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ABSTRACT 

Alcohol use disorder (AUD) is a complex disorder with multiple pathophysiological 

processes contributing to the initiation, progression and development of the disease 

state. AUD is a chronic relapsing disease with escalation of alcohol-intake over time 

in repeated cycles of tolerance, abstinence and relapse and hence, it is very difficult 

to treat. There are only a few currently available treatments with narrow efficacy and 

variable patient response. Thus it is important to find new, more effective medications 

to increase the number of patients who can benefit from pharmacological treatment of 

AUD. 

The research presented in this thesis work focuses on the critical involvement of 

central neuropeptides in alcohol-related behaviors. The overall aim was to evaluate 

the nociceptin/orphanin FQ (NOP) receptor, the neuropeptide Y (NPY) Y2 receptor 

and the melanin-concentrating hormone (MCH) receptor 1 as novel and potential 

pharmacological treatment targets for AUD by testing the NOP receptor agonist SR-

8993, the NPY-Y2 receptor antagonist CYM-9840 and the MCH1 receptor antagonist 

GW803430 in established animal models. 

In the first study (Paper I), the novel and selective NOP agonist SR-8993 was 

assessed in rat models of motivation to obtain alcohol and relapse to alcohol-seeking 

behavior using the operant self-administration (SA) paradigm. Firstly, treatment with 

SR-8993 (1 mg/kg) showed a mildly anxiolytic effect and reversed acute alcohol 

withdrawal-induced “hangover” anxiety in the elevated plus-maze (EPM). Next, it 

potently attenuated alcohol SA and motivation to obtain alcohol in the progressive ratio 

responding (PRR) and reduced both alcohol cue-induced and yohimbine stress-

induced reinstatement of alcohol seeking, without affecting the pharmacology and 

metabolism of alcohol nor other control behaviors. To extend these findings, SR-8993 

was evaluated in escalated alcohol-intake in rats. Treatment with SR-8993 significantly 

suppressed alcohol-intake and preference in rats that were trained to consume high 

amounts of alcohol in the two-bottle free choice intermittent access (IA) paradigm. SR-

8993 also blocked operant SA of alcohol in rats that showed robust escalation in 

operant alcohol SA following chronic IA exposure to alcohol.  

In the second study (Paper II), SR-8993 was further evaluated in a model for escalated 

alcohol-intake induced by long-term IA exposure to alcohol. The effect of previous 

experience on operant alcohol SA on two-bottle free choice preference drinking was 

evaluated and sensitivity to treatment with SR-8993 was tested in rats selected for 

escalated and non-escalated alcohol seeking behavior. We found that rats exposed to 

the combined SA-IA paradigm showed greater sensitivity to SR-8993 treatment. In 

addition, acute escalation of alcohol SA after a three-week period of abstinence was 

completely abolished by pretreatment with SR-8993.   

In the third study (Paper III), the effects of the novel, small molecule NPY-Y2 

antagonist CYM-9840 were tested in operant alcohol SA, PRR which is a model for 
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motivation to work for alcohol and reinstatement of alcohol-seeking behavior 

paradigm. Treatment with CYM-9840 (10 mg/kg) potently attenuated alcohol SA, 

progressive ratio responding and stress-induced reinstatement using yohimbine as the 

stressor, while alcohol cue-induced reinstatement was unaffected. Moreover, a range 

of control behaviors including taste sensitivity, locomotor and pharmacological 

sensitivity to the sedative effects of alcohol remained unaffected by CYM-9840 

pretreatment, indicating that its effects are specific to the rewarding and motivational 

aspects of alcohol-intake and related behaviors. CYM-9840 also reversed acute 

alcohol withdrawal-induced “hangover” anxiety measured in the EPM and reduced 

alcohol-intake in the 4 hour limited access two-bottle free choice preference drinking 

model. 

Finally, in the fourth study (Paper IV), the selective MCH1-R antagonist GW803430 

was tested in rat models of escalated alcohol-intake. Pretreatment with GW803430 

(effective at 10 & 30 mg/kg) dose-dependently reduced alcohol and food-intake in rats 

that consumed high amounts of alcohol during IA, while it only decreased food-intake 

in rats that consumed low amounts of alcohol during IA, likely due to a floor effect. 

Upon protracted abstinence following IA, GW803430 significantly reduced operant 

alcohol SA and this was associated with adaptations in MCH and MCH1-R gene-

expression. In contrast, GW803430 did not affect escalated alcohol SA induced by 

chronic alcohol vapor exposure and this was accompanied by no change in MCH or 

MCH1-R gene expression. Overall, these results suggest that the MCH1-R antagonist 

affects alcohol-intake through regulation of both motivation for caloric-intake and the 

rewarding properties of alcohol.  

In conclusion, our results suggest critical roles for these central neuropeptides in the 

regulation of anxiety and of alcohol reward, making them potential pharmacological 

targets in the treatment of AUD. 



3 
 

POPULÄRVETENSKAPLIG SAMMANFATTNING 

Bruk av alkohol är vanligt förekommande och socialt accepterat i stora delar av 

världen. Detta trots den skada som alkoholbruk medför, både för individen själv, familj 

och vänner samt samhället i stort. Enligt Världshälsoorganisationen, WHO, står 

riskbruk av alkohol för cirka 6% av den årliga dödligheten och är en av orsakerna till 

runt 200 sjukdomstillstånd1.  

Alkoholberoende utvecklas gradvis över tid. Innan beroendet utvecklats talar man om 

riskbruk, dvs ett konsumtionsmönster som är skadligt för individen, vilket leder till en 

obalans i olika kemiska ämnen i hjärnan. Dessa påverkar, bland annat, omdöme, 

positiva känslor (”belöning”) och impulskontroll. När detta pågått en tid väljer individen 

att dricka alkohol inte för belöningskänslan utan för att må bättre eller glömma negativa 

känslor och upplevelser. Orsaken till ett alkoholberoende är en kombination av flera 

olika riskfaktorer, inkluderande både miljö-faktorer och genetik.  

Trots den höga sjukdomsbördan och att man vet hur varierande orsakerna till ett 

alkoholberoende kan vara, finns idag ett mycket begränsat antal läkemedel. Dessa 

inkluderar disulfiram (antabus), naltrexon (ReVia) och akamprosat (Campral). Målet 

med den här beskrivna forskningen är att ta fram flera läkemedel för att bättre 

behandla individer med olika sjukdomsprofil.  

I denna doktorand avhandling studeras tre av hjärnans signalsystem och hur reglering 

av deras funktion påverkar beteenden som alkohol-intag, återfallsrisk, belönings-

upplevelse och impulskontroll. De tre signalsystem som studeras tillhör alla en grupp, 

de är alla neuropeptider och de är: nociceptin/orfanin FQ (NOP), neuropeptid Y (NPY) 

och melanin koncentrerande hormon (MCH). NOP är släkt med opioider (t.ex. morfin), 

finns i hela nervsystemet och deltar bland annat i reglering av smärta, inlärning och 

ångest. NPY reglerar matintag, fetma, stressvar och liknande funktioner och kan 

påvisas även den i hela nervsystemet. MCH däremot kan bara ses i specifika 

hjärndelar och den reglerar energibalans, dygnsrytm, födointag mm.  

Gemensamt för effekter av ändring av funktion hos dessa tre var att intag av alkohol 

signifikant minskades, risken att återfalla till att konsumera alkohol försvagades och 

motivationen att vilja ha alkohol minskades. Dessutom visas att funktionen hos två av 

signalsystemen, NOP och MCH, påverkas av en längre tids alkoholkonsumtion. Detta 

påvisas genom att känsligheten för funktionsändring är större efter högt intag av 

alkohol. Sammantaget illustrerar de i avhandlingen ingående studierna att 

neuropeptid-system i hjärnan kan vara attraktiva för framtagande av framtida 

läkemedel vilka kan hjälpa individer med alkohol-riskbruk eller beroende2.  

                                                           
1Källa: http://www.who.int/mediacentre/factsheets/fs349/en/ (20170803) 
2Avhandling: Neuropeptide Receptors as Treatment Targets in Alcohol Use Disorder; 
Författare: Abdul Maruf Asif Aziz, LiU avhandling # 1579, 15 September 2017 
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1. INTRODUCTION 

1.1. Alcohol use disorder 

Alcohol is currently one of the most widely used and abused drugs in the world. 

Alcohol-related accidents, cognitive disorders and other problems caused by alcohol 

abuse rank high as causes of societal disability burden and result in tremendous 

human suffering (1-3). Alcohol use disorder (AUD) is among the most prevalent, 

difficult to treat and undertreated mental disorders in developed countries (4). It is well 

known that alcohol at lower doses is consumed for its rewarding, anxiolytic and social 

facilitation effects. With increasing doses, it induces cognitive and motor impairment 

and disruption of emotional stability that increases the likelihood of injury. Heavy 

alcohol drinking can be a casual factor in various chronic diseases, including cancer, 

cardiovascular disease, diabetes, gastrointestinal disease, neuropsychiatric disorders 

and infectious disease(5). This leads to increased healthcare costs (4).   

Individuals with AUD have significantly impaired control over their alcohol-intake and 

maintain their drinking patterns despite detrimental effects on their health and their 

relationships with their spouse, children, family members, friends and coworkers (5). 

Moreover, chronic intoxication is associated with increased risk taking and impulsivity 

that can result in catastrophic events such as automobile accidents that cause harm 

to others. This along with decreased productivity and increased criminality, contributes 

to the devastating societal and economic consequences of AUD (6).  

The World Health Organization (WHO) has reported that alcohol directly or indirectly 

causes approximately 3.3 million deaths per year, which is 5.9% of all deaths globally. 

AUD also contributes 5.1% to the global disease burden, which is calculated as 

disability-adjusted life years lost (DALYs). WHO has also reported that around 2 billion 

people worldwide consume alcohol, 5-10% of whom will eventually escalate their use 

and progress to develop dependence  (5). The progression of alcohol dependence is 

due to a combination of biological, psychiatric and social processes (6). Genetic 

heritability contributes approximately 50-60% of the risk for developing AUD, however, 

the contribution is highly polygenic. Interactions between genetic and environmental 

factors determine the risk for addiction (7). Alcohol-associated cues such as peers, 

cultural factors and social settings contribute to this, as does exposure to alcohol itself. 

Other environmental factors such as stress and trauma can have detrimental effects 

that increase the vulnerability of developing AUD (10, 11).  

AUD is a complex state with diverse pathophysiological processes. This results in a 

high degree of diversity within the patient population. Because of this, patient response 

to the few pharmacotherapies that are currently available is quite variable. Therefore, 

one of the most important challenges in this research area is to find new, more 

effective medications, thereby increasing the treatable portion of the patient 

population. Basic neuroscience research can improve understanding of AUD 
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pathophysiology and in doing so can identify novel mechanisms that can be targeted 

by more effective pharmacotherapies.  

1.1.1. Diagnostic criteria for alcohol use disorder 

Two main diagnostic manuals exist that are used to assess alcohol dependence. The 

Diagnostic and Statistical Manual of Mental Disorders (DSM) classification system is 

published by the American Psychiatric Association and is widely accepted as a 

standard for diagnosing AUD in the USA and many other countries. The International 

Statistical classification of Diseases and Related Health Problems (ICD) is published 

by the WHO and describes diagnostic criteria for a wide range of conditions (8).  

The 5th edition of the DSM (DSM-V) introduced some major changes to previous 

diagnostic criteria for AUD. The current criteria as stated in DSM-V are grouped as 

outlined below:  

Criteria 1-4: These describe drinking habits, total amount of consumption, timing of 

drinking and willingness to drink or craving for alcohol. The criterion describing craving 

for alcohol is a new addition.  

Criteria 5-7: These describe drinking more than intended resulting in disrupted 

attention at work, school and in the home. The individual may isolate themselves from 

social and recreational activities and prefer drinking to these activities.  The individual 

may be willing to give up personal hobbies in order to drink alcohol which ultimately 

decreases general motivation.  

Criteria 8-9: These describe risk-taking behavior. The individual will take physical risks 

or behave violently due to the effects of alcohol. The individual may drive a car or swim 

unsafely while drinking and not be concerned about the detrimental on their own and 

others’ safety.  

Criteria 10-11: These are based on the development of tolerance and withdrawal 

symptoms. When tolerance develops to alcohol, the amount of alcohol required to elicit 

the desired effect increases over time. The time course to develop tolerance can vary 

based on factors such as race, gender, age, ethnicity and body size and composition 

which make it complex to determine the development of tolerance in an individual 

patient. Alcohol withdrawal occurs with unplanned or sudden cessation of alcohol 

drinking. Symptoms include anxiety, tremor, depression, fatigue, sweating and various 

cognitive disorders are among others. These highly negative and aversive withdrawal 

effects often drive the individual to resume alcohol consumption to eliminate the 

unpleasant feelings they cause (9). 

In the current DSM-V for the diagnosis of AUD the individual must meet at least two 

criteria out of eleven (specified on the next page). Based on the number of the 

criteria met, the severity of the AUD is further classified into three categories; two to 
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three symptoms is diagnosed as mild AUD, four to five as moderate AUD and more 

than five as severe AUD. 

1.1.2. Alcohol use disorder criteria according to DSM-V 

1. The amount of alcohol-intake is higher than expected and consumption occurs 

over a longer period of time.  

2. The individual wants to cut down or cease alcohol drinking but is unable to do 

so.  

3. Spending a lot of time drinking, obtaining alcohol and recovering from the 

effects of alcohol. 

4. Craving or a strong desire to drink alcohol.  

5. Repeated alcohol drinking results in failure to meet obligations at work, school 

and home.  

6. Continued high level of alcohol drinking although it creates social and 

interpersonal problems.  

7. Giving up and becoming isolated from social, occupational and recreational 

activities. 

8. Continued alcohol drinking in unsafe situations such as driving, swimming or 

using machinery. 

9. Unable to discontinue or reduce alcohol drinking when it is causing or 

exacerbating physical or psychological conditions such as liver disease, 

cancer, cardiovascular disease, anemia, dementia and depression.  

10. Needing to drink much more than before to get the same effect or experiencing 

reduced effects with the same level of drinking (tolerance).  

11. Withdrawal symptoms such as sleep disturbance, anxiety, depression, 

agitation, confusion or hallucinations that occur when ceasing alcohol 

consumption and can only be resolved by consuming more alcohol.  

1.1.3. Transition from controlled alcohol use to alcohol use 

disorder 

At lower doses and in the early stages of the addiction process, drinking to intoxication 

is mainly driven by the positive reinforcing effects of alcohol and individuals are 

motivated to consume alcohol primarily for its rewarding effects (7, 10). Thus, alcohol 

consumption leading to intoxication is initially driven by the craving for alcohol reward. 

If this process continues it may lead to repeated episodes of heavy drinking followed 
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by abstinence (Figure 1). As this occurs, the individual will associate environmental 

stimuli such as social context, specific places and specific other people with alcohol 

use (10). This is a critical component in the development of addiction. As the addiction 

progresses the cues previously associated with alcohol use will produce conditioned 

craving for the rewarding effects of alcohol and will gain the ability to induce relapse 

to alcohol seeking (11). This process of contextual cues driving drug-seeking behavior 

after a period of abstinence is called relapse in humans and reinstatement in animal 

models of addiction (12, 13).  

 

Figure 1. A schematic representation of the progression and transition to alcohol dependence over 

time. At the early impulsive stage the use of alcohol is driven for its positively reinforcing effects i.e. 

reward craving. However, after a period of prolonged episodes of intoxication a shift occurs. In this 

phase the use of alcohol becomes compulsive. The alcohol is now consumed to overcome the highly 

negative and aversive symptoms that is marked in the chronic state. This figure is reproduced with 

permission from Elsevier for printing in this thesis (14). 

As mentioned, the clinical diagnosis of alcohol dependence includes tolerance and 

withdrawal. With repeated cycles of alcohol-intake and subsequent withdrawal, 

neurobiological and neurochemical responses to alcohol-intake are altered and 

increasing doses of alcohol are required to achieve the same effects. Abrupt cessation 

of alcohol-intake produces a rebound effect and is experienced as withdrawal 

symptoms.  

Behaviorally, acute withdrawal from alcohol is characterized by tremor, increased 

heart rate, flush, sweating and high risk of epileptic seizures and delirium tremens. 

During protracted abstinence, affective symptoms include increased anxiety, negative 

mood and enhanced sensitivity to stress (15, 16). The individual feels highly motivated 

to offset these aversive symptoms by resuming alcohol consumption. Alcohol craving 



INTRODUCTION 

 

 
16 

 

in the latter stage of AUD is thus driven primarily by negative reinforcement or 

behaviors that remove negative aversive affect and alcohol-intake becomes 

compulsive (14, 17, 18). The specific neurobiological mechanisms behind the switch 

from positive to negative reinforcement mediating alcohol seeking and consumption 

are multiple and the exact mechanisms are largely unknown (18). Understanding 

these mechanisms is critical for the development of new and effective treatments for 

AUD. 

1.1.4. Risk factors for alcohol use disorder 

AUD arises from a combination of many personal, social and biological risk factors 

that directly and indirectly influence disease progression. A social context that permits 

alcohol use in everyday settings and approves of drinking to intoxication plays a critical 

role. It has been extensively reported that early and excessive alcohol use during 

adolescence increases the risk of developing AUD as an adult, with peer use being a 

strong predictor of adolescent alcohol use (19). Other risk factors include family history 

of AUD, lack of family support, low parental monitoring, childhood conduct disorders, 

mood disorders, low self-control, impulsivity and positive expectancies about alcohol 

use. Family history of AUD in particular predicts high risk of early onset and 

development of AUD due to a combination of genetic risk and behavioral effects of 

family members modeling heavy drinking (20). 

In addition to environmental factors, genetics play a substantial role in development of 

AUD (21). A polymorphism of the enzyme alcohol dehydrogenase (ALDH) reduces 

risk of developing AUD (22). There are several other genetic variations that influence 

neurotransmitter responses to alcohol and that individually and modestly increase risk 

of developing AUD. Each identified allele that contributes adds less than 1% of the 

genetic risk for AUD, making AUD a polygenic disorder and indicating that although 

AUD is heritable, this is likely due to additive effects of many genes that contribute 

minor risk rather than having a clearly predictive genotype (23).  

1.1.5. Anxiety and depression are closely associated with 

alcohol use disorder 

Specific symptoms of different anxiety disorders vary, but all include some form of 

excessive, irrational fear and some form of anticipation of negative events (24). 

Common depressive symptoms include persistent sadness, hopelessness, guilt, 

irritability, loss of interest in activities that were once pleasurable, sleep abnormalities 

and suicidal thoughts. The severity, frequency and duration of these symptoms vary 

between individuals. There is high comorbidity between anxiety disorders, major 

depression, alcohol and other substance-use disorders and personality disorders (25).  

Interestingly, anxiety disorder is among the third most common psychological disorder 

exceeded by depression and AUD (26). There is a strong relationship between anxiety 

and AUD. Several epidemiological studies have shown a remarkable co-morbidity 
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between anxiety disorder and AUD (26, 27). Thus, we should focus more on exploring 

the potential factors that influences the relationship between anxiety disorder and 

AUD. Gender, situational context, drinking motives and alcohol expectancies are some 

of the interesting variables. Thus it is necessary to gain insight into which factors are 

the key players in the association between anxiety disorders and AUD and which might 

prove useful clinically in developing treatments for the patients with this common form 

of psychiatric co-morbidity (27).  

