behaviors 73,247 (Fig. 25A). We 

found no significant differences in forced swim stress-induced cFOS expression across the brain, 

including the BNST (Fig. 25B-C). Additionally, in preliminary studies, guanfacine appears to be 

equally effective at preventing stress-induced reinstatement of cocaine CPP in WT and 

SNAP25D3 mice (Fig. 26).  

 Overall, these findings suggest that Gbg-SNARE interactions may not play a significant 

role in the anti-reinstatement effects of guanfacine. However, several caveats need to be taken 

into consideration while interpreting these results. First, these studies are currently 

underpowered. Second, the SNAP25D3 truncation is a life-long mutation that spans the whole 

body, therefore compensatory mechanisms may mask the potential effects of Gbg-SNARE 

decoupling on the pharmacological actions of a2A-AR agonists. Thus, further studies using 

pathway and region-specific manipulations of Gbg-SNARE are warranted to uncover potential 

effects.  
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Figure 23. SNAP25D3 mice show normal locomotor responses to cocaine and reduced 
cocaine CPP. A. Experimental design and timeline. B. Distance travelled during conditioning 
in WT and SNAP23D mice. C. WT and SNAP23D mice spend more time in the paired side 
following conditioning, but there was inter-group difference in the amount of time mice from 
both groups spend in the paired side during the post-conditioning test session. D. Magnitude 
of CPP, represented by the preference score for WT and SNAP23D mice. Data displayed as 
means and superimposed individual data points, or means plus quartiles (*p < .05, ***p < 
.001).  
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Figure 24. SNAP25D3 mice show accelerated extinction of cocaine CPP and no 
differences in stress-induced reinstatement. A. Experimental design and timeline. B. 
SNAP23D mice show significant extinction of cocaine CPP by extinction day 2 when 
compared to WT mice. C. WT and SNAP23D mice spend more time in the paired side during 
the forced swim stress-induced reinstatement test session (FS) when compared to the last day 
of extinction (EXT). D. Magnitude of reinstatement, represented by the preference score for 
WT and SNAP23D mice. Data displayed as means and superimposed individual data points, 
or means plus quartiles (**p < .01).  
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Figure 25. Lack of stress-induced differences in neuronal activation in SNAP25D3 and 
WT mice. A. Experimental design of stress-induced neuronal activation assay. B. 
Quantification of cFOS in brain regions implicated in stress-induced responses following 
forced swim stress. C. quantification of cFOS following stress in the BNST of SNAP23D and 
WT mice. Data displayed as means +/- SEM and superimposed individual data points) (perf = 
perfusion, IHC = Immunohistochemistry) (dBNST = dorsal BNST, vBNST = ventral BNST, 
LS = lateral septum, dSTR = dorsal striatum, INS = insula.  
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Figure 26. preliminary findings showing guanfacine blockade of stress-induced 
reinstatement of cocaine CPP in SNAP23D mice. A. Experimental design and timeline. B. 
Guanfacine prevents stress-induced increases in spent on the time on the paired side in WT 
and SNAP23D mice. C. preference score for WT and SNAP23D mice. D. Distance travelled 
by WT and SNAP23D during the last day of extinction (EXT) and during the forced swim 
stress-induced reinstatement test (FS). Data displayed as means plus superimposed individual 
data points.  
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