 

Depression and AUD also frequently co-occur. Depression is a prevalent psychiatric 

disorder among drinker. Although the relationship between depression and alcohol 

use is well established, it is not known whether depression is an independent risk 

factor for developing alcohol dependence (28). Plenty of underlying mechanism 

defines the association between depression and alcohol-intake comorbidity along with 

the behavioral manifestations of depression (29, 30). Moreover depressive like 

symptoms weaken an individual’s ability to self-control which influences the amount of 

alcohol-intake and risk to relapse (31).   

1.1.6. Neurobiological effects of alcohol 

Alcohol is one of the most socially accepted psychoactive drugs in modern society, 

despite the fact that the dangers of alcohol abuse and addiction are very well known. 

The neurobiological mechanisms underlying the transition from alcohol use to AUD  

remain unclear (32). Mechanisms are likely related to interactions between genetic 

susceptibility and contributing environmental factors; and to changes in the brain that 

occur with chronic exposure to alcohol (33).   

Alcohol is considered a pharmacologically “dirty drug” meaning that it influences a 

broad range of neurotransmitter and neuropeptide systems in multiple brain areas 

(34). Moreover, different stages of development of alcohol addiction recruit different 

regions and sub-regions of the brain (Figure 2). Brain areas that are involved in 

regulating the rewarding effects of alcohol and other drugs of abuse include the ventral 

tegmental area (VTA), nucleus accumbens (NAc) and medial prefrontal cortex (mPFC) 

(35, 36). In the early stages of development of alcohol dependence, alcohol 

consumption is impulsive and driven by its pleasurable and positive reinforcing effects, 

i.e. reward. This leads to craving for alcohol reward in social contexts, followed by 

more frequent and heavier drinking. Over prolonged and repeated cycles of 

intoxication followed by abstinence and then relapse, a shift occurs. At this point, 

alcohol consumption becomes compulsive and drinking becomes necessary to relieve 

the negative and aversive affective symptoms that accompany withdrawal from 

alcohol. Negative affect and withdrawal involves brain regions such as the amygdala 

and bed nucleus of stria terminalis (BNST) (Figure 2). This process is associated with 

plasticity changes in central neuropeptide systems, suggesting recruitment of these 

systems during the transition to alcohol dependence (37, 38).    
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Figure 2. Neurocircuitry schematic illustrating the combination of neuroadaptations and key brain 

regions during the three proposed stages (binge/intoxication, withdrawal/negative affect and 

preoccupation/anticipation) of the alcohol addiction cycle that drive drug-seeking behavior. The striatum 

is activated during the binge/intoxication stage. During the withdrawal/negative affect stage dopamine 

systems are inhibited and the stress response is activated to further enhance the salience of drugs and 

drug-related stimuli in the context of an aversive dysphoric state. During the preoccupation/anticipation 

stage, contextual cues processed in the hippocampus and conditioned stimulus cues processed in the 

basolateral amygdala (BLA) converge with frontal cortex activity to drive drug seeking. 

Neurotransmission in other areas of the frontal cortex is inhibited causing deficits in executive function. 

This figure is reproduced with permission from Elsevier for printing in this thesis (38). 

1.1.7. Current treatment options for alcohol use disorder 

Given the prevalence and severity of alcohol use, abuse and dependence 

understanding how and where it acts in the brain is a key challenge in the development 

of novel treatments. The direct actions of alcohol within the central nervous system 

(CNS) are poorly understood (39) although mechanisms of action of alcohol via 

several classical neurotransmitters as well as several neuropeptides have been 

identified (39). The current number of available pharmacological treatments for AUD 

is limited to only three to five depending on the country (6). 

Although AUD is a significant world health problem and socioeconomic burden only a 

few pharmacological interventions are available. Currently only three medications 

have been approved by Food and Drug Administration (FDA) in the United States for 

treatment of AUD. Those are: Disulfiram, Naltrexone and Acamprosate. The situation 

is similar in Sweden with those three medications plus nalmefene (trade name 
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Selincro) being available to patients. All these treatment options available today have 

limited efficacy in preventing craving and relapse. 

Disulfiram (trade name Antabuse) was the first treatment for alcohol addiction 

introduced in the market. The mechanism of action of disulfiram is to inhibit the enzyme 

ALDH thereby blocking the metabolism of alcohol and resulting in an accumulation of 

acetaldehyde in the body (40). This causes highly aversive symptoms such as 

sweating, flushing, nausea and vomiting if alcohol is consumed after taking the 

medication. These effects are potentially dangerous and can even be fatal. The 

accumulation of acetaldehyde can have toxic effects on multiple organs including the 

liver where it is mostly metabolized (41). Thus, it is very important that the patient is 

well informed about the actions and the possible adverse effects of this medication 

and preferably taken under medical supervision. The aim with disulfiram was to 

establish a negative association between alcohol use and aversive feelings to help the 

patient to refrain from drinking. However, it has been shown that disulfiram has no 

significant impact on withdrawal symptoms or the desire to consume alcohol. 

Compliance is low in the absence of medical supervision and randomized controlled 

trials show no difference from placebo in promoting abstinence (42). 

Naltrexone (trade names Vivitrol and Revia) an opioid receptor antagonist that 

preferentially binds to μ and κ receptors at the doses used clinically was approved by 

the FDA in 1984 for treatment of opiate dependence and AUD. The mechanism of 

action of is not clearly understood but it is thought that it modulates alcohol-induced 

dopamine transmission to reduce the rewarding effects of alcohol which has been the 

behavioral outcome of studies with social drinkers and patients with AUD (43, 44). 

Treatment outcomes are variable likely because this treatment is most effective in 

male individuals carrying a specific variant of the OPRM1 gene (45).  

Acamprosate (trade name Campral) is the most recent medication to be approved for 

the treatment of AUD in the United States. It acts to reduce craving and promote 

abstinence (46). It is chemically similar to that of GABA and its primary mechanism of 

action appears to be reducing glutamatergic neurotransmission though this is 

complicated and fairly controversial.  At high concentrations according to various 

studies acamprosate inhibits glutamate receptor activation, enhances NMDA receptor 

function, acts as a weak antagonist at the NMDA receptor, acts as a partial agonist at 

the polyamine site of the NMDA receptor and possibly inhibits the mGluR1 and 

mGluR5 receptors. However, no direct action of acamprosate at clinically-relevant 

concentrations has been discovered. Preclinical data has recently suggested that the 

mechanism of action of acamprosate at clinically relevant doses may be due to its 

function as a carrier of calcium into the nervous system (47). 
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1.2. Neurotransmitter systems in alcohol use disorder 

Alcohol does not have a single specific receptor or transporter site of action in the 

CNS. Upon ingestion, it affects the general homeostasis of the brain by modulating 

numerous neurotransmitter and receptor systems (32, 48, 49). This makes it 

challenging to identify which specific factors are affected during the transition from 

controlled to compulsive alcohol drinking. Several neurotransmitter systems that have 

are recruited and implicated in regulation of the rewarding effects of alcohol include 

classical transmitters such as GABA, glutamate, dopamine and serotonin systems, as 

well as neuropeptide systems such as the opioids, etc (50-53) (Figure 3). The 

neuropeptide systems (nociceptin/orphanin FQ (NOP), neuropeptide Y (NPY) and 

melanin-concentrating hormone (MCH)) which are the focus of this thesis are 

presented separately in the next sub-chapter 1.4, 1.5 and 1.6. 

 

 

 

Figure 3. This pictorial presentation highlights the novel targets by focusing on the three key stages 

(binge/intoxication, withdrawal/negative affect and preoccupation/anticipation) of the AUD cycle with 
potential molecular targets. Mason et. al 2017 summaries and expands on the emerging and potential 
pharmacotherapies for AUD with corresponding clinical states (54). This figure is reproduced with 
permission from Elsevier for printing in this thesis. 
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1.2.1. The GABAergic system in alcohol use disorder 

The depressant effects of alcohol result from its agonist activity at GABAA receptors 

the principal postsynaptic receptors for the inhibitory neurotransmitter GABA. Other 

agonists at these receptors include barbiturates, anesthetics and benzodiazepines. 

GABA release opens the ion channel allowing chloride ions (Cl-) to enter the neuron 

resulting in hyperpolarization of the membrane which leads to delay and/or inhibition 

of action potentials (55).  

Chronic and repeated exposure to alcohol results in reduced sensitivity of GABAA 

receptors to alcohol and to GABA (56). This results in an increased tolerance to the 

effects of alcohol such that more alcohol is needed in order to achieve the desired 

depressant and intoxicating effects. In order to achieve homeostasis the CNS recruits 

glutamate resulting in symptoms such as tremors and anxiety during withdrawal 

phase. Over time continued exposure to alcohol promotes further CNS 

hyperexcitability as a result of hypersensitivity of glutamate receptors (57, 58).  

GABAA receptors also regulate dopamine levels in the mesolimbic dopaminergic 

system. Injecting GABAA agonist muscimol directly into the VTA dose-dependently 

increases dopamine release from the VTA to the NAc (59). Long-term exposure to 

alcohol decreases GABAA receptor expression in the VTA which also results in 

increased dopamine release (60).  

1.2.2. The glutamatergic system in alcohol use disorder 

Glutamate is the primary excitatory neurotransmitter and acts through the ligand gated 

ion channel (LGIC) receptors, N-methyl-D-aspartate (NMDA), kainic acid and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) as well as through the 

G-protein coupled metabotropic glutamate receptors (mGluR1-8). These receptors are 

widely distributed throughout the brain with the highest density in the forebrain (61, 

62). Glutamate can be neurotoxic at high concentrations and its synaptic concentration 

is therefore tightly controlled. Glutamate is rapidly removed after release into the 

synaptic by excitatory amino acid transporters EAAT1-5, EAAT1 and EAAT2 

predominantly found in glial cells, are responsible for the majority of glutamate 

reuptake from synapses. EAAT3-5 are expressed in neurons throughout the brain 

(63). Glutamate is important for neuronal plasticity, learning, memory and has been 

implicated in the pathophysiology of anxiety disorders and AUD. 

Results from studies using in-vivo microdialysis in rats show that repeated cycles of 

alcohol exposure and abstinence lead to elevated levels of extracellular glutamate 

(64). This finding is further supported by a recent study showing that mice with a 

targeted mutation of the clock gene Per2 had increased levels of glutamate in the 

ventral striatum driven by impaired function and expression of glutamate transporters 
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and also had increased drinking in the two-bottle free choice alcohol drinking paradigm 

(65). 

Glutamatergic signaling in the mPFC, amygdala and hippocampus is important in the 

regulation of alcohol reward with enhanced signaling in initial stages of the reinforcing 

effects of acute alcohol followed by reduced glutamatergic activity. Acute alcohol also 

markedly attenuates extracellular glutamate levels in the NAc. NMDA and mGluR5 are 

the glutamate receptor subtypes most directly involved in modulating the effects of 

alcohol. Glutamate is critically involved in the neuroplasticity that occurs as 

dependence develops and in the neuronal hyperexcitability as well as in craving that 

occur during abstinence (66, 67). 

Treatment with acamprosate an approved treatment for AUD that proposedly acts at 

NMDA receptors was shown to stabilize the elevated glutamate levels, reduce alcohol 

consumption and promote abstinence (46). Therefore, it has been hypothesized that 

either downregulation or inhibition of glutamate transporters may mimic the 

hyperglutamatergic state observed after repeated cycles of alcohol exposure and that 

withdrawal could be due to downregulation or inhibition of glutamate transporters (14). 

It has been shown that glutamate transporters were upregulated in the PFC of patients 

with AUD (68).  

It should be noted that calcium has been suggested to be the active moiety of 

acamprosate (69). Recently it has been reported that plasma calcium concentrations 

in association with severity of alcohol dependence and its interaction with regulating 

pathways and alcohol craving in alcohol-dependent patients (70). 

In rodent models, acute stress produces robustly elevated glutamate release in the 

hippocampus and PFC (71). Patients with major depression also have elevated levels 

of glutamate possibly resulting from a broad loss of glial cells and reduced expression 

of EAAT1-2 in the frontal regions of brain (72-74).  

1.2.3. The dopaminergic system in alcohol use disorder 

The mesocorticolimbic dopaminergic system is altered in patients with AUD. This 

neurotransmitter system consisting of dopaminergic neurons projecting from the 

midbrain VTA to the cortical mPFC and the limbic system NAc is known as the “reward 

pathway or hub” and is a key factor in the development of AUD. Alcohol acts directly 

on VTA interneurons to stimulate dopamine release from dopaminergic neurons 

projecting from the VTA to the NAc. This process is critical in the mediation of drug 

seeking, positive reinforcement and reward learning. As previously mentioned, 

another effect of alcohol-intake is to enhance β-endorphin release and its activity at 

MOR in the VTA results in inhibition of the GABAergic interneurons that normally exert 

tonic inhibition of the dopaminergic neurons in the VTA. The net effect is enhanced 

dopamine release into the NAc (36, 75, 76) (Figure 4). 
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The neuronal population of the NAc consists of 90-95% GABAergic projection neurons 

called medium spiny neurons that contain dopamine D1 or D2 receptors (77). The 

neurons expressing D1R primarily contain the neuropeptides substance P and 

dynorphin (DYN) and project back to the VTA or to the substantia nigra defined as the 

direct pathway (78). The neurons expressing D2R contain the neuropeptides 

neurotensin and enkephalin and project to limbic regions including the ventral pallidum 

defined as the indirect pathway (79, 80).  

 

 

Figure 4. The effects of alcohol on GABAA, glutamate and dopamine in the mesolimbic reward 

pathway. Alcohol disinhibits GABAergic transmission in the VTA resulting increased dopamine release 

into the NAc. Consequently, alcohol inhibits glutamate release of in the VTA and NAc. It should be 

noted that several other neuropeptides may also affect regulation of alcohol reward in this pathway. 

This figure is reproduced with permission from Elsevier for printing in this thesis (1). 

1.2.4. The opioid system in alcohol use disorder 

Significant experimental evidence implicates the endogenous opioid system with the 

processes of reward and reinforcement. Actually many behaviors associated with 

reward and reinforcement for example feeding behavior are controlled by distinct 

components of the endogenous opioid system located in relevant brain regions (81). 

Opioids act by stimulating specific membrane receptors of which there are three major 

types. Those are: μ (mu), δ (delta) and κ (kappa).  
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Alcohol stimulates the release of endogenous β-endorphin the primary ligand for mu-

opioid receptors (MOR) resulting in alcohol’s euphoric effects. This process affects the 

synthesis of endogenous opioid peptides and the binding properties of their receptors. 

Blocking activity at mu-opioid receptors with for example compounds with opioid 

receptor antagonist properties such as naltrexone reduces craving for alcohol and has 

been useful in the treatment of AUD for some patients (82). 

Rats made dependent on alcohol via chronic exposure to alcohol vapor increased their 

operant responding for alcohol and also displayed negative affect and increased DYN 

immunoreactivity and κ-opioid receptor (KOR) signaling in the central nucleus of the 

amygdala (CeA) (83). DYN and KOR have been implicated in various psychiatric 

disorders including anxiety, depression and drug addiction. Rodent strains with 

genetically predisposition to consume more alcohol have reduced DYN/KOR tone in 

the brain reward circuitry. Both acute and chronic exposure to alcohol upregulate the 

DYN/KOR system (84-86). KOR antagonists have been shown to reduce the negative 

affect associated with stress and with repeated cycles of alcohol-intake and withdrawal 

(87). These antagonists are effective in reducing alcohol-intake but more under 

conditions of high levels of alcohol-intake in combination with exposure to stress than 

during the initial phase of AUD development. These results support a significant role 

for the DYN/KOR system in the development of alcohol dependence and increased 

alcohol consumption induced by stress (88). Thus targeting KORs in the development 

of novel therapeutics for AUD and related affective disorders could be promising. 

Studies examining the δ-opioid receptor (DOR) in alcohol-intake have yielded 

inconsistent results using pharmacological approach on alcohol consumption. DOR 

receptor expression densities were evaluated in brain regions of rodents that differed 

in alcohol avidities clarifying the role of DOR in alcohol-intake (89, 90). DOR knock-

out mice drink more alcohol and influences alcohol-intake partly through an effect of it 

on anxiety (91). Interestingly a long term exposure to alcohol downregulates MOR in 

NAc and striatum but has no effect on DOR (92). These data suggest that DOR may 

influence and plays a role in alcohol-intake and related behaviors making it a possible 

attractive target for the treatment of AUD. 

1.2.5. The serotonergic system in alcohol use disorder 

Serotonin (5HT) also regulates dopaminergic activity. Alcohol-preferring (P) rats 

selectively bred for high two-bottle free choice alcohol drinking have fewer 

serotoninergic neurons, higher levels of endogenous opioids and more GABAergic 

neurons in the limbic system than alcohol-non-preferring (NP) rats selectively bred for 

low two-bottle free choice alcohol drinking (93).  This results in reduced dopamine and 

a lower density of postsynaptic dopamine D2 receptors in P rats. Drugs that enhance 

5HT release or dopamine release onto D2 receptors decrease alcohol consumption 

and dopamine D2 receptor antagonists increase alcohol consumption. Dopamine 

release is higher in P rats than in NP rats after alcohol consumption which suggests 
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that P rats are more sensitive to the effects of alcohol. These findings are similar to 

results from human studies. Levels of 5HT metabolites in the cerebrospinal fluid (CSF) 

are lower in patients with AUD than in matched controls. Patients with AUD have 

reduced craving for alcohol, reduced stress and reduced probability to relapse when 

treated with serotonin and dopamine precursors (94). 

1.2.6. Stress systems in alcohol use disorder 

Endogenous stress systems are recruited during the late phase of AUD which is 

associated in mediating aversive feeling and negative emotional states. This negative 

affective state is remarkable at this late phase of addictive process characterized by 

elevated anxiety, dampened mood and hypersensitivity to stress response. Thus the 

craving for alcohol in this stage is compulsive which is mainly driven by negative 

reinforcement and insensitivity to negative consequences. The hypothalamus is not 

only involved in processing reward-related behaviors but also plays a key role in stress 

regulation as part of the hypothalamic-pituitary-adrenal (HPA) axis which is activated 

by both psychological and physiological stressors (95). Thus screening drugs that 

target the withdrawal and negative affect stage in AUD is important. 

Corticotropin-releasing hormone (CRH) is the primary neuropeptide involved in stress 

regulation and is an important component of the brain stress system.  It is synthesized 

in the paraventricular nucleus (PVN) of the hypothalamus which is central in the 

regulation of the endocrine stress response system and contains a high density of cell 

bodies that produces CRH (96, 97). Adrenocorticotropic hormone (ACTH) is released 

upon activation of the anterior pituitary gland by CRH. ACTH is secreted into the blood 

and travels to the adrenal cortex, resulting in glucocorticoid release.  The primary 

glucocorticoid in rodents is corticosterone and in humans is cortisol. CRH containing 

cell bodies project to extrahypothalamic regions including CeA and BNST that are 

involved in mediation of both fear and anxiety (98, 99). Also growing bodies of 

evidence and data makes CRH an attractive and novel target for the treatment of AUD. 

On the other hand, DYN which binds to the KOR is another stress-related 

neuropeptide that is involved in regulation of the negative reinforcing effects of alcohol. 

The DYN/KOR system undergoes neuroadaptations following chronic exposure to 

alcohol and increased signaling during withdrawal period promotes the negative affect 

that drives subsequent excessive alcohol-intake (88). 
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1.3. Central neuropeptides in alcohol use disorder 

As previously mentioned, numerous neurotransmitter and neuropeptide systems are 

involved and recruited during the progression of AUD from intake due to reward to 

heavy consumption; and the anxiety associated with withdrawal and subsequent 

relapse. Several neuropeptides have been implicated in control of the reward and 

anxiety aspects of the pathophysiology and neuronal mechanisms of AUD. 

The work in this thesis focuses on three of these neuropeptide systems: NOP, NPY 

and MCH that play roles in the neuroadaptation that occurs during the progression of 

the disease. These neuropeptides have been studied as possible therapeutic targets 

to alleviate and abolish the harmful effects of alcohol (100-102). 

1.3.1. G protein-coupled receptors 

Neuropeptides exert their functions within the CNS via G protein-coupled receptors 

(GPCRs) also known as 7-transmembrane domain receptors. GPCRSs are the most 

common target of drugs prescribed to treat CNS, cardiovascular, pulmonary and 

gastrointestinal diseases (103). GPCRs have a structure that passes through the cell 

membrane seven times creating a cavity in the membrane. The GPCRs detect 

molecules (ligands) on the outside of the cell and then activate internal pathways via 

coupling to G-proteins and for some also to beta-arrestin resulting in cellular 

responses (104).  

The two principal signal transduction pathways following activation of GPCRs are 

primarily the cyclic adenosine monophosphate (cAMP) and the phosphatidylinositol 

signaling pathways.  Binding of a ligand to a GPCR results in a conformational change 

in the GPCR that enables it to act as a guanine nucleotide exchange factor (GEF). 

GEFs are proteins or protein domains that activate monomeric guanosine 

triphosphatases (GTPases) by directly stimulating the release of GDP to allow binding 

of GTP. Thus, GPCR activates an associated G-protein by exchanging its bound GDP 

for GTP. The α subunit of the G-protein binds GTP and can then dissociate from the 

β and γ subunits to further activate or inhibit intracellular signaling proteins or target 

functional proteins directly depending on the α subunit type. This process is called 

signal transduction.  A chemical or physical signal is transmitted through a cell via a 

series of molecular events most commonly of proteins which ultimately results in some 

response or effect (105, 106). 

Beta-arrestin 2 a multifunctional key component of the GPCR complex is essential for 

μ-opioid and dopamine D2 receptor signaling both of which are involved in mediating 

the rewarding effects of alcohol. Beta-arrestin can mediate receptor signaling 

independent of G-proteins and also mediates the cAMP cascade via a scaffolding 

complex with kinases and/or phosphatases (107, 108). Beta-arrestin 2 deficient mice 

have enhanced sensitivity to drug effects due to impaired desensitization of GPCRs 
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which normally undergo desensitization via phosphorylation and subsequent binding 

of beta-arrestin to further prevent GPCR coupling (109, 110). 

Beta-arrestin 2 knockout mice have sensitized dopamine release and reward response 

to a low dose of alcohol (1 g/kg) and also drink more in the two-bottle free choice 

preference drinking paradigm. These mice also have enhanced morphine analgesia 

and reward response to morphine but a normal reward response to cocaine. These 

results suggest that beta-arrestin 2 normally functions as a positive regulator for 

alcohol- and opiate-mediated behavior (111-115). 

1.3.2. Biased Agonism 

GPCR targeted drug discovery is no longer limited to seeking agonists or antagonists 

to stimulate or block cellular responses that are associated with a particular receptor. 

GPCRs are now known to support a broad diversity of pharmacological profiles due to 

biased or functional selectivity. A ligand can stabilize subsets of receptor 

conformations to produce novel pharmacological profiles a concept known as ligand 

bias. Biased ligands can potentially offer safer, better tolerated and more efficacious 

drugs and several are currently in clinical development now.  Biased ligands targeting 

GPCRs are thus promising for improved therapeutic profiles (116).  
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1.4. Nociceptin/Orphanin FQ  

Attempts to clone novel opioid receptor types and subtypes in 1994 led scientists from 

several laboratories to isolate cDNA encoding a protein with a primary structure 

analogous to those of opioid receptors that was named opioid receptor like-1 (ORL1) 

(117). ORL1 is a GPCR with high structural homology to the classical opioid receptors. 

However, when transfected into mammalian cells ORL1 does not show the activation 

by or binding affinity for classical opiates that the other opioid receptors does. ORL1 

can be activated by a high concentration of opioid agonist etorphine and inhibited by 

a high concentration of opioid antagonist naloxone (117) but due to the lack of a good 

high affinity ligand there was no binding assay available to characterize this receptor. 

Thus it remained an “orphan” until late 1995 when two research groups independently 

reported isolation of the endogenous ligand which one group called nociceptin (118) 

and the other called orphanin FQ (119) thereafter referred to as nociceptin/orphanin 

FQ (NOP) (120). This 17 amino acid new neuropeptide was named nociceptin due to 

its enhancement of the nociceptive response in the hot plate test when administered 

intracerebroventricularly (ICV) to mice (118) and the name orphanin FQ denotes the 

ligand’s first and last amino acids phenylalanine (F) and glutamine (Q) (121). 

NOP a heptadecapeptide with amino acid sequence Phe-Gly-Gly-Phe-Thr-Gly-Ala-

Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln is structurally related to the opioid peptide 

dynorphin- A (118). Despite its structural similarity to other opioid peptides NOP does 

not bind to classical opioid receptors nor do other opioid peptides bind to ORL1 

receptor (121). Similarly to the other opioid receptors, activation of ORL1 by NOP 

triggers intracellular signaling events such as negative coupling with adenylyl cyclase 

activation of inward rectifying potassium ion channels and inhibition of calcium current 

(118, 119, 121). These cellular signaling responses to NOP are relatively insensitive 

to opioid receptor antagonism with naloxone (122). Structural analysis suggests that 

separate mutations led to a coordinated distinct pharmacological separation of the 

NOP system from the opioid system. Brain mapping studies have shown that the 

neuroanatomical distribution of NOP and its receptor differs significantly from that of 

the other opioid peptides and receptors (123-125). 

1.4.1. Tissue distribution of the nociceptin/orphanin FQ receptor 

The focus of research on ORL1 was initially pain and nociception but this receptor is 

also expressed in brain areas involved in reward processing and stress response. 

ORL1 mRNA has been detected in cortical and corticolimbic areas including the 

amygdala, hippocampus, habenula and septum, the ventromedial and paraventricular 

nuclei of the hypothalamus, the locus coeruleus, parabrachial nucleus, periaqueductal 

gray and dorsal raphe nucleus in the brain stem and the dorsal and ventral horns of 

the spinal cord (126). Immunohistochemical mapping of the ORL1 protein in the rat 

CNS revealed similar distributions as those obtained from in-situ hybridization studies, 

indicating that ORL1 is predominantly expressed in local-circuit interneurons (124). 

The distribution of ORL1 mRNA and protein suggests that it could be involved in 
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regulation of reward-related behaviors and in psychiatric disorders such as anxiety 

and depression. NOP may also play a role in regulation of drug intake and related 

behaviors. 

1.4.2. Functional role of nociceptin/orphanin FQ  

As described above in the text that NOP and its receptor are found in brain areas 

involved in reward processes and in regulation of anxiety- and stress-related 

behaviors. NOP can be considered an endogenous antagonist of dopamine transport 

in that it affects locomotion and other motor behaviors partly by inhibiting the dopamine 

transporter directly and partly by inhibiting GABA transporter to indirectly reduce 

dopamine transmission (127). In addition to modulating nociception and locomotion, 

NOP is also involved in food-intake, learning and memory and control of 

neurotransmitter release at central and peripheral sites (128). In addition agonism at 

the NOP receptor together with antagonism at classical opioid receptors may help to 

decrease drug intake and rewarding effects experience in patients who do not respond 

to other treatments (129). 

NOP acts as a potent anti-analgesic when acting centrally in the forebrain efficiently 

counteracting the effects of pain medications (130). ORL1 is found in both central and 

peripheral nervous tissue where it modulates pain perception in the opposite direction 

of the classical opioid receptors. Unlike morphine and other opioids with pain-relieving 

properties administration of NOP directly into the brain causes increased sensations 

of pain or hyperalgesia. It also counteracts analgesia, thus acting as an anti-opioid, 

perhaps useful as a treatment for opiate overdose. Blocking ORL1 on the other hand, 

increases pain threshold and reduces the development of tolerance to analgesic 

opioids (131). As such NOP may have lower addiction potential than other commonly 

prescribed pain medications. The anti-analgesic function of NOP is mediated by 

inhibition of activity in the periaqueductal gray which controls pain modulation directed 

from the CNS (130-132). NOP has potential as a method to reduce morphine dose 

and decrease the development of tolerance and dependence in pain patients (133). 

Despite high structural similarity to dynorphin-A (119, 134) NOP lacks the N-terminal 

tyrosine necessary for affinity at the classical opioid receptors (121, 135, 136). Even 

at a nanomolar concentration range NOP selectively binds to ORL1 but not to other 

opioid receptors. Electrophysiology reveals that NOP inhibits the activity of β-

endorphin containing neurons in the arcuate nucleus of the hypothalamus by activating 

inward potassium ion influx (137). This is likely to influence reward processing via 

interacting with the mesolimbic dopaminergic system given that these neurons 

projects to the VTA and NAc where reduced opioid release would affect behavioral 

response to a rewarding stimulus (138). 
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1.4.3. The role of nociceptin/orphanin FQ system in reward 

processing 

In addition to nociceptive effects the endogenous NOP system has also been 

implicated in a broad range of additional central and peripheral effects including drug 

addiction. For example ICV administration of NOP reduced voluntary alcohol-intake in 

the alcohol-preferring msP rat (139-141). In addition systemic (IP) administration of 

the NOP receptor agonist Ro64-6198 reduced anxiety (142) and alcohol self-

administration and prevented relapse-like behavior in an alcohol deprivation model in 

rats (143). It has also been reported that ICV administration of nociceptin reduces the 

rewarding effects of several drugs of abuse in the conditioned place preference (CPP) 

paradigm. On the other hand systemic administration of the NOP receptor antagonist 

J-113397 enhanced the acquisition of cocaine-induced CPP and ICV administration 

of the peptide blocks it. NOP receptor antagonist UFP-101 enhanced the acquisition 

of methamphetamine-induced CPP in mice. Moreover, genetically modified mice 

lacking ORL1 are more susceptible to the rewarding effects of cocaine, 

methamphetamine and alcohol (144, 145). NOP given ICV has been shown to 

suppress dopamine release into the NAc in anesthetized rats an indication that it may 

have aversive properties (146). However, ICV administration of NOP is motivationally 

neutral in the CPP test in rats (147). 

Data from clinical studies indicate that alcohol consumption increases during stressful 

life events and exposure to stress can trigger alcohol relapse in abstinent alcoholics. 

Central administration of NOP has an anxiolytic effect and knockout mice lacking the 

NOP gene have impaired adaptation to repeated stress exposure (148). Low doses of 

NOP reduce acute footshock-induced anxiety in rats (149). Chronic ICV injection of 

NOP significantly reduces two-bottle free choice alcohol-intake and preference in 

alcohol-induced CPP. Lastly, NOP inhibits cue- and stress-induced reinstatement of 

alcohol-seeking behavior in alcohol preferring rats (150, 151).  Taken together, these 

results suggest ORL1 as a potential target for developing pharmaceutical interventions 

for AUD.  Because NOP receptor activation may include differential activation of 

intracellular signaling pathways following ligand binding investigations into NOP-

based pharmaceuticals should include tests for possible biased mechanisms. 

1.4.4. The nociceptin/orphanin FQ system in alcohol use 

disorder 

In animal models central administration of NOP has been shown to significantly 

decrease operant alcohol self-administration and reinstatement of alcohol seeking 

behavior suggesting a reduction in the experience of the rewarding properties of 

alcohol (140). Within the mesolimbic dopamine system over 80% of dopaminergic 

neurons in the VTA also contain ORL1 (152) which upon activation of ORL1 by ICV 

administration of NOP reduces the rewarding effects of alcohol by reducing dopamine 

release and by inhibiting the GABAergic pathway that is normally enhanced during 

alcohol reward and development of dependence (153, 154).  
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It has also been demonstrated that the NOP agonist Ro64-6198 significantly blocks 

acquisition, expression and reinstatement of alcohol-induced CPP, self-administration 

and prevents relapse-like alcohol drinking (143, 155). The NOP antagonist J-113397 

blocks the effects of the NOP receptor agonist Ro65-6570 on the acquisition of opiate- 

and psychostimulant-induced conditioned place preference in rats. Taken together, 

these findings further support the involvement of ORL1 in processing of the rewarding 

effects of several drugs of abuse (129, 150). 

 

1.4.5. Buprenorphine in the rewarding effects of morphine and 

alcohol 

Buprenorphine- a mixed agonist/antagonist at the classical opioid receptors has been 

used as an alternative to methadone for treatment of heroin dependence (156). At low 

doses buprenorphine acts as an effective analgesic whereas the antinociceptive effect 

is diminished at higher doses. This bell-shaped dose-response curve suggests a 

unique and complex mechanism of action (157). Buprenorphine has been shown to 

activate ORL1 to produce an antinociceptive effect.  Thus NOP can be indicated as 

an anti-opioid peptide for its ability to reverse morphine-induced analgesia (158). This 

anti-opioid activity can be extended to the motivational effects of morphine. ICV 

administration of NOP at doses as low as 500-2000 ng abolished CPP induced by 3 

mg/kg morphine, whereas NOP alone did not induce CPP. At the same doses, NOP 

also abolished alcohol-induced CPP (139, 147). NOP reduces morphine-induced 

dopamine release in rats which suggests a mechanism for its effects on drug reward. 

Rewarding stimuli increase c-fos expression in the NAc-shell and this effect is due to 

activation of dopaminergic neurons. NOP at a dose of 1000 ng completely blocks 

morphine-induced c-fos expression in the NAc-shell (159). Buprenorphine has a 

biphasic effect on alcohol drinking such that it increases alcohol drinking via 

stimulation of classical opioid receptors at lower doses and suppresses alcohol 

drinking via activation of ORL1 at higher doses (160). This finding suggests that the 

ability of buprenorphine to act as an ORL1 agonist of NOP could be a useful strategy 

for treatment of AUD. 

This thesis focuses on the effect of administration of a NOP receptor agonist on 

motivation to self-administer alcohol, relapse to alcohol seeking and two-bottle free 

choice drinking (paper I); and the agonist is further evaluated in rat models of high 

and escalated alcohol consumption (paper II).  
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1.5. Neuropeptide Y 

Neuropeptide Y (NPY) is a 36 amino acid peptide belonging to the family of pancreatic 

peptides and was first isolated by Tatemoto in 1982 (161). It is one of the most highly 

evolutionarily conserved neuroendocrine peptides and it is expressed throughout the 

CNS with high levels in the limbic areas of the brain (162). NPY plays critical roles in 

basic physiological processes such as stimulation of food and water-intake, pain 

modulation, sleep regulation, suppression of anxiety, inhibition of seizure activity and 

cognition (163-165). Central administration of NPY promotes feeding behavior, 

reduces cerebrocortical excitability, reduces anxiety and potentiates the sedative and 

hypnotic effects of certain drugs (166-169).  NPY is overall an inhibitory peptide and 

regulates neuronal hyperexcitability by suppressing hippocampal glutamatergic 

transmission (170-172). Previous studies have revealed that NPY has a major role in 

the pathophysiology of mood disorders including anxiety and depression and this has 

been associated with downregulation of NPY in animal models and in human 

depressed patients (173, 174). NPY has been hypothesized to function as a stress 

buffering system in the CNS (175). NPY in the extended amygdala is recruited during 

the transition to alcohol dependence (176).  

Four functional G protein-coupled NPY receptors Y1, Y2, Y4 and Y5 have been 

discovered in mammals (177). Y4 is mainly expressed in peripheral tissue while the 

other three subtypes are expressed in the CNS and mediate the central effects of NPY.  

The distribution and function of Y1 and Y5 receptors overlap to a large extent. Y2 

receptors act predominantly as presynaptic NPY autoreceptors and as such they 

regulate and modulate the release of endogenous NPY into the synaptic cleft (177). 

1.5.1. Neuropeptide Y-Y2 receptors 

As mentioned above, NPY exerts its effects via activity at heterogeneous GPCRs with 

distinct ligand affinity profiles (178). The Y1 and Y2 subtypes are the most abundantly 

expressed in the CNS. The NPY-Y1 receptor requires the intact NPY peptide for 

activation while the NPY-Y2 receptor can also be activated by C-terminal fragments 

of the peptide. NPY-Y1 and Y2 receptors are likely involved in NPY’s modulation of 

stress, anxiety and depression. It regulates the uptake and release of endogenous 

NPY. NPY-Y2 receptors are highly expressed in the amygdala, hypothalamus and 

hippocampus (179, 180). 

Pre-synaptically located NPY-Y2 receptors are coupled to Go/i proteins and mediate 

feedback inhibition of neurotransmitter release (181, 182). Previous studies have 

demonstrated reduced anxiety in NPY-Y2 receptor knockout mice compared with wild 

type mice (183, 184). Moreover, mice lacking NPY-Y2 receptors were shown to have 

an improved ability to cope with stressful situations. Deletion of this receptor resulted 

in increased NPY and GABA release and decreased glutamate release in brain areas 

involved in processing of anxiety and stress (184). Activation of NPY-Y2 receptors also 

enhances anxiety in the open-field and social interaction tests in rats (185, 186). 
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NPY-Y2 receptors act in part serve to negatively regulate NPY transmission and 

release in the brain. However, the anxiolytic effects of NPY are mediated by activation 

of NPY-Y1 receptors. An alternative means of activating NPY-Y1 receptors may be 

via antagonism at the presynaptic NPY-Y2 that may lead to potentiation of NPY 

transmission post synaptically (187, 188). Antagonism of NPY-Y2 receptors would 

thus be expected to increase NPY levels in the CNS and may prove useful as a 

candidate target for treatment of anxiety, depression and AUD (188-190). 

1.5.2. Neuropeptide Y in the modulation of food and alcohol-

intake 

Central administration of NPY reduces alcohol-intake in the alcohol-preferring P rat 

and suppresses alcohol-intake in rats regardless of history of alcohol exposure. Thus 

NPY is effective at reducing alcohol-intake even in models of high preference and 

dependence (191, 192). The NPY-Y2 antagonist BIIE0246 suppressed operant 

responding for alcohol in rats both naïve and with a history of dependence induced by 

long-term intermittent alcohol vapor exposure. However, the suppression in vapor-

exposed animals was seen at a dose that did not affect behavior in naïve animals, 

indicating that the NPY system is sensitized following a history of dependence. 

BIIE0246 did not affect self-administration of a non-alcohol reward, showing specificity 

of the effect for alcohol (189, 190). Another NPY-Y2 antagonist JNJ-31020028 

transiently suppressed alcohol-preference but did not affect the overall intake. It did 

however, reverse the anxiogenic effects of alcohol withdrawal-induced anxiety 

measured on the elevated plus-maze which supports the anxiolytic properties of NPY-

Y2 antagonism (188).  

A direct correlation between NPY signaling and regulation of alcohol consumption was 

found in a study where mice with transgenic overexpression of NPY consumed less 

alcohol while mice with a complete elimination of the NPY gene had increased alcohol 

consumption (193). Moreover, differences in NPY expression in rat strains selected 

for high and low alcohol-preference were demonstrated (194). Post-mortem brain 

tissue from alcoholics has significantly lower NPY expression than that of healthy 

controls. Low expression of NPY in the amygdala promotes high levels of alcohol 

drinking while high levels of NPY in the hippocampus may play a protective role 

against excessive alcohol consumption (195). The hippocampal NPY system is 

downregulated during alcohol withdrawal and these neuroadaptive changes could play 

a role in mediating withdrawal hyperexcitability (196). ICV administration of NPY 

significantly reduces withdrawal symptoms in rats.  

Allelic variation in the NPY gene contributes to the heritability of alcoholism. In humans 

there is a correlation between alcohol consumption and the Leu(7) to Pro(7) 

polymorphism of the NPY gene (197) such that the polymorphism is associated with 

increased alcohol consumption. In another study, a novel polymorphism at position -

602 in the 5´ region of the NPY gene was identified as being significantly associated 

with AUD (198). 
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1.5.3. Neuropeptide Y in anxiety 

Anxiolytic and sedative effects of exogenous NPY were the main initial findings of 

animal experiments. Acute administration of NPY reduces anxiety in a variety of 

animal models including the elevated plus-maze, Vogel conflict test, fear-potentiated 

startle, fear conditioning and the social-interaction test (166, 169, 177, 199). NPY 

deficient mice exhibit increased anxiety in the same models (200). NPY is expressed 

and released following stress and this results in reduction of stress-induced behaviors 

(201). This clearly suggests that NPY could be recruited to reduce the effects of 

prolonged stress. In agreement with this hypothesis transgenic mice overexpressing 

NPY in the hippocampus suppress anxiogenic responses to stress (167). The 

mechanism for this is unclear but it could be related to modulation of other systems 

such as inhibition of glutamate release (202), suppression of CRH release (203) and 

potentiation of GABA-mediated neurotransmission (204).  

The anxiolytic effects of NPY are mediated by Y1 receptors (168).  Activation of Y1 

and Y5 receptors in the amygdala produces an anxiolytic effect in rodents (186). Mice 

lacking Y1 receptors exhibit anxious behavior in some tests and depending on the 

circadian cycle (205). Expression of NPY is differentially regulated by acute and 

chronic stress as revealed by studying changes in NPY expression in brain regions 

mediating stress responses (175). Upregulation of NPY receptors may help the 

individual adapt to anxiety and stress such that NPY acts as a buffer for the behavioral 

effects of stress-promoting hormones such as CRH.  

1.5.4. Neuropeptide Y in depression 

In a rodent model of depression, animals exhibited a significantly reduced baseline 

level of NPY in the hippocampus compared with controls (206) and this decreased 

hippocampal NPY Y1 receptor expression was correlated with behavioral changes 

associated with depression. The phenotype was rescued by electroconvulsive therapy 

(ECT) that resulted in potentiated NPY levels (207). This result is in agreement with 

pharmacological studies demonstrating that antagonism of the Y1 receptor blocks the 

antidepressant effects of Y1 agonist (208). NPY Y1 receptors have been also 

suggested to modulate hippocampal neurogenesis (209). Overall, these data support 

involvement of the NPY-Y1 receptor in promoting antidepressant effects. 

Human patients with major depression have decreased levels of NPY in the CSF (174) 

that increases after chronic treatment with antidepressants (210) and ECT (211). A 

haplotype block of the prepro-NPY gene carrying a functional -399T->C substitution is 

highly associated with late-onset AUD and the clinical subtype of AUD that is 

characterized by high trait of anxiety (212). This gene variant also represents a 

vulnerability factor for depression. Lastly, the functional importance of the NPY system 

and its genetic variation has been associated with stress responses in humans in fMRI 

studies (213).  
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This thesis focuses on the role of a NPY-Y2 antagonist in anxiety, two-bottle free 

choice drinking, operant self-administer and motivation to obtain alcohol and relapse 

to alcohol seeking behavior in a rat model (paper III). 
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1.6. Melanin-concentrating hormone 

MCH initially named melanin-concentrating hormone (MCH) was first discovered in 

1983 in the pituitary gland of the fish chum salmon where it was shown to regulate 

ability to change skin color in response to predatory threat (214). Though the function 

of MCH has evolved in higher species to instead be involved in the regulation of energy 

homeostasis, its 19 amino acid cyclic peptide (215) structure is highly conserved in 

rats and humans (216). 

The human MCH gene is located on chromosome 12 and consists of three exons and 

two introns. Three peptides, neuropeptide glycine glutamic acid (NGE), neuropeptide 

glutamic acid isoleucinamide (NEI) and MCH are encoded in the second and third 

exons. The physiological functions of NGE and NEI are still unknown. The gene that 

encodes for MCH generates the precursor pro-MCH which generates three peptides 

through differential processing that is dependent on the tissue in which it is expressed 

(217). 

MCH cell bodies are located in the lateral hypothalamus (LH) and the zona inserta 

brain areas known to be involved in food-intake (218). MCH neurons project to the 

limbic system among other brain regions. Primates express two receptor subtypes 

MCH1-R and MCH2-R while rodents only express MCH1-R (219).  

1.6.1. Intracellular signaling pathways of MCH receptors 

The MCH peptide was discovered as the endogenous ligand for the MCH1-R in 1999. 

MCH1-R is highly expressed in the brain in both rodents and in humans and is also 

expressed in cardiac, hepatic and fat tissue. MCH1-R expression in the brain is highest 

in the limbic system and particularly in the NAc and striatum (220, 221). MCH1-R is a 

GPCR and signals through Gi, Go and Gq pathways. The most preferred pathway is 

through Gi which directly inhibits cyclic adenosine monophosphate leading to 

activation of protein kinase A signaling pathway which then leads to induction of 

mitogen-activated protein kinase (MAPK) signaling cascades. Signaling through Go 

activates the MAPK pathway through a different mechanism recruiting protein kinase 

C. Signaling through Gq increases calcium levels and excitability of the cell resulting 

in mobilization of the endoplasmic reticulum and subsequent enhancement of vesicle 

packaging of and exocytosis (222, 223). 

After the discovery of MCH1-R another similar receptor with 38% sequence homology 

was identified and named the MCH2 receptor. Activation of MCH2-R leads to the 

stimulation of the Gq signaling pathway. The distribution of MCH2-R is similar to that 

of MCH1-R and it likely shares similar functions. MCH is the only known ligand for 

either receptor subtype. The pro-MCH-derived peptides NGI and NEI do not bind to 

MCH receptors (224). 
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1.6.2. MCH in modulation of food-intake and energy homeostasis 

For all living organisms regulation of energy homeostasis is critical for survival. 

Signaling between the brain and multiple peripheral organs modulates this process. 

The hormones insulin, leptin and ghrelin act on neurons in the arcuate nucleus of the 

hypothalamus to regulate of food-intake and energy expenditure (225). Signaling in 

these neurons is also regulated by orexigenic neuropeptide NPY, anorectic 

neuropeptide proopiomelanocortin (POMC) and synapses onto secondary MCH 

neurons in the LH (226). Inhibition of POMC and activation of NPY neurons triggers 

hunger. This process results in stimulation of MCH that results in food-intake. Satiety 

has the opposite effect on POMC and NPY which inhibits MCH secretion and in turn 

food-intake.  

Preclinical rodent studies have shown that acute or chronic administration of MCH 

increases food-intake and body weight leading to an obesity phenotype (227). In line 

with this genetic deletion of the pro-MCH gene (Pmch) results in reduced food-intake 

and body weight leading to a lean phenotype (227) while overexpression of this gene 

has the opposite result (228). Similarly, antagonism of MCH1-R reduced food-intake 

and body weight in normal rats and in a rat model of obesity (229). These results 

suggest that targeting the MCH receptor could be a useful strategy in treating obesity. 

Local injections of MCH into several different nuclei of the hypothalamus result 

increase in food-intake (230). Similarly, local injections of MCH into the NAc increased 

food-intake and this effect can be blocked with an MCH1-R antagonist (231). These 

results illustrate that there is overlapping circuitry regulating food reward and the 

rewarding properties of drugs of abuse. 

1.6.3. Shared mechanism in the regulation of food and drug 

reward 

Natural rewards such as palatable food and drugs of abuse activate the same 

mesolimbic dopaminergic reward pathway. Consumption of palatable food triggers the 

release of endogenous opioids resulting in activation of opioid receptors in the VTA. 

This leads to dopamine release into the NAc. The same pathway is activated upon 

alcohol consumption (232-234). Consumption of sugar a component of many palatable 

foods can result in a phenotype similar to that observed with intake of drugs of abuse 

in preclinical rodent models. Rats trained to self-administer foods or drinks containing 

sugar escalate their consumption over time in a way that reflects the behavioral 

pathology of addiction (235, 236). Chronic IA to sugar results in compensatory 

downregulation of opioid and dopamine receptors similarly to what is observed with 

chronic IA to alcohol and these rats display a varying degree of withdrawal symptoms 

when the sugar is removed (233, 237). 

In humans, drug dependence is often comorbid with binge eating disorder suggesting 

that the underlying mechanisms regulating these pathophysiological states are 

mediated by the overlapping neural pathways (238). It is important to note that the 
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NAc which regulates reward and motivation for drugs of abuse also receives 

innervation from the hypothalamus (239) a brain area that contains several orexigenic 

and anorectic peptides involved in the regulation of food-intake and energy 

homeostasis (240, 241). Innervation and input from the hypothalamus to NAc is an 

important pathway for the regulation of food consumption and reward (242-244). 

Because alcohol is an addictive drug with caloric value it could be important to target 

hypothalamic neuropeptides as a potential new therapeutic intervention for AUD.  

1.6.4. MCH in modulation of stress and anxiety 

MCH modulates activation of the HPA axis (96, 218). ICV administration of MCH 

increases corticosterone levels in rats and this effect can be reversed by pretreatment 

with a CRH antibody (245). Local injection of MCH into the paraventricular nucleus of 

the hypothalamus (PVN) elevates ACTH and plasma corticosterone in rats. These 

results suggest that MCH can activate the HPA via CRH system (246). Abnormalities 

in HPA axis function have been associated with depression, chronic stress and AUD 

(247). 

The MCH1-R also interacts with stress modulating circuitry in limbic regions such as 

the hippocampus, amygdala and PFC. Central administration of MCH has anxiolytic 

effects in the elevated plus-maze and the Vogel punished drinking test (248, 249). In 

contrast, an MCH1-R antagonist has been shown to reduce anxiety in the social 

interaction test and depression in the forced swim test (FST) (250). Local injection of 

an MCH1-R antagonist into the NAc reduces whereas local injection of MCH into the 

NAc enhances depression in the FST (231). Several small molecule MCH1-R 

antagonists have been developed and the behavioral outcomes range from highly 

effective anxiolytic effects to no effect (231, 251, 252).  Results are inconsistent overall 

and thus difficult to interpret. Variation could be due to factors such model used to test 

anxiety or depression, route of administration or doses used.    

1.6.5. MCH in drug addiction 

MCH1-R antagonism has been extensively studied in preclinical models and clinically 

evaluated as a potential treatment for obesity (253). Only a handful of studies have 

evaluated its potential for addiction (254). MCH1-R has recently been shown to play a 

role in cocaine reward. Mice with genetic deletion of MCH1-R self-administer less 

cocaine and show less cocaine-induced CPP than their wild type controls and do not 

exhibit cue-induced reinstatement to cocaine (255). 

MCH potentiates dopamine signaling and enhances action potential firing in the NAc 

and results in a high degree of phosphorylation of dopamine and cyclic adenosine 

monophosphate phosphoprotein 32 kDa (DARPP32). This supports an important role 

for MCH in interacting with the mesolimbic dopaminergic system to regulate cocaine 

reward (255, 256). However, a different study reported no difference between MCH1-

R knockout mice and wild type controls in cocaine- or amphetamine-induced CPP 
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(256). This discrepancy could be due to differences in dose, background strain or 

behavioral protocol.  

Looking at the role of MCH1-R in alcohol drinking, MCH administration increases 

alcohol-intake in rats, while administration of an MCH1-R antagonist has no effect 

(257). However, MCH1-R knockout mice drink more alcohol than wild type controls, 

although the concentration of alcohol used in this study was low enough and possibly 

be pharmacologically inactive (258).  As with cocaine the effect of MCH on alcohol 

reward is unclear and further studies are needed to clarify the direction of the effect.  

This thesis focuses on the role of MCH1-R using an antagonist in the regulation of 

caloric-intake and motivation to consume alcohol in states of escalated consumption 

using two-bottle free choice preference drinking (paper IV). 
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1.7. Animal models of alcohol use disorder 

Understanding the brain processes underlying AUD is important and challenging. 

Although there has been significant progress in clinical research with technology such 

as functional magnetic resonance imaging (fMRI) and positron emission tomography 

(PET) there remain limitations in our ability to causally link neurochemical processes 

and signaling events in the brain to behavioral outcomes (259, 260). Use of 

experimental animal models can help provide some of the answers to these research 

questions. 

The complexity of AUD make it difficult to model this condition in animals but 

nevertheless animal models are useful tools to better understand the behavioral and 

neurobiological mechanisms in the development and progression of alcohol 

dependence. Operant self-administration of alcohol and two-bottle free choice 

preference drinking for example can be used to study the initiation, progression and 

escalation of drinking, increased motivation to obtain alcohol and relapse to alcohol-

seeking behavior called reinstatement in animal models. These types of studies would 

not be ethically feasible or even possible to conduct in humans.  Thus, animal models 

are required to screen for possible new treatment targets and to fully understand the 

mechanisms behind AUD.  

Experimental animal models can be broadly divided into three groups that follow the 

progression to AUD. These are binge/intoxication, withdrawal/negative affect and 

anticipation/preoccupation/craving. Binge/intoxication models include operant alcohol 

self-administration, two-bottle free choice preference drinking and conditioned place 

preference. Withdrawal/negative affect models include hangover anxiety and 

increased motivation to obtain alcohol in a dependent state that can be induced by 

alcohol vapor exposure or prolonged IA to alcohol. Finally, 

anticipation/preoccupation/craving models includes cue- and stress-induced 

reinstatement of alcohol-seeking behavior (37, 54). Research and animal models 

focusing on these three key stages of AUD has been used to screen several promising 

targets for possible new treatments for AUD (Figure 3). 

1.7.1. Ethical issues in animal research  

The experiments presented in this thesis were conducted according to the guidelines 

for the care and use of laboratory animals at the National Institutes of Health or 

Linköping University depending on where the experiment was done. When animals 

are used for the benefit of humans, in our case for alcohol research it is critical that 

this is done in the most humane manner possible. We are unlikely to understand 

complex human diseases and how to treat them without the use of experimental 

animals. All of the experiments presented here were designed considering the “3 Rs”, 

a humane approach to animal research that was first proposed by Russell and Burch 

in 1959 and which formed the basis for laws regarding the ethical treatment of animals 

in many countries (261, 262). The 3 Rs are reduction, replacement and refinement. 
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Reduce the number of animals tested or obtain more information from the same 

animal. Here, we used latin square design whenever possible when testing drugs such 

that each animal received several treatments served as its own control. This is also 

beneficial for the experimental design. 

Replace the animal models with other alternative methods or techniques such cell 

culture, computational and mathematical modelling and the systems biology approach 

whenever possible to answer the research question. 

Refine the methods to reduce or eliminate discomfort, pain and distress for the 

animals. Researchers should design the experiment with animal welfare in mind. 

1.7.2. Utility and validity of animal models 

Brain structure and function vary along the phylogenetic tree with one of the most 

obvious differences being the increasing degree of migration of function from 

subcortical centers to the cortex or corticalization from rodents to primates (263). 

However, much of the fundamental neurocircuitry is conserved between species, 

allowing insights to be gained from experiments using rodent models. Rats have 

conventionally been used in preclinical neuropsychopharmacology research due to 

the reliability and relative ease of invasive techniques such as microinjections, easy 

drug delivery and catheter placement and other microsurgeries in combination with a 

wide range of well-established behavioral paradigms and methods. The use of mice 

in neuropsychopharmacology research has also markedly increased recently. This is 

due to the development, application and incorporation of advanced molecular 

techniques such as gene targeting which offers a unique opportunity to easily study 

the roles of specific gene targets in behaving animals. It should also be noted that the 

use of mice has also practical and economic advantages with in terms of housing and 

breeding space (264). 

The mouse is not of course a miniature human. It is impossible to fully model the 

complexity of human neuropsychiatric diseases in experimental animal model or to 

receive subjective feedback from the animal. The utility and validity of an animal model 

must be evaluated based on objective criteria. Some criteria for the validity of 

approaches to model human behavior in experimental animals have been proposed 

by Robbins and Sahakian in 1979 (265). 

Face validity means that the behavior of the animal being tested resembles the 

human symptoms being modeled. 

Construct validity refers to how well the theoretical basis for the model corresponds 

to the human condition. This cannot be established in a single experiment but rather 

by cumulative accumulation of the results from many studies done by different 

researchers. 
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Predictive validity refers to as the degree to which a particular measure is able to 

reliably predict future observations. The most common type of predictive validity in 

preclinical research using animal models is pharmacological validity which means that 

the effect of a particular drug in an animal model reliably predicts an effect of that drug 

in humans. 

1.7.3. Anxiety-related behaviors 

Anxiety is activation of fear in the absence of an actual threat. Generalized anxiety 

disorder symptoms includes and is associated with restlessness, being easily fatigued, 

difficulty in concentrating or having one’s mind go blank, irritability, muscle tension, 

difficulty controlling worrying thoughts and sleep disruptions. However, non-

pathological fear in response to a threat and pathological anxiety share the same 

neurobiological systems. Rodent models of anxiety are based on their natural 

behavioral patterns. They avoid exposure to predators and thus they have innate 

aversion to exposed and well-lit areas, although foraging for food requires exploration 

of the environment which is vital for their survival so they must judge when it is safe to 

explore or not and there is individual variation in this (266). 

In the context of behavioral pharmacology research exploration-based tasks take 

advantage of the conflicting tendencies to approach and avoid. In the novel open-field 

test the aversive area is the region area of a brightly lit open arena (267); in the 

elevated plus-maze it is the open elevated arms or the open center (268); in the 

elevated zero-maze it is the open elevated quadrants (269) and in the light-dark 

exploration task the brightly lit compartment (270). High levels of exploration in an 

aversive environment are generally interpreted as a low level of anxiety. As many 

anxiety disorders are characterized by avoidance of perceived threats these types of 

tests have high face validity. In addition, several of these have been extensively 

reported to have predictive validity in terms of significant reduction of avoidance 

behavior using drugs such as benzodiazepines that are effective as treatments for 

anxiety in humans with no effect of psychotropic drugs that do not modulate anxiety in 

humans. 

These tests based on approach/avoidance behavior can be confounded by defects in 

sensory, motor or neurological function (271). Gene mutation can impair contextual, 

tactile and visual perception and thereby affect performance in behavioral tests. 

Measurement of general locomotor activity for example entries into closed arms of the 

elevated plus-maze or in a familiar environment such as the home cage can provide 

useful information on how to interpret behavioral data (272). 

Another alternative is the avoidance test which has been developed and as a 

punishment-based conflict paradigm. The most common version is the Vogel conflict 

test for rats. Mildly water-deprived rats are provided with water from a metal spout that 

is occasionally paired with a mild electric shock while the rat drinks. Drugs that are 
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anxiolytic in humans such as diazepam will dose-dependently attenuate the shock-

induced suppression of drinking. This task can be also be adapted for mice (273). 

The behavioral tasks discussed above all rely on unconditioned behaviors. The fear 

conditioning paradigm in contrast is based on Pavlovian conditioning from early 1900 

(274). It measures fear behavior induced by exposure to a previously neutral stimulus 

such as a tone that has been paired with an aversive stimulus such as footshock. The 

dependent variable is usually the amount and degree of freezing. This behavioral 

paradigm has been critical for mapping out the circuitry that modulates fear learning 

and its associated memories (275).  

1.7.4. Depression-related behaviors 

One of the symptoms of major depression is inability to cope with stress. Several 

behavioral models for depression are based on exposure to inescapable stress. 

The FST also known as Porsolt’s test is the most widely-used screening test for 

antidepressant activity (276). It is based on the behavioral despair that the rodent 

experiences when it is placed in a confined space filled with water. The animal will 

initially swim vigorously and try to escape. After several attempts and a variable 

interval of time this escape behavior will cease and the animal will remain immobile 

and float. Reduction of immobility time is observed following pretreatment with an 

antidepressant. 

Another related paradigm is the tail suspension test in which the rodent is hung or 

suspended upside down by its tail (277). Similar to the FST it will exhibit passive 

immobility after some time of struggling and attempting to escape. This test has also 

been shown to have predictive validity with antidepressants that are effective in 

humans. A limitation for this and the FST is that the behavior is sensitive to acute 

antidepressant effect whereas chronic treatment with antidepressants is required for 

therapeutic efficacy in humans. 

Novelty-induced hypophagia refers to the increased latency to eat a familiar food in a 

novel environment (278). This paradigm is sensitive to chronic but not to acute or sub-

chronic antidepressant treatment (279) matching results in human patients more 

closely.  

Sucrose preference is another behavioral assessment in rodent models of depression.  

Rodents are naturally interested in sweet-tasting foods or drinks and reduced 

preference for sucrose represents anhedonia that can be reversed with antidepressant 

treatment. This test can measure the affective state and motivation of the animal. 

The unpredictable chronic mild stress paradigm is another model for depression in 

rodents. This method is based on exposure to repeated unpredictable stressors such 

as wet bedding, disrupted light/dark cycle, food and water deprivation (280). This 
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procedure has been shown to induce neurochemical and behavioral changes that 

resemble those observed in depressed human patients (281). 

Chronic social defeat stress (SDS) is another model for depression with high face 

validity. Human who have experienced social rejection show increased depression, 

loneliness, anxiety, social withdrawal and low self-esteem (282). The SDS model could 

be useful to study certain depression phenotypes since many stressful stimuli that lead 

to psychopathological changes in humans social in nature. To subject a male rodent 

to SDS he is introduced into the home cage of different unfamiliar conspecific males 

each day as an intruder and the resident male investigated, attacks and defeats him. 

This causes behavioral changes such as decreased social interaction and lack of 

interest in previously reinforcing activities which also occurs in depression for humans. 

Thus this model has good face and construct validity (283). 

These models for depression have also been used also to evaluate alcohol 

consumption and novel treatments for AUD as stress, anxiety and depression are 

closely associated with AUD.  

1.7.5. Alcohol-related behaviors 

Operant and non-operant self-administration paradigms have been widely used in the 

assessment of rewarding effects of alcohol in rodents. Rodents will spontaneously 

consume alcohol although consumption varies significantly between strains. The two-

bottle free choice drinking paradigm is a widely used and simple method to assess 

voluntary non-operant drinking. This method consists of free access to and choice 

between a bottle of water and a bottle of alcohol at various concentrations (284). 

Bottles can be available either under continuously or under an IA schedule. IA drinking 

has been shown to escalate consumption faster and higher compared to continuous 

access drinking (285, 286). Concentrations of alcohol between 10-20% (v/v) have 

been used. The alcohol concentration is often increased gradually. The target 

concentration of alcohol can also be offered from the beginning. Animals initially need 

time to habituate to the taste of alcohol. Drinking is measured by weighting the bottles 

and the animal every day and calculating intake as grams of alcohol consumed per 

kilogram of body weight. The position of the bottles is changed every other day to 

avoid a side preference, since rodents have a high tendency to develop one. Alcohol 

consumption at higher concentrations can be driven by the pharmacological and 

reinforcing effects of alcohol while consumption at lower concentrations can be driven 

by taste or calories (287).  

Rodents will readily work for alcohol in an operant self-administration paradigm and 

the extent to which they will work varies by strain. Operant paradigms require 

extensive training since they require a behavioral response usually pressing a lever to 

earn a reinforcer. Operant tasks are thought to more directly engage motivation than 

two-bottle free choice drinking. Training usually starts with a very low concentration of 

the non-caloric sweetener saccharin under mild water deprivation condition. Upon 
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establishment of lever-pressing to earn the reinforcer the concentration of alcohol is 

slowly increased and the concentration of saccharin is slowly decreased. Operant self-

administration has been also extensively used to evaluate motivation using 

progressive ratio responding, as a model for relapse using cue- and stress-induced 

reinstatement of level pressing and modified to model compulsive behavior using 

quinine adulteration of the alcohol solution or electric footshock to modify alcohol 

seeking. 

In humans reduced sensitivity to the sedative and acute ataxic effects of alcohol is 

heritable and contributes to genetic risk for developing AUD (288). There are several 

rodent models for sensitivity to the acute effects of alcohol for example loss of righting 

reflex (LORR). The observed effects are dose-dependent such that a low dose of 

alcohol (1 g/kg) stimulates locomotor activity, a moderate dose (2 g/kg) induces ataxia 

and a higher dose (3-4 g/kg) produces deep sedation and sleep. Varying 

pharmacological pretreatment or history with alcohol metabolism can affect the 

outcome. 

1.7.6. Compulsive alcohol seeking and related behaviors 

Compulsive and uncontrolled alcohol use and alcohol-seeking behavior are 

fundamental to addictive behavior and part of the diagnostic criteria for AUD in DSM-

V. These behaviors include strong craving, compulsive alcohol use, difficulty 

controlling craving and continued use of alcohol despite negative and harmful 

consequences (289). In animal models the loss of control over alcohol use in operant 

self-administration can be evaluated using conflict paradigms. An aversive stimulus is 

introduced simultaneously with the self-administered alcohol thus devaluating the 

positive reinforcing value of it. This can be mild electric foot shock upon responding 

for alcohol or taste adulteration of the alcohol solution using bitter quinine (290). It 

must be noted that alcohol, unlike most other drugs of abuse is a weak reinforcer and 

requires extensive training and lengthy exposure to induce an addiction phenotype. 

Animal models using long-term IA to voluntary alcohol drinking or alcohol vapor 

exposure may be the most useful and more for studying the transition from controlled 

to compulsive behavior (291, 292).  

One factor that potentially affects alcohol drinking is alcohol withdrawal. In rodents 

with long-term access to alcohol followed several days/weeks/months of abstinence 

re-presentation of alcohol leads to a robust temporary increase in alcohol-intake 

compared with baseline levels. This is called the alcohol deprivation effect (ADE) and 

is also associated with higher breakpoint in lever-pressing in the progressive ratio test 

and a preference shift toward more concentrated alcohol solutions. ADE can be used 

as a model for relapse in terms of directly evaluation drinking behaviors after a period 

of protracted abstinence (293). This effect has also been observed in humans and 

thus the model has high face and construct validity. Furthermore, the ADE model has 

been pharmacologically validated using naltrexone and acamprosate to treat AUD 

patients (294).  
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1.7.7. Reward- and aversion-related behaviors 

The conditioned place preference (CPP) or conditioned place aversion (CPA) 

paradigm is a widely used rodent model for studying several rewarding and aversive 

properties and effect of drugs and other stimuli. The stimulus being studied is 

associated with distinct contextual cues (visual, tactile, olfactory and auditory) and the 

animal’s degree of preference for or aversion to those cues is later measured. Drugs 

of abuse usually induce CPP though this can vary depending on dose, amount of 

conditioning, species, strain and route of administration. A major advantage of the 

paradigm is that it requires much less time and training to assess the rewarding or 

aversive effect of a drug compared with the self-administration paradigm (295).
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2. OVERALL AIM OF THE THESIS 

The overall aim of these research projects were to evaluate the nociceptin/orphanin 

FQ (NOP) receptor, neuropeptide Y-Y2 (NPY-Y2) receptor and melanin-concentrating 

hormone (MCH) receptor system as novel and potential pharmacological treatment 

targets for AUD using NOP receptor agonist, SR-8993; NPY-Y2 receptor antagonist, 

CYM-9840; and MCH1 receptor antagonist, GW803430. 

 

      Specific aims for paper I-IV 

I. Is the novel small molecule NOP-agonist SR-8993 able to reduce alcohol-intake, 

attenuate relapse to alcohol-seeking, without inducing adverse side-effects such 

as locomotion and sedation in the alcohol-naïve state? 

 

 

II. Can the findings in the alcohol-naïve state be translated over to the post-

dependent state and to evaluate the efficacy of SR-8993 in suppression of 

alcohol-intake in escalated animals during the progression from the alcohol-

naïve to the high-intake state? 

 

 

III. To evaluate effects of the novel NPY-Y2 antagonist CYM-9840 on motivation to 

self-administer alcohol and relapse like behaviors in the alcohol-naïve state. 

 

 

IV. To investigate the role of MCH1-R and to evaluate the antagonist GW803430 in 

the regulation of caloric-intake and motivation to consume alcohol in states of 

escalated alcohol consumption
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3. MATERIAL AND METHODS 

This section of the thesis will primarily cover and describe the animals used in the 

studies and the drugs (NOP agonist, NPY-Y2 antagonist and MCH1-R antagonist) that 

has been used for the treatments. Secondly, it will cover the preclinical models, 

behavioral paradigms and molecular techniques used in the experiments for the data 

collection. Additional detailed description of the materials and methods used can be 

found in the papers/manuscripts. 

3.1 Animals 

In paper I-IV male Wistar rats (250-300 grams at the start of the experiment) were 

used throughout. The experiments for these studies were performed at Linköping 

University were purchased from Taconic (Ejby, Denmark); Harlan (Horst, The 

Netherlands) or Charles River (Erkrath, Germany). For some of the experiments in 

paper I & IV performed at the NIAAA, NIH (Bethesda, Maryland) male Wistar rats 

(250-300 grams at the start of the experiment) were used and were purchased from 

Charles River Laboratories (Wilmington, MA, USA). 

 

Self-administration animals were group housed (3-4 per cage) for self-administration 

and other behavioral experiments; and single housed for two-bottle free choice 

drinking experiments in a temperature and humidity controlled vivarium maintained on 

a reverse 12:12 hour light-dark cycle with lights off at 8:00 a.m. Food and water were 

available ad libitum, except during the initial operant training period the rats were mildly 

water deprived. Rats were habituated to the animal facility for at least one week after 

their arrival and subsequently habituated to handling before each experiment started.  

Male C57BL/6 mice from Taconic (Ejby, Denmark) weighed 19-22 grams at the 

beginning of the experiment. Beta-arrestin knockout mice a generous gift from 

Professor Robert J. Lefkowitz (Duke University, Chapel Hill, NC, USA) were initially 

generated on a C57BL/6 background and subsequently bred from heterozygous 

matings at the Center for Biomedical Resources (CBR) animal facility at Linköping 

University (Linköping, Sweden). Mice were grouped housed (2-4 per cage) and 

maintained on a 12:12 hour light-dark cycle with lights off at 7:00 p.m. in a temperature 

and humidity controlled vivarium with food and water available ad libitum and were 

tested at 8-12 weeks old. Ear punches were obtained for genotyping and the mice 

were identified by ear marks.  

3.2 General behavioral procedures 

For most of the behavioral procedures were appropriate the animals were allowed to 

acclimatize to the test room for at least half an hour prior to the testing. All testing 

equipment were regularly cleaned with 10% alcohol and water. All the studies, 

procedures and its experimental protocols was designed according to the guidelines 

of and approved by, the local ethics committee on animal research in Linköping 

University, Sweden and following the NIAAA, NIH, USA and EU guidelines. 
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3.3 Drugs 

In paper I & II, the NOP receptor agonist (SR-8993) used was developed, synthesized 

and provided by the laboratory of Professor Claes Wahlestedt (University of Miami, 

Florida, USA). It is a small non-peptide molecule that is orally available and crosses 

the blood brain barrier. SR-8993 for systemic administration was dissolved in 10% 

DMSO, 10% Tween-80 and sterile water; and administered intraperitoneally (i.p) 45 

minutes before testing at doses of 0.3, 1, or 3 mg/kg. 

 

In paper III, the NPY-Y2 receptor antagonist (CYM-9840) used was developed, 

synthesized and provided by the laboratory of Professor Edward Roberts (Scripps 

Research Institute, California, USA) and Professor Claes Wahlestedt (University of 

Miami, Florida, USA). It is a small non-peptide molecule that is orally available and 

crosses the blood brain barrier. The NPY-Y2 receptor antagonist was dissolved in 10% 

DMSO, 10% Tween-80 and sterile water; and administered i.p 45 minutes before 

testing at doses of 3 or 10 mg/kg. 

 

In paper IV, the MCH1-R antagonist (GW803430) used was developed, synthesized 

and provided by Lilly Research Laboratories (Indianapolis, IN, USA). It is a small non-

peptide molecule that is also orally available and crosses the blood brain barrier. 

GW803430 was suspended in 10% Tween-80 and sterile water; and administered i.p 

45 minutes before testing at doses of 3, 10, or 30 mg/kg. 

 

3.4 Elevated plus-maze  

The elevated plus-maze (EPM) is a well-established and pharmacologically validated 

model of anxiety in rodents (268). We evaluated the effects of SR-8993 (in paper I) 

and CYM-9840 (in paper III) respectively on the EPM. The apparatus is constructed 

of black plastic and consists of two 30 x 10 cm closed arms with 40 cm high non-

transparent side walls across from each other and two open arms of the same 

dimensions with no side walls across from each other, in a plus-sign formation. The 

EPM was placed 50 cm above the floor during the testing and the tests were conducted 

under dim red light. Prior to testing, each animal was placed in a new, clean home 

cage for five minutes to enhance exploratory activity and thereby improve the reliability 

of subsequent plus-maze testing. At the beginning of the test, the rat was placed on 

the central platform facing one of the open arms. Behavior was observed and scored 

for 5 minutes. Entry into an arm was operationally defined as all four paws entering 

into that arm. The number of entries into open and closed arm; and the time spent in 

open and closed arms were scored manually or using Noldus Ethovision XT tracking 

software (Noldus, Wageningen, The Netherlands). The maze was cleaned with 10% 

alcohol solution and completely dried between tests. Dependent variables were % time 

spent in the open arms and % entries into the open arm, calculated as open/(open + 

closed)*100. The number of entries into the closed arms was used as an index of 

overall locomotor activity (296). 
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3.5 Acute alcohol withdrawal-induced anxiety 

The EPM was also used as a model to score the alcohol withdrawal-induced 

“hangover” anxiety.  In this case, rats received an i.p injection of alcohol (3 g/kg, 20% 

v/v) or saline 12 hours prior to EPM. The animals were treated with the drug or vehicle 

i.p 45 minutes before testing. The procedure was the same as described above. We 

evaluated the effects of SR-8993 (in paper I) and CYM-9840 (in paper III) respectively 

on acute alcohol withdrawal-induced anxiety. 

 

3.6 Open-field  

The open-field test measures general locomotor activity and can also be used as a 

model of anxiety (267). We evaluated the effects of SR-8993 (in paper I) and CYM-

9840 (in paper III) respectively in the open-field. The apparatus consisted of a 45 x 

45 cm box with a 50 cm high walls placed on the floor, with lines dividing it into center 

and peripheral sections.  Testing was conducted under dim white light for 15 minutes, 

beginning with placing the rat in the center. Behavior was recorded with a video 

camera and subsequently scored using Noldus Ethovision XT tracking software 

(Noldus, Wageningen, The Netherlands) or by using automated open-field boxes from 

Med Associates Inc., (Georgia, VT, USA) which uses infra-red beams to detect the 

activity. Exploration of the center of the apparatus indicates lower anxiety while 

exploration of the periphery indicates higher anxiety. Animals were first habituated to 

the open-field with no treatment for 10 minutes to reduce novelty effects and then 

tested the following day after treatment with drug. The apparatus was cleaned with 

10% alcohol and dried between subjects. 

 

3.7 Forced swim test  

The forced swim test (FST) is a well-established and pharmacologically validated 

model of depression in rodents (276). We evaluated the effects of SR-8993 (in paper 

I) and CYM-9840 (in paper III) respectively using FST. Since anxiety and depression 

are closely related, it is important to include a measure of depression in studies 

examining changes in anxiety-related behaviors. The apparatus consists of a white 

plastic tub with diameter 34 cm and height 66 cm that is filled with water to a level of 

45-48 cm. The temperature of water was maintained between 22-25°C. Animals were 

habituated to the apparatus with no treatment for 10 minutes on the pre-test day and 

then tested the following day for 5 minutes after treatment with the drug. Behavior was 

recorded using a video camera and later scored manually. Dependent variables were 

latency to immobility and time spent immobile. After the test, animals were removed 

from the water, dried with a towel, placed in a cage that was heated from below (half 

on/half off a heating pad) until fully dry and then returned to the home cage. 
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3.8 Operant alcohol self-administration 

Operant conditioning chambers housed in sound attenuating cubicles were equipped 

with two retractable levers positioned on either side of a drinking reservoir. Visual 

stimuli were presented via a light located on the back panel. A microcomputer 

controlled delivery of fluids, presentation of visual stimuli and recording of behavioral 

output. Rats were trained to self-administer 0.2% (w/v) saccharin in 30 minute daily 

session on a fixed ratio 1 (FR1) schedule of reinforcement with each active lever 

response resulting in delivery of 0.1 ml of the saccharin solution. After each reinforcer 

delivery, there was a 5 second time-out period during which additional active lever 

presses were recorded but resulted in no reinforcer delivery. Inactive lever presses 

had no programmed consequences. After one week of saccharin self-administration, 

rats were trained to self-administer 10% (v/v) alcohol by increasing the alcohol 

concentration from 2%-4%-6%-8%-10% and gradually fading out the saccharin over 

two weeks. Rats were then trained to self-administer 10% (v/v) alcohol in 30 minutes 

daily session on an FR1 schedule for 2-3 weeks until they reached a stable baseline. 

Next, the effect of the drugs on alcohol self-administration was assessed using a latin 

square counterbalanced within-subjects design with one week between test sessions, 

with drug or vehicle administered i.p 45 minutes before the session. After each test 

session, rats continued daily self-administration sessions over the following week to 

reestablish baseline responding. We evaluated the effects of SR-8993 (in paper I & 

II), CYM-9840 (in paper III) and GW803430 (in paper IV) respectively in the self-

administration model. 

 

3.9 Progressive ratio responding for alcohol self-administration 

Rats were trained to self-administer 10% (v/v) alcohol as described above. When 

stable responding was reached, rats were tested for progressive ratio (PR) 

responding. The progression of lever presses required to receive an alcohol delivery 

was 1, 2, 3, 4, 6, 8, 10, 12, 16 and then increases in steps of four until the end of the 

test session (approximately 2 hours). The breakpoint was defined as the last ratio 

completed when 30 minutes had passed before the rat pressed the active lever 

enough times to reach the next level. We evaluated the effects of SR-8993 (in paper 

I) and CYM-9840 (in paper III) respectively in the PRR. 
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3.10 Cue- and stress-induced reinstatement of alcohol seeking 

Rats were trained to self-administer 10% (v/v) alcohol as described above. For cue-

induced reinstatement, an orange-scented contextual cue was paired with alcohol 

available during 2 weeks of baseline sessions. After stable responding was reached, 

rats underwent 14 daily extinction sessions during which both alcohol and the 

contextual cue was absent. Once the extinction criterion of fewer than 10 lever presses 

per 30 minutes session for three consecutive sessions was reached, animals were 

randomly assigned to treatment with vehicle or drug, administered i.p 45 minutes 

before the 30 minutes reinstatement test. During the reinstatement test, the contextual 

cue was present but alcohol was not available. For stress-induced reinstatement, rats 

were trained to self-administer 10% (v/v) alcohol with no additional contextual cues 

present, underwent extinction as described above and were administered yohimbine 

(1.25 mg/kg) a pharmacological stressor 5 minutes before drug or vehicle 

administration for the reinstatement test. We evaluated the effects of SR-8993 (in 

paper I) and CYM-9840 (in paper III) respectively using this reinstatement models. 

 

3.11 Two-bottle free choice drinking (4 hours limited access) 

Rats were single housed in order to measure individual intake with 4 hours limited 

access to alcohol solution in the beginning of the dark cycle. Alcohol concentration 

was gradually increased from 3%-6%-9% (v/v). The position of the bottles was 

changed daily to avoid place preference for a particular side. After establishing stable 

baseline drinking for 12 weeks, rats were treated with the drugs. Alcohol and water-

intake were recorded after the drug administration and body weight was recorded on 

the day of treatment and the day after. Alcohol-intake (g/kg) was calculated by 

multiplying volume of alcohol consumed (ml) by concentration of alcohol (v/v) given 

and density of alcohol (0.7893 g/ml) and dividing by body weight (kg). Alcohol-

preference expressed as percentage (%) was calculated by dividing volume of alcohol-

intake by volume of total fluid-intake and multiplying by 100. We evaluated the effects 

of SR-8993 (in paper I) and CYM-9840 (in paper III) respectively using this drinking 

model.  

 

3.12 Two-bottle free choice drinking (Intermittent Access) 

IA was performed using a two-bottle free choice procedure with access to water and 

20% (v/v) alcohol from the beginning of the experiment without a gradual increase in 

concentration. Following intermittent exposure for 11-15 weeks in order to induce 

escalation of alcohol-intake and establishment of stable drinking baseline. Upon drug 

treatment alcohol and water-intake were recorded 1, 2, 4 and 24 hours post treatment. 

Alcohol-intake and preference was calculated using the formula mentioned above. We 

evaluated the effects of SR-8993 (in paper I & II) and GW803430 (in paper IV) 

respectively using this drinking model. 
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3.13 Operant alcohol self-administration following intermittent 

 access induced escalation 

Rats were trained to self-administer alcohol as described above.  After a stable 

baseline was established, rats were single housed and given access to 20% (v/v) 

alcohol intermittently on Mondays, Wednesdays and Fridays; with only water available 

on the other days of the week. After a long period of IA drinking, animals were retrained 

to self-administer of 20% (v/v) alcohol shortly to access the new baseline. Then tested 

on progressive ratio and finally treated with drug. We evaluated the effects of SR-8993 

(in paper I & II) and GW803430 (in paper IV) respectively using this model. Separate 

group of rats were generated using this procedure for the gene expression studies (in 

paper IV). 

 

3.14 Operant alcohol self-administration after intermittent alcohol 

 vapor exposure 

Intermittent alcohol vapor exposure by evaporating alcohol into the air that are used 

to ventilate the cages 14 hours per day and the remaining 10 hours of the day no 

alcohol was present in the air. 5 days per week for 7 weeks was utilized to induce 

dependence. This schedule of exposure has been optimized to generate a reliable 

blood alcohol concentration (BAC>150mg/dl) and still produce daily withdrawal. Blood 

samples were taken once per week for BAC analysis. After 7 weeks of alcohol vapor 

exposure rats were trained to self-administer alcohol. When stable baseline 

responding for alcohol was established, rats were treated with the drug or vehicle 

using a latin square within-subjects design or used for gene expression studies. We 

evaluated the effects of GW803430 (in paper IV) using this model.  

 

3.15 Loss of righting reflex  

Rats were administered 3 g/kg of 20% (v/v) alcohol i.p and placed in a supine position 

upon loss of consciousness.  Time to regain righting reflex, defined as the ability to 

turn over into the upright position after being manually placed back in the supine 

position 3 times within 1 minute was measured. BAC upon sleeping and waking was 

also measured. We evaluated the effects of SR-8993 (in paper I) and CYM-9840 (in 

paper III) respectively using this model. 

 

3.16 Taste-preference 

Taste-preference was tested using two bottle free choice drinking with continuous 

access to water and 0.2% saccharin solution or 0.001% quinine solution, as previously 

described by Goodwin and Amit et. al 1998. Once drinking was stable rats were treated 

with vehicle or drug and their drinking was measured for the following 24 hours. We 

evaluated the effects of SR-8993 (in paper I) and CYM-9840 (in paper III) respectively 

using this model. 
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3.17 Blood alcohol concentration 

The blood alcohol concentration (BAC) was determined by a coupled enzyme reaction 

that resulted in a colorimetric (570 nm) product proportional to the amount of alcohol 

present. Standards for colorimetric detection were generated as follows: 50 µl of 17.15 

N alcohol diluted with 808.7 µl alcohol assay buffer to generate a 1 mmol/µl standard, 

10 µl of the 1 mmol/µl standard solution diluted with 990 µl alcohol assay buffer to 

generate a 10 nmol/µl standard, 100 µl of the 10 nmol/µl solution diluted with 900 µl 

alcohol assay buffer to generate a 1 nmol/µl standard. 0, 6, 12, 18, 24and 30 µl of the 

of the 1 nmol/µl standard solution were added to wells in a 96-well plate and alcohol 

assay buffer was added to each well to a final volume of 50 µl per well, generating 0 

(blank), 2, 4, 6, 8and 10 nmol/well standards. Samples were added to wells and diluted 

in alcohol assay buffer to a final volume of 50 µl. 50 µl of the master reaction mix (46 

µl alcohol assay buffer, 2 µl alcohol probe, 2 µl alcohol enzyme mix) was added to 

each well. Samples were mixed with a horizontal shaker and incubated for 30 minutes 

at 37° C. Absorbance was measured at 570 nm (A570). The background value 

obtained for the 0 (blank) alcohol standard was subtracted from all other readings. The 

values obtained from the standards were used to plot a standard curve. The amount 

of alcohol present in each sample was determined from the standard curve. We 

evaluated the effects of SR-8993 (in paper I) and CYM-9840 (in paper III) respectively 

using this method. 

 

3.18 Conditioned place preference 

The CPP apparatus consisted of two compartments with equal illumination and 

different tactile and visual cues, one with black walls and a grid floor and one with 

white walls and a wire mesh floor, separated by a guillotine door and equipped with 

infrared photo beams to determine movement and location of the mouse. The 

apparatus was placed in a sound attenuated chamber equipped with a fan generating 

white noise to mask external sound. Mice were given a 15 minutes pretest with the 

guillotine door open to establish that they did not have an initial side preference and 

those that spent more than 60% of the time on one side were excluded from the 

experiment. Mice were trained for four days with two 5 minutes sessions, one in the 

morning and one in the afternoon. One with 2 g/kg i.p alcohol in one compartment and 

one with an equivalent volume i.p saline in the other compartment in a 

counterbalanced unbiased design with the guillotine door closed. On the test day, time 

spent in the alcohol- and saline-paired compartments with the guillotine door open was 

measured for 15 minutes. We evaluated the effects of SR-8993 (in the future 

perspectives section) using this model. 

  



MATERIAL AND METHODS 

 

 
55 

 

3.19 Real-time polymerase chain reaction  

Rats with high intake during 20 weeks of IA drinking were sacrificed after 1 weeks of 

protracted abstinence following IA; high intake (n = 7) and naïve controls (n = 7) were 

used in this experiment. Brains were sliced in 1 mm sections using a cryostat 

according to the Paxinos and Watson rat brain atlas (6th edition). Regions of interest 

were dissected by micro punches and immediately frozen on dry ice and stored at -

80° C. Tissue was homogenized by shaking with 5 mm stainless steel beads (Qiagen, 

Hilden, Germany) in a TissueLyser (Qiagen, Hilden, Germany) at 25-30 Hz for 2 

minutes. RNA was then isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. Total RNA concentrations were 

determined using the Nano Drop (ND-1000 spectrophotometer, Nano Drop 

Technologies, Wilmington, DE, USA). 80 ng of total RNA from each sample was 

reverse transcribed into cDNA using a high capacity cDNA reverse transcription kit 

(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s 

instructions. mRNA expression of the gene of interest was determined using the 7900 

Fast Real-Time PCR System (Applied Biosystems). Reactions were performed in 

duplicate in 96-well optical plates using TaqMan Fast Universal PCR Master Mix (2x; 

Applied Biosystems). Beta-actin and GAPDH were used as control house-keeping 

genes. All probes were synthesized by Applied Biosystems. Data were acquired and 

processed with SDS software v2.3 (Applied Biosystems). This method was used to 

evaluate the expression of MCH and MCH1-R upon protracted abstinence following 

IA and acute withdrawal from alcohol vapor (in paper IV).  

 

3.20 Genotyping of beta-arrestin mice 

Mouse ear biopsies were lysed and digested in 50 mM NaOH at 95°C on a shaking 

heating block for 45-50 minutes. Tris-HCl pH 7.5 was added to each sample to 

neutralize it. Samples were then vortexed, centrifuged and the supernatant was 

collected and stored at -80° C until further use. Samples were diluted four times in 

DNase-free water. PCR was subsequently performed using the Clontech Advantage 

2 PCR kit (Takara Bio USA, Mountain View, CA, USA) with three different primers for 

knockout, wild type and heterozygote genes. The PCR samples were separated on 

1.5-2% agarose gels. The lower band (300-400 bp) detected on the gel represented 

the knockout gene, the higher band (650-800 bp) represented the wild type gene and 

samples with both bands represented the heterozygote. The beta-arrestin knockout 

mice were used to evaluate the effects of SR-8993 (in the future perspectives 

section) in the CPP experiment. 
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3.21 Immunohistochemistry of extracellular signal-regulated 

 kinase 

C57BL/6 wild-type mice were administered SR-8993 or vehicle i.p 30 minutes before 

i.p administration of 2 g/kg alcohol or saline and then transcardially perfused 30 

minutes after the second injection. Mice were euthanized by CO2 inhalation and 

quickly perfused with 36 ml of 4% paraformaldehyde. Brains were extracted and post-

fixed in 4% paraformaldehyde for 2-4 hours, transferred to 30% sucrose solution for 

dehydration for approximately 48 hours, snap frozen in isopentane and stored at -

80°C. Frozen 30 μm sections containing the NAc (core and shell), BNST, BMA and 

CeA were collected in cryoprotective solution containing 20% glycerol and 30% 

ethylene glycol in 1x PBS using a cryostat according to the Franklin and Paxinos 

mouse brain atlas (3rd edition) and stored at -20°C. Sections were washed in 1x PBS 

and incubated in 1% hydrogen peroxide for 30 minutes. Next the sections were 

transferred to 3% bovine serum albumin (BSA) for 1 hour and then incubated overnight 

with the primary antibody (rabbit anti-pERK, 1:300, Cell Signaling Technology, MA, 

USA) in 3% BSA solution at 4°C on a shaker.  The next day, sections were washed in 

1x PBS and then incubated with the biotinylated secondary antibody (anti-rabbit IgG, 

1:800, Thermo Fisher) for 1 hour. Next the sections were washed and incubated in 

avidin-biotin-peroxidase complex (Thermo Fisher) for 30 minutes. Sections were then 

washed and stained with diaminobenzidine (DAB) chromogen (Sigma) for 

approximately 4 minutes, washed and mounted on gelatin-coated slides.  The next 

day, sections were dehydrated through an alcohol-xylene series, cover-slipped and 

imaged using an Olympus BX51 light microscope at 20x magnification equipped with 

a digital camera. An experimenter blinded to treatment counted cells using ImageJ 

(NIH, Bethesda, Maryland, USA). For each subject, one section per hemisphere was 

quantified per brain area. The dependent variable was number of immunoreactive cells 

per square millimeter. We evaluated the effects of alcohol and SR-8993 on the level 

of phosphorylation of extracellular signal-regulated kinase (ERK) (in the future 

perspectives section) using this immunohistochemistry (IHC) method. 

3.22 Statistical Analysis 

GraphPad Prism (v.5.04; GraphPad software, Inc., La Jolla, CA, USA) and SPSS 

(v.22; IBM; Stockholm, Sweden) was used. Data were analyzed by analysis of the 

variance (ANOVA) followed by Newman-Keuls post hoc tests when appropriate or by 

Kruskal-Wallis ANOVA when data did not meet parametric assumptions. Two-way 

ANOVA was used to determine effects of alcohol treatment or drug and one-way 

repeated measures ANOVA was used to analyze the self-administration data with 

treatment as the factor. 
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4. RESULTS AND DISCUSSION 

This section describes and discusses the major findings in papers I, II, III & IV 

accordingly in a concise form. For full details regarding results and discussions please 

refer to the specific paper and manuscript which are attached accordingly at the end 

of this book. 

4.1 The nociceptin/orphanin FQ receptor agonist SR-8993 as a 

candidate therapeutic for alcohol use disorders: validation in 

rat models (Paper I) 

4.1.1 Acute alcohol withdrawal-induced anxiety in the elevated 

plus-maze was reversed by SR-8993 

In the EPM SR-8993 was mildly anxiolytic when given to naïve animals and potently 

reversed acute alcohol withdrawal-induced (“hangover”) anxiety observed 12 hour 

after alcohol administration (Figure 5 A and B). It has been reported previously that 

the activity to reverse withdrawal-induced anxiety is a short term model that is very 

useful in drug screening and is a predictor of activity in rodent models of long term 

neuroadaptations induced by alcohol (16, 297). 

 

Figure 5. Behavioral screening for effective dose of NOP agonist SR-8993 using the elevated 

plus-maze. Elevated plus-maze during non-challenged conditions (A) and testing for reversal of 
alcohol-induced hangover anxiety (B). (A) Pretreatment with SR-8993 at a dose of 1 mg/kg bodyweight 
had a pronounced anxiolytic-like effect on the elevated plus-maze during baseline, non-stressful 
conditions. Data presented is percent time spent on the open arm out of time spent on any arm (100% 
× (open/(open + closed)). (B) The same dose was effective in reversing the anxiogenic effects of an 
acute administration of a high dose of alcohol. Withdrawal anxiety was induced by an acute 
administration of alcohol (i.p 3.0 g/kg) at 12 h prior to testing using the elevated plus-maze and the 
pretreatment with SR 8993 (1 mg/kg) was administered 45 min prior to plus-maze exposure. Data 
presented is percent time spent on the open arm out of time spent on any arm (100 % × (open/(open + 
closed)) as well as the number of closed arm entries, a measure of locomotor activity. All values are 
given as mean ± SEM. (A) * p < 0.05 vs. vehicle, ** p < 0.01 vs. vehicle. (B) * p < 0.05 vs. vehicle, ## 
p < 0.01 vs. non-alcohol control, ** p = 0.01 vs. withdrawal. 
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4.1.2 Operant self-administration, progressive ratio responding 

and cue- and stress-induced reinstatement of alcohol 

seeking were attenuated by SR-8993 in alcohol naïve Wistar 

rats 

Activation of NOP receptors by SR-8993 potently and dose dependently decreased 

alcohol self-administration (Figure 6 A). These results are supported by previous 

findings where activation of NOP receptors decreases alcohol self-administration 

(141, 143, 298). The operant self-administration model better reflects motivation to 

obtain alcohol compared to home cage drinking which further strengthens these 

results. 

SR-8993 significantly reduced the progressive-ratio break-points for alcohol directly 

reflecting reduced motivation to work for alcohol (Figure 6 B). PRR results reflect the 

reinforcing efficacy of drug of abuse (299-301) and thus SR-8993 leads to reduced 

motivation to work for alcohol.  

Reinstatement of previously extinguished alcohol-seeking behavior elicited by alcohol-

associated cues or by a yohimbine stressor were also significantly attenuated by NOP 

receptor agonism (Figure 6 C and D). Our findings are in agreement with previous 

studies showing that NOP receptors regulate the rewarding effects of various drugs of 

abuse (145, 302, 303). Specifically, previous studies have shown that activation of 

NOP receptors reduces anxiety (142), attenuates alcohol self-administration as well 

as cue- and stress-induced reinstatement of alcohol seeking (143). Cue- and stress-

induced reinstatement to drug seeking are mediated by distinct brain pathways that 

ultimately converge, with cue-induced reinstatement primarily mediated by the 

mesolimbic DA system and stress-induced reinstatement primarily mediated by CRH 

and noradrenaline (304, 305).   

The finding that pretreatment with SR-8993 blocked yohimbine stress-induced 

reinstatement and this is supported by previous studies showing a role of the NOP 

system in stress responses (139, 306-308). It is not clear how NOP regulates stress 

reactivity but there is some evidence of interactions between the NOP and the CRH 

systems (309, 310). Interestingly, SR-8993 has been recently shown to be involved in 

sensitized stress systems in an animal model of PTSD (311). 

Our results are in parallel support and expand on previous findings by Kuzmin and 

colleagues that NOP agonism potently and selectively suppresses alcohol self-

administration, motivation to seek alcohol, as well as cue- and stress-induced 

reinstatement of alcohol seeking (143). 
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Figure 6. Effect of NOP agonist in the alcohol self-administration, progressive ratio and 

relapse paradigm. SR-8993 suppresses alcohol self-administration (A), decreases motivation to work 

for alcohol (B) and prevents both cue- (C) and stress-induced relapse-like behavior (D). (A) Operant 

self-administration of alcohol (10 % v/v) was significantly attenuated by pretreatment with 1 and 3 mg/kg 

SR-8993. (B) Pretreatment with SR-8993, significantly decreased motivation to work for alcohol delivery 

as measured using progressive-ratio responding. Breakpoint is defined as the highest number of lever 

presses the animals performed to receive one dose of alcohol in the drinking cup. (C) Exposure to 

alcohol-associated cues (light/orange odor) induced reinstatement of lever-pressing at the lever 

previously paired with alcohol delivery (extinction vs. vehicle bars). Pretreatment with SR-8993 

(1 mg/kg) completely blocked this cue-induced reinstatement (vehicle vs. 1.0 mg/kg bars). (D) Similar 

to what was observed for cue-induced reinstatement, yohimbine-induced reinstatement was blocked by 

pretreatment with SR-8993. All values are given as mean ± SEM. ** p < 0.01 vs. vehicle, *** p < 0.001 

vs. vehicle. 

4.1.3 Alcohol-intake in the 4 hour limited access and intermittent 

access drinking was reduced by SR-8993 

SR-8993 significantly suppressed two-bottle free choice drinking in the 4 hour limited 

and IA drinking model. As previously reported IA to alcohol results in an escalation of 

alcohol-intake over time (286). Pretreatment with SR-8993 dose dependently 

suppressed alcohol-intake without affecting water-intake at the doses that reduced 

alcohol-intake in the IA (Figure 7 A).  

It has been previously shown that NOP receptor antagonist J-113397 facilitates the 

acquisition of cocaine- and morphine-induced CPP (12) and increases both alcohol 

and water-intake (13). It can thus be hypothesized that the endogenous NOP system 

inhibits drug-induced activation of the brain reward systems and that inactivation of 
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this system using an antagonist renders the individual more susceptible to the 

rewarding effects of a drug. 

Unlike NOP and other peptidergic NOP agonists like OS-462, UFP-102 and UFP-112, 

Ro 64-6198 a non-peptidergic NOP agonist failed to decrease voluntary alcohol-intake 

possibly due to the fact that the compound itself has a residual agonist activity at the 

mu-opioid receptors (142, 312). 

4.1.4 SR-8993 reduced escalated alcohol-intake in intermittent 

access two-bottle free choice drinking and operant self-

administration in rats with a history of escalation   

Exposing rats to prolonged (for 15 weeks) two-bottle free choice IA to 20% v/v alcohol 

resulted in robust escalation of subsequent operant alcohol self-administration 

compared to naïve rats and pretreatment with SR-8993 significantly attenuated the 

escalated lever-responding (Figure 7 B). It has been previously reported that IA to 

20% v/v alcohol results in a robust escalation of alcohol-intake (286). 

A history of alcohol exposure results in neuroadaptive changes in the brain and 

escalation of alcohol-intake here is directly driven by compulsive alcohol seeking 

behavior in order to get relief from the negative effects during the protracted 

abstinence (16). NOP system is dysregulated in this phase of dependence; and in this 

state it has been reported that ICV administration of NOP attenuates alcohol-intake 

and produces anxiolytic effect as reflected in the EPM. 

 

Figure 7. Effects of SR-8993 on alcohol-intake (A) and operant responding (B) in animals with 

escalated alcohol consumption. Animals were allowed intermittent (24 h, three times per week) 

access to 20% v/v alcohol for 15 weeks. (A) During the IA to 20% v/v alcohol, SR-8993 at 1 and 3 mg/kg 

significantly attenuated consumption over the 24 h time period. (B) In operant self-administration, a 

significant escalation of responding from baseline prior to IA to re-training after the IA paradigm was 

seen (baseline vs. vehicle bars). Pretreatment with SR-8993 (1 mg/kg) significantly attenuated 

responding. Baseline indicates responding prior to 15 weeks of IA to 20% v/v alcohol. The line indicating 

“Escalation” points to responding after IA following either vehicle or SR-8993 (1 mg/kg) treatment. All 

values are given as mean ± SEM. (A) *** p < 0.001 vs. vehicle, (B) ### p < 0.001 vs. extinction, *** 

p = 0.01 vs. vehicle. 
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4.1.5 Control experiments confirmed that the effects of SR-8993 

were specific to alcohol reward and motivation to seek 

alcohol  

A battery of control experiments was conducted to evaluate the specificity of the 

effects observed after SR-8993 administration on alcohol related behaviors. Behaviors 

and measures such as LORR, alcohol elimination rate, basal locomotor activity, FST, 

taste-preference (saccharin/quinine adulteration) and 0.1% saccharin self-

administration were unaffected by pretreatment with SR-8993.  Thus the effects of SR-

8993 observed were specific to measures of the rewarding and motivational aspects 

of alcohol-intake and seeking. 

4.2 Escalation of self-administration following intermittent access 

to alcohol selects for sensitivity to treatment with a 

nociceptin/orphanin FQ receptor agonist SR-8993 (PAPER II) 

IA to alcohol has been shown to lead to neurochemical adaptations in the mesolimbic 

system (313) that are associated with reduced dopamine output into the NAc 24 hours 

into withdrawal as measured by in-vivo microdialysis (313). Withdrawal from extended 

or chronic exposure to alcohol results in substantially decreased activity of the 

dopaminergic VTA neurons projecting to the NAc (314). This marked suppression of 

DA levels in the NAc is associated with alcohol craving during relapse (315). In the  

long term alcohol consumption results in an allostatic attenuation of the reward system 

resulting in the development of tolerance (316). This allostatic change is also 

responsible for the transition from positive to negative reinforcement mechanisms in 

addiction (317). Decrease in VTA dopaminergic neuron firing and DA release into the 

NAc are associated with the suppression of reward function after long-term exposure 

to alcohol (313), leading to alcohol-seeking behavior that is modulated mainly by 

negative reinforcement mechanisms. The IA model of two-bottle free choice drinking 

may therefore initiate allostatic changes that are accompanied by neurochemical 

deficiencies in the mesolimbic reward circuit and recruit mechanisms involved in 

negative reinforcement. It is critical that in order to model the transition from impulsive 

to compulsive alcohol use, a rat model includes the intermediate phase with elevated 

drinking behavior. This is in order to model the human condition accurately for 

medication development is needed for AUD (318). IA two-bottle free choice preference 

drinking is thus useful as a method for screening and evaluating potential 

pharmacological interventions. It should also noted that IA is not a pure model of 

dependence but rather a model of chronic, prolonged and repeated alcohol-intake 

model. It does not induce physical dependence to a level as such seen following 

alcohol vapor exposure or liquid diet, but it is useful here because we would expect a 

compound affecting reward-related signaling and behavior to be effective here and 

maybe not to be as effective in the ”true” post-dependent state/phase.   
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4.2.1 A history of operant self-administration resulted in 

increased alcohol-intake and preference in the intermittent 

access two-bottle free choice model and escalated operant 

responding  

A history of short-term operant self-administration resulted in a rapid and significant 

increase of alcohol-intake and preference compared with naïve rats. There are several 

approaches to model escalated alcohol-intake and resulting effects such as increased 

stress sensitivity. These can involve passive induction of dependence (318) or IA to 

voluntary consumption of alcohol (286). Several studies have reported that previous 

experience with alcohol leads to higher initial levels of consumption and increased 

preference (315, 319, 320). This supports our finding that rats with previous 

experience with operant alcohol self-administration consumed more alcohol and had 

higher preference for alcohol compared with controls in the IA two-bottle free choice 

preference drinking model.  

4.2.2 A robust positive correlation between alcohol-intake and 

preference regardless of previous experience with alcohol 

self-administration 

There was a robust positive correlation between alcohol-intake and alcohol-preference 

during IA two-bottle free choice preference drinking in both SA-trained and SA-

untrained groups. Awareness of this relationship between alcohol-intake and 

preference in the two-bottle free choice paradigm could be useful in protocol design in 

operant conditioning models. Understanding how different components of motivation 

lead to escalation of drinking or not is useful for determination of mechanisms of action 

underlying AUD (321). 

4.2.3 Intermittent access to alcohol resulted in escalated alcohol 

self-administration and increased motivation to obtain 

alcohol 

The IA procedure appears useful for studying neurobiological mechanisms of alcohol 

consumption and preference, neuroadaptations that occur with escalated drinking and 

evaluating the efficacy of potential treatments. However, this method does not address 

the motivational and reinforcing processes that regulate alcohol-intake and seeking, 

which are also critical in the development of addiction. Thus we used the operant self-

administration procedure to evaluate potential shifts in motivational behavior induced 

by the IA procedure to better model what occurs during the development of AUD in 

humans (285, 318). We found that previous experience with operant alcohol self-

administration before IA two-bottle free choice preference drinking resulted in a faster 

acquisition of alcohol self-administration after the IA procedure and significantly 

increased lever-pressing for alcohol during self-administration compared to the non-

IA controls (Figure 8 A-D). Additionally, the group with previous exposure to alcohol 
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self-administration had significantly higher operant-responding after IA to alcohol 

drinking as compared with their pre-IA baseline.  

After evaluating post-IA operant self-administration, we tested rats on a progressive 

ratio schedule of reinforcement to investigate motivation to obtain alcohol (301, 322). 

We found that rats were slightly more motivated to work for and consume mildly more 

alcohol after exposure to the IA procedure as reflected by the breakpoint and intake 

value which was significantly higher compared to the controls.  
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Figure 8. Effect of IA exposure on operant alcohol self-administration. IA to alcohol leads to a 

(mild) increase in active lever-responding (A) but not in rewards earned (B) in operant self-
administration. Animals with IA-exposure (D) but not unexposed animals (C) could be divided into 
escalated and non-escalated subgroups. * p < 0.05 vs. control. The result are presented as mean ± 
S.E.M. 

4.2.4 Intermittent access to voluntary alcohol drinking resulted in 

a pronounced escalation of operant alcohol self-

administration in a subgroup of individuals  

Escalation of operant alcohol self-administration was operationally defined as at least 
a 30% increase in number of lever presses after IA compared with baseline. We 
observed a clear division between escalated and non-escalated subgroups within the 
self-administration trained group following IA. This could be due to for example the 
development of early physical dependence and/or a change in the perception of the 
positive reinforcing effects of alcohol. The intermittent pattern of alcohol-intake models 
repeated cycles of binge intake followed by abstinence (293). An alternative 
explanation is that IA with its repeated cycles of drinking and withdrawal leads to 
increased drinking that is driven by anticipation of a future withdrawal episode. 
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4.2.5 SR-8993 selectively suppressed alcohol-intake in 

individuals with escalated self-administration 

Pretreatment with SR-8993 reduced alcohol-intake in a two-bottle free choice 

paradigm in the group with escalated self-administration but not in the non-escalated 

group (Figure 9 A-F). This is supported by previous results that rats without a history 

of alcohol dependence are not sensitive to attenuation of alcohol self-administration 

by NOP or to the anxiolytic effects of NOP. With a history of dependence, 

administration of NOP reduces both alcohol-intake and has anxiolytic effects. A history 

of high alcohol-intake results in changes in NOP peptide and receptor expression 

(323).  
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Figure 9. Escalated group of animals only showed sensitivity to treatment. Treatment response 

to NOP agonist SR-8993 at 1 mg/kg in voluntary alcohol-intake using a two-bottle free choice procedure. 
(A, D)- all animals; (B, E)- escalated animals, (C, F)- non-escalated animals. * p < 0.05 vs. vehicle, ** 
p < 0.01 vs. vehicle and *** p < 0.001 vs. vehicle. The results are presented as mean ± S.E.M. 

4.2.6 SR-8993 potently suppressed abstinence-induced alcohol 

self-administration 

Pretreatment with SR-8993 dose-dependently attenuated abstinence-induced alcohol 

self-administration (Figure 10). Abstinence from alcohol results in a change in the 

reinforcement value of alcohol. AUD patients typically experience increased 

motivation to drink during attempts to abstain from alcohol.  This is one factor that 

facilitates relapse to uncontrolled alcohol consumption. When relapse occurs after a 

period of abstinence, alcohol consumption increases compared with consumption 

levels before the period of abstinence (324). In animal models, alcohol-intake also 

increases after a period of no alcohol, which is known as the alcohol deprivation effect 
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(293). Deprivation can thus be used to facilitate increased alcohol-intake in animal 

models of alcohol dependence (293).  The effect could be due to changes in alcohol’s 

reinforcing properties. A similar phenomenon also occurs for natural reinforcers such 

as palatable food and water (325). However, animal models typically do not reflect 

every aspect of the complex behavioral factors involved in human alcohol use. One 

key feature missing in animal models is the internal motivation to quit drinking during 

the cycles of drinking followed by abstinence.     
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Figure 10: A three-week abstinence period significantly increased operant responding was 

robustly suppressed. Pretreatment with NOP agonist SR-8993 at 1 mg/kg drastically reduced operant 
responding to levels well below pre-abstinence baseline. *** p < 0.001 vs. 1 week baseline and *** 
p < 0.001 vs. control. The results are presented as mean ± S.E.M.  

 

4.3 The neuropeptide Y-Y2 antagonist as a putative treatment 

target in alcohol use disorder: validation in rat models (Paper 

III) 

4.3.1 CYM-9840 prevented acute alcohol-induced withdrawal 

anxiety  

CYM-9840 had no significant anxiolytic effect in the EPM when given to naïve animals 

but it significantly reduced acute alcohol withdrawal-induced (“hangover”) anxiety 

observed 12 hours after alcohol administration (Figure 11). In the EPM,  an anxiolytic 

effect in naïve animals has been observed following treatment with another NPY-Y2 

receptor antagonist BIIE0246 (326) but the finding could not be repeated here. 

Decreased protein and gene expression of NPY and its receptors has been observed 

in the rat brain during alcohol withdrawal in rats (196, 327), strengthening the idea that 

the NPY system is recruited during alcohol withdrawal. 
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Figure 11. Pretreatment with NPY-Y2 receptor antagonist CYM-9840 attenuates withdrawal-

induced anxiety on the elevated plus-maze. Pretreatment with CYM-9840 at a dose of 10 mg/kg 
bodyweight reversed the anxiogenic effects of an acute administration of a high dose of alcohol. 
Withdrawal anxiety was induced by an acute administration of alcohol (i.p; 3.0 g/kg) at 12 hours prior 
to testing using the elevated plus-maze and the pretreatment with CYM-9840 (10 mg/kg) was 
administered 45 mins prior to plus-maze exposure. Data presented is percent time spent on the open 
arm out of time spent on any arm (100% x (open/(open+closed)) All values are given as mean ± SEM.  
***p<0.001 vs. saline group, ### p<0.001 vs. vehicle-alcohol group. 

4.3.2 CYM-9840 reduced alcohol-intake in the two-bottle free 

choice preference drinking with 4 hour limited access 

Two-bottle free choice drinking (4 hour limited access) was significantly reduced by 

pretreatment with CYM-9840 (Figure 12 A-B). Our data further confirm that 

antagonism of central NPY-Y2 receptors attenuates alcohol drinking as previously 

shown that the NPY system is recruited in rats with a history of alcohol drinking (190). 
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Figure 12. Effect of NPY-Y2 receptor antagonist CYM-9840 in the 4-hour limited access 

paradigm. Alcohol-intake (A) but not water-intake (B) in a non-operant two-bottle free choice paradigm 
was significantly attenuated by pretreatment with CYM-9840. Animals were given access to two bottles, 
one with alcohol solution and one with water, for 4 hours starting one hour into the dark phase. (A) 
Alcohol-intake was significantly suppressed following treatment with CYM-9840. (B) Water-intake 
(ml/kg bodyweight) was not affected by pretreatment with CYM-9840. All values are given as mean ± 
SEM. **p <0.01 vs. vehicle; *** p<0.001 vs. vehicle. 
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4.3.3 CYM-9840 suppressed operant self-administration of 

alcohol, motivation to seek alcohol and stress- but not cue-

induced reinstatement of alcohol seeking 

Pretreatment with CYM-9840 significantly suppressed operant self-administration of 

alcohol, progressive ratio breakpoint and stress-induced but not cue-induced 

reinstatement of alcohol seeking (Figure 13 A-D). The lack of effect on cue-induced 

reinstatement shows behavioral specificity to the stress-relieving aspect of alcohol 

seeking.  Another NPY-Y2 receptor antagonist, BIIE0246, has been previously 

reported to suppress alcohol self-administration and there is evidence that this effect 

sensitizes in rats with a history of alcohol dependence (189, 190). However, this effect 

was not replicated with a different NPY-Y2 receptor antagonist JNJ-31020028 with 

systemic administration or local injection (188). Despite a lack of consensus in the 

literature on the role of the NPY-Y2 receptor in rat models of AUD, our results provide 

further support that antagonism at the central NPY-Y2 receptors could be an effective 

treatment strategy in AUD. 

L
e

v
e

r
 p

r
e

s
s

e
s

 (
3

0
 m

in
 s

e
s

s
io

n
)

0

1 0

2 0

3 0

4 0

5 0

V e h ic le

3  m g /k g

1 0 m g /k g

***

0

5

1 0

1 5

2 0

2 5

B
r
e

a
k

p
o

in
t

V e h ic le

3  m g /k g

1 0  m g /k g

***

B a s e lin e E x t. V e h ic le 1 0  m g /k g

0

1 0

2 0

3 0

4 0

L
e

v
e

r
 p

r
e

s
s

e
s

 (
3

0
 m

in
 s

e
s

s
io

n
)

***

***

**

B a s e lin e E x t. V e h ic le 1 0  m g /k g

0

1 0

2 0

3 0

4 0

L
e

v
e

r
 p

r
e

s
s

e
s

 (
3

0
 m

in
 s

e
s

s
io

n
)

***

***
n .s .

A . B .

C . D .

F o llo w in g  y o h im b in e C u e s  p re s e n te d

 

Figure 13. Effect of NPY-Y2 receptor antagonist CYM-9840 in the alcohol self-administration, 

progressive ratio and relapse paradigm. CYM-9840 suppresses alcohol self-administration (A), 
decreases motivation to work for alcohol (B) and prevents stress- (C), but not cue- (D) induced relapse-
like behavior. (A) Operant self-administration of alcohol (10% v/v) was significantly attenuated by 
pretreatment with 3 and 10 mg/kg CYM-9840. (B) Pretreatment with CYM-9840, significantly decreased 
motivation to work for alcohol delivery as measured using progressive ratio responding. Breakpoint is 
defined as the highest number of lever-presses the animals performed to receive one dose of alcohol 
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in the drinking cup.  (C) Stress-induced reinstatement by the pharmacological stressor yohimbine was 
blocked by pretreatment with SR-CYM-9840. (D) Exposure to alcohol-associated cues (light/orange 
odor) induced reinstatement of lever-pressing at the lever previously paired with alcohol delivery 
(extinction vs. vehicle bars). Pretreatment with CYM-9840 did not significantly affect this measure. All 
values are given as mean ± SEM. *** p<0.001 vs. vehicle. 
 

4.3.4 Control experiments confirmed the behavioral specificity of 

the effects of CYM-9840 on alcohol-related behaviors  

A panel of control behavioral tests including locomotor activity, operant self-

administration of 0.1% saccharin, LORR, BAC, saccharin taste-preference 

adulteration with quinine and FST were unaffected by treatment with CYM-9840. 

These data reflects the behavioral and pharmacological specificity of CYM-9840 for 

alcohol.  

4.4 Melanin-concentrating hormone and its MCH1 receptor: 

Relationship between effects on alcohol and caloric intake 

(Paper IV) 

Alcohol is a unique drug in that it is both a pharmacodynamically active substance with 

the ability to activate brain reward systems and a source of calories. The role of MCH 

and the MCH1-R in energy balance and homeostasis is well established (217, 248, 

251). The MCH1-R antagonist GW803430 has been shown to attenuate alcohol self-

administration and block cue-induced reinstatement of alcohol seeking in naïve rats. 

They also reported that the effective dose of compound that was used upon several 

observations indicate that the action of it were behaviorally and pharmacologically 

specific (328). However, the effect of MCH1-R on alcohol-intake and reward in a model 

of escalated-intake was previously unknown. So to further investigate in this study, we 

extended previous findings using GW803430 by assessing the role of MCH1-R in 

regulation of caloric-intake and motivation to consume alcohol after escalated-intake. 

4.4.1 Intermittent Access to alcohol resulted in robust escalation 

of intake that was accompanied by a caloric shift from food 

to alcohol 

Food and alcohol-intake were measured during IA to 20% v/v alcohol. Rats were 

divided into groups of high and low alcohol drinkers. Rats in the high alcohol drinker 

group consumed over 4g/kg alcohol per day and had reduced food-intake on days 

when alcohol was available as compared with days when alcohol was unavailable. 

Rats in the low alcohol drinker group consumed under 2g/kg alcohol per day and had 

similar food-intake regardless of whether alcohol was available or not. Total caloric-

intake did not differ between groups. Regression analysis revealed a significant 

negative correlation between alcohol-intake and food-intake in the high alcohol drinker 

group.  
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4.4.2 GW803430 reduced caloric-intake from both alcohol and 

food in the high drinker group only  

In agreement with previous studies, we found that treatment with MCH1-R antagonist 

GW803430 resulted in a significant decrease in food-intake (250, 251, 253, 329) in 

both the groups, while alcohol-intake was only decreased for rats in the high alcohol 

drinker group (Figure 14 A-D). This indicates that MCH primarily regulates 

homeostatic caloric balance but also may also modulate alcohol reward when intake 

has escalated. However, alcohol is a source of calories in addition to its rewarding 

properties and it can be difficult to fully separate these effects. Also, because the low 

alcohol drinking group obtained relatively few calories from alcohol, the lack of a 

significant reduction of alcohol-intake with GW803430 treatment in this group may be 

due to a floor effect. 
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Figure 14. Food and alcohol-intake is suppressed by treatment with the melanin-concentrating 

hormone-1 receptor antagonist, GW803430 (30 mg/kg) in high-drinking rats. A suppression of both 

food (A) and alcohol-intake g/kg/24h (B) following administration of GW803430 was seen in both high 

(>4 g/kg/24 h) and low (<2 g/kg/24 h) drinking animals following 20 weeks of IA to 20% v/v alcohol. A 

main effect of group and treatment was noticed for both food (§§p < 0.01 and §§§p < 0.001, respectively) 

and alcohol-intake (§§§p < 0.001 and §§p < 0.01, respectively). The dose of 30 mg/kg decreased 

calories from food in both groups (C) shown as a main effect of group and treatment (§§p < 0.01 and 

§§§p < 0.001, respectively) however, calories obtained from alcohol were significantly lower in high 

drinkers while treatment did not affect calorie intake from alcohol in low-drinking rats, ***p < 0.001, 

compared to vehicle, high-drinking group (D). Food and alcohol consumption was calculated as 

kcal/kg/24 h. GW803430 had no impact on water-intake in either group. 
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4.4.3 Escalated alcohol self-administration induced by 

intermittent access was suppressed by GW803430 

administration during protracted abstinence following 

intermittent access 

In this experiment, we further evaluated the role of MCH1-R in a rat model of escalated 

alcohol-intake. The effect of GW803430 on motivation to obtain alcohol was assessed 

using operant alcohol self-administration during protracted abstinence following IA. In 

this paradigm, GW803430 dose-dependently suppressed alcohol self-administration 

compared with controls (Figure 15 A). While not affecting the inactive lever-

responding (Figure 15 B).  

4.4.4 Escalated alcohol self-administration induced by chronic 

alcohol vapor exposure was not suppressed by GW803430 

administration during acute withdrawal 

The effect of GW803430 on motivation to obtain alcohol was assessed using operant 

alcohol self-administration during acute withdrawal from alcohol vapor. In contrast with 

results obtained during protracted abstinence from IA, there were no differences in 

alcohol self-administration during acute withdrawal between alcohol vapor exposed 

and air exposed control rats (Figure 15 C-D). While both methods result in persistent 

escalation of voluntary alcohol consumption, they offer distinct advantages. Alcohol 

vapor exposure induces physical dependence with the dose controlled by the 

experimenter, making this method well suited for assessment of effects during acute 

withdrawal (330, 331).     
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Figure 15. Pretreatment with GW803430 dose dependently attenuated lever-pressing for 

alcohol during protracted abstinence, but did not significantly alter lever-pressing during acute 
withdrawal. Treatment with the melanin-concentrating hormone-1 receptor antagonist, GW803430, 
attenuated lever-pressing for 20% v/v alcohol in animals during protracted abstinence, ##p < 0.01 
versus baseline; ***p < 0.001 versus vehicle (A). Vapor rats were self-administering significantly more 
during baseline, *p < 0.05 versus control. A main effect of treatment was observed in acute withdrawal, 
§§§p < 0.001 (C). Responding at the non-alcohol paired lever was not affected by treatment in 
protracted abstinence (B) or acute withdrawal (D). Results are presented as average ± SEM. 
 

4.4.5 Expression of MCH and MCH1-R is dysregulated in the 

hypothalamus and nucleus accumbens during protracted 

abstinence from intermittent access but not during acute 

withdrawal from alcohol vapor 

In this study, we demonstrated critical roles for MCH and MCH1-R in energy balance 

and reward modulation during protracted abstinence following IA. MCH gene 

expression was downregulated in the LH, which primarily contains the cell bodies 

producing MCH. MCH1-R gene expression was upregulated in the NAc, which 

receives MCH projections from the LH (Figure 16 A-C). We hypothesize that these 

adaptations persist during protracted abstinence, which could explain the effect of 

GW803430 on escalated self-administration during protracted abstinence. In support 

of our findings, local injection of MCH into the NAc or the PVN increases alcohol-intake 

(332). This raises the possibility that alteration of the circuits that regulate both food-

intake and reward underlie the escalation of alcohol consumption.   

There were no changes in MCH or MCH1-R gene expression during acute withdrawal 

from alcohol vapor exposure. It has been previously demonstrated that repeated 

cycles of alcohol vapor exposure induce physical dependence and escalation of 

alcohol-intake in rats (330). During acute withdrawal, rats express physical withdrawal 

symptoms that promote alcohol-intake mainly driven by relief of these symptoms (14). 

Our results suggest that the MCH system is not involved in this process. This fits with 

the idea that escalation of alcohol self-administration during acute withdrawal recruits 

stress-mediating rather than reward-mediating pathways. 
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Figure 16. Changes in melanin-concentrating hormone (MCH) and MCH-1 receptor (MCH1-R) 

mRNA expression in the hypothalamus and nucleus accumbens in protracted abstinence 
following IA (IA). mRNA expression for MCH was down-regulated while the MCH1-R was up-regulated 
in the hypothalamus during protracted abstinence following IA (A, B). Further, MCH1-R expression was 
down-regulated in the nucleus accumbens (NAc) compared to control rats (C). **p < 0.01 versus control, 
*p < 0.05 versus control and *p < 0.05 versus control. Results are presented as average ± SEM.
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5. SUMMARY 

Various central neuropeptides have been implicated in the regulation of anxiety, stress 

reward and alcohol-intake. This thesis focused on the role of three of these; NOP, NPY 

and MCH and their receptors in the pathophysiology of AUD. Modern chemical 

synthesis technology makes it possible to develop small non-peptide molecules 

targeting specific receptor systems in the CNS. We have used this strategy of 

modulating the activity of these receptors using pharmacological interventions 

designed as specific agonists or antagonists in order to evaluate behavioral outcomes 

in animal models of AUD.  

First, NOP which is widely expressed in the CNS has been implicated in a wide range 

of central effects including drug abuse. Activation of the NOP receptor has been 

suggested to play critical roles in alcohol reward and in compulsive alcohol-seeking 

behavior. The differential effects of NOP receptor activation have been hypothesized 

to be due to differential activation of intracellular signaling pathways following ligand 

binding or biased agonism. The recent development of novel, small molecule agonists 

for the NOP receptor that can easily cross the blood brain barrier gives us a unique 

possibility to further evaluate this receptor as a novel pharmacological treatment target 

for AUD.  

We found that stimulation of the NOP receptor using the novel, small molecule and 

peripherally available agonist SR-8993 reversed acute alcohol withdrawal-induced 

“hangover” anxiety. It also dose-dependently resulted in decreased operant SA and 

decreased voluntary two-bottle free choice drinking of alcohol. In addition, it blocked 

both cue- and stress-induced reinstatement of alcohol seeking, models for relapse-

like behavior. SR-8993 also attenuated escalated consumption in the IA model and 

suppressed operant SA in rats with a history of escalation. It was highly selective for 

the NOP receptor and the specificity of its effects on alcohol-related behavior was 

supported by our findings that it did not affect behavior in control experiments 

measuring locomotor activity, 0.1% saccharin SA, saccharin/quinine taste 

adulteration, water-intake, FST, LORR and BAC.    

The progression to a diagnosis of AUD includes increased craving for and escalation 

of alcohol consumption over time accompanied by repeated episodes of abstinence 

and relapse. We modelled this with a combination of operant SA and IA to alcohol. We 

found that a previous history of operant SA resulted in increased intake of and 

preference for alcohol during IA. Additionally, IA exposure resulted in slightly increased 

alcohol SA and higher PR breakpoints. Pretreatment with SR-8993 attenuated alcohol-

intake during IA and suppressed abstinence-induced operant SA of alcohol. 

Taking all of these results together, NOP receptor agonist SR-8993 had a broad range 

of in-vivo activity and the NOP receptor represents a viable treatment target for AUD. 

We hypothesize that it works by modulating or inhibiting the positive reinforcing 

properties of alcohol. 
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Second, NPY is widely distributed in the brain and highly expressed in brain regions 

modulating emotion, anxiety and motivation. NPY is orexigenic and anxiolytic and has 

been implicated in playing key roles in the regulation of alcohol consumption, 

withdrawal-induced anxiety and stress-induced reinstatement of alcohol seeking in 

animal models and potentially in AUD in humans. 

We evaluated CYM-9840 a novel, small molecule NPY-Y2 receptor antagonist that 

penetrates the blood brain barrier in animal models of alcohol-related behaviors. We 

found that pretreatment with CYM-9840 reversed acute alcohol withdrawal-induced 

“hangover” anxiety, reduced alcohol-intake in two-bottle free choice preference 

drinking, suppressed alcohol SA and lowered the PR breakpoint reflecting decreased 

motivation to work for alcohol. It also significantly blocked stress-induced but not cue-

induced reinstatement of alcohol seeking. These effects were specific to alcohol 

related behaviors, as CYM-9840 did not affect the control behaviors we measured. 

Thus, antagonism of NPY-Y2 receptor can be a possible effective treatment strategy, 

particularly for the anxiety- and stress-related mechanisms that are difficult to treat in 

the later stages of AUD. 

Third, a growing body of evidence suggests that MCH, a hypothalamic neuropeptide 

involved in the regulation of energy homeostasis and plays a role in AUD. MCH 

peptides act on the MCH1-R in rodents. As MCH is implicated in the regulation of food-

intake and energy homeostasis it could also be a valuable target for treatment of 

obesity (253). Further, it modulates stress- and anxiety-related behaviors. MCH1-R 

has not been previously evaluated for its role in long-term exposure to alcohol and 

escalated alcohol consumption. Thus, we assessed the role of MCH1-R in the 

regulation of caloric-intake and motivation to consume alcohol during high and 

escalated alcohol-intake state using MCH1-R antagonist GW803430. 

Here our findings demonstrated a role of MCH and MCH1-R in modulation of alcohol-

intake, most likely through intracellular mechanisms involving both caloric 

consumption and motivation to obtain reward. We found that rats trained with IA to 

drink high amounts of and show more preference for alcohol showed compensatory 

reduced food-intake when obtaining more calories from alcohol. Treatment with 

GW803430 suppressed both food and alcohol consumption together. Alcohol SA was 

strongly attenuated following treatment with GW803430 during protracted abstinence 

after IA drinking and this was correlated with downregulation of MCH peptide gene 

expression and upregulation of MCH1-R gene expression in the hypothalamus. 

Although there were no changes in the gene expression during acute withdrawal from 

alcohol vapor-induced dependence and treatment with GW803430 didn’t resulted in 

an attenuated responding for alcohol during acute withdrawal period which is likely 

and predominantly driven by stress-related mechanisms. 

Taking all of these results together, we found that central neuropeptides are attractive 

as potential treatment targets for anxiety and for AUD. The neuropeptides NOP, NPY 

and MCH are involved in anxiety and in AUD. Manipulating the activity of their 
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receptors with non-peptidergic small molecule agonists or antagonists approach is a 

useful way to evaluate these neuropeptides as possible therapeutic targets to treat 

anxiety disorders and AUD. We believe that these findings could put the foundation 

and pave the way for other upcoming future compounds targeting the NOP, NPY and 

MCH receptor system with better activity profile in terms of clinical safety and 

tolerability.
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6. CONCLUDING REMARKS 

Increased knowledge of the neurobiological processes driving the underlying 

biological mechanisms of AUD is a prerequisite in the search for novel medications to 

treat this disease. Three essential sources can contribute information and support 

development of new medications. The first is basic science research focusing on the 

neurobiological phenomena and underlying mechanisms in different stages of the 

addiction cycle. The second is research on effects of currently approved or potential 

treatments in animal models of the different stages of addiction. The third is clinical 

research on the currently approved or potential treatments in different patient 

populations. Data from these three research areas will lead to increasingly complete 

knowledge of neurotransmitter and neuropeptide systems modulating different 

aspects of the alcohol dependence such as reward-driven binge intoxication, negative 

and aversive withdrawal symptoms and the craving that leads to relapse.  The more 

we know about the mechanisms behind different aspects of addiction, the better 

equipped we will be to treat individual patients effectively.  

AUD contributes significantly to the global burden of disease in terms of financial costs, 

morbidity and mortality. Mild symptoms can resolve without treatment but more severe 

symptoms are often underdiagnosed and undertreated. Diagnosis and treatment 

strategies need improvement. The most effective treatment for a given individual 

patient could be behavioral, pharmacological or a combination of the two and this 

needs to be based on practical rather than theoretical considerations. Patients who 

initially reject abstinence as a treatment target could be offered treatment aimed at 

reduction of alcohol-intake for example. 

 
There are many unresolved questions in the field of alcohol research. Preclinical 

studies and early phase clinical trials have focused on a wide variety of potential new 

treatments for AUD such as targeting neuropeptide, opioid, cannabinoid, nicotinic, 

dopaminergic, glycinergic, GABAergic and glutamatergic receptors. A few possible 

new treatments for AUD based on recent research include gabapentin, topiramate, 

baclofen and varenicline (4, 54). The most relevant neurotransmitter systems and thus 

the appropriate treatment will likely be based on individual differences between 

patients as well as the target phase of the addiction cycle. 

Central neuropeptide systems that are involved in the regulation of mood, anxiety, 

depression and reward offer attractive possible treatment targets to add to the 

currently available treatments. Using a combination of preclinical animal models, 

molecular techniques and clinical trials to identify targets and validate candidate 

treatments is the way forward in finding the most effective treatments for AUD.
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7. FUTURE PERSPECTIVES 

GPCRs targeted drug discovery has recently focused on ligand bias where a ligand 

selectively engages one signaling pathway while avoiding or inactivating others to 

produce a novel pharmacological profile. The NOP receptor is a GPCR coupling to 

beta-arrestin 2/3 in addition to the G-protein (107, 108). Beta-arrestin 2/3 has been 

shown to regulate G-protein signaling and to be involved in the initiation of G-protein 

desensitization, internalization and independent signal transduction (333). The distinct 

effects of different NOP agonists on reward may be due to differences in subsequent 

intracellular mechanisms following binding of the agonist to the receptor and beta-

arrestin 2/3 could play a critical role. Additionally, the intracellular pathways regulated 

by beta-arrestin and G-protein pathways differ. The activation of the NOP receptor 

with subsequent G-protein recruitment leads to activation of ERK (334).  

Thus, this present preliminary work aimed to evaluate the effect of the NOP receptor 

agonist SR-8993 on reward-related behavior as measured by CPP in C57BL/6 wild-

type and beta-arrestin 2/3 knockout mice. Furthermore, phosphorylation of ERK 

induced by systemic alcohol administration and the role of SR-8993 in blocking the 

phosphorylation was measured in C57BL/6 wild-type mice by IHC. 
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7.1 SR-8993 blocked expression of alcohol-induced CPP both at 

 a dose of 1 and 3 mg/kg 
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Figure 17. Pretreatment with SR-8993 blocked expression of alcohol-induced CPP (2 g/kg) in 

C57BL/6 mice. Alcohol at a dose of 2g/kg robustly induced conditioned place preference using an 
unbiased design which was blocked by SR-8993 at a dose of 1 and 3 mg/kg. The data is represented 
as % time spent in the alcohol paired side in the pretest and test day. (A) On the test day the vehicle-
treated animal spent significantly more time in the alcohol-paired side compared to the pretest 
(###p<0.001) confirming the establishment of alcohol CPP and more time than NOP-treated animal 
spent on the alcohol-paired side compared to the test (***p<0.001). (B) On the test day, the vehicle-
treated animal spent significantly more time in the alcohol-paired side compared to the pretest 
(###p<0.0002) confirming the establishment of alcohol CPP and more time than NOP-treated animal 
spent on the alcohol-paired side compared to the test (***p<0.0001). The results are presented as mean 
± S.E.M.  

A. 

B. 
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7.2 SR-8993 blocked alcohol-induced CPP via a beta-arrestin 

  independent mechanism 
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Figure 18. SR-8993 (3 mg/kg) significantly reduced expression of alcohol-induced CPP 

regardless of genotype. Alcohol at a dose of 2g/kg robustly induced conditioned place preference in 
beta-arrestin knock-out mice using an unbiased design which was blocked by SR-8993 at a dose of 3 
mg/kg. The data is represented as % time spent in the alcohol paired side in the pretest and test day. 
On the test day, the NOP-treated animal spent significantly less time in the alcohol-paired side 
compared to the vehicle-treated animals (***p<0.0001). Data are presented as mean ± S.E.M. 
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7.3 Pretreatment with SR-8993 attenuates acute alcohol-induced 

 phosphorylation of ERK in key brain regions  
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Figure 19. Acute alcohol (2g/kg) induced ERK phosphorylation in C57BL6 mice was blocked 

by pretreatment with NOP agonist (1mg/kg) in different brain regions (NAc-core, NAc-shell, CeA, 

BMA and BNST). (A). Mice injected with an acute dose of alcohol at 2g/kg displayed a higher level of 

ERK activation in the NAc-core which was blocked by pretreatment with SR-8993 compared to the 

vehicle-alcohol group (**p<0.002). (B). Alcohol induces a robust level of ERK activation in the NAc-shell 

(#p<0.01) which was potently blocked by pretreatment with SR-8993 compared to the vehicle-alcohol 

group (***p<0.0002). (C). There is a trend in levels of p-ERK activation in the CeA after alcohol injection 

compared to the vehicle-saline group which was blocked by pretreatment with SR-8993 (*p<0.02). (D). 

Alcohol at 2g/kg induced a rapid activation of ERK in the BMA compared to the vehicle-saline group 

A. B. 

E. 

D. C. 
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(#p<0.01) which was completely abolished with NOP pretreatment compared to the vehicle-alcohol 

group (***p<0.004). (E). Alcohol induces a rapid activation of ERK in the BNST compared to the vehicle-

saline group (###p<0.006). However, a trend was noticed for NOP pretreatment (p=0.09) compared to 

vehicle-saline group. Data represent the mean number of p-ERK immunoreactive cells per square 

millimeter. Left and right side of the regions were counted. The results are presented as mean±S.E.M. 

In summary, our preliminary data demonstrated the role of NOP receptor activation by 

using selective and potent NOP receptor agonist SR-8993 which attenuates the 

rewarding effects of alcohol (as evaluated using the CPP paradigm) and blocks 

alcohol-induced ERK phosphorylation (as evaluated using IHC) in different brain areas 

that are associated with drug reward via a beta-arrestin independent mechanism. 

Further investigation is on-going for this project. 
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