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Abstract
Background: Nalmefene (Selincro®) is a µ- and δ- opioid receptor antagonist, κ-opioid receptor partial agonist that has recently been approved in Europe for treating alcohol dependence. It offers a treatment approach for alcohol dependent individuals with “high risk drinking levels” to reduce their alcohol consumption. However, the neurobiological mechanism underpinning its effects on alcohol consumption remains to be determined. Using a randomised, double blind, placebo controlled within subject cross-over design we aimed to determine the effect of a single dose of nalmefene on striatal BOLD (blood oxygen level dependent) signal change during anticipation of monetary reward using the Monetary Incentive Delay Task following alcohol challenge.
Methods and Materials: 22 currently heavy drinking, non-treatment seeking alcohol dependent males were recruited. The effect of single dose nalmefene (18mg; Selincro®) on changes in a priori defined striatal region of interest (ROI) BOLD signal change during reward anticipation compared with placebo were investigated using functional MRI (magnetic resonance imaging). Both conditions were performed under intravenous alcohol administration (6% v/v infusion to achieve a target level of 80mg%).
Results: Datasets from 18 participants were available and showed that in the presence of the alcohol infusion, nalmefene significantly reduced the BOLD response in the striatal ROI compared with placebo. Nalmefene did not alter brain perfusion. 
Discussion: Nalmefene blunts BOLD response in the mesolimbic system during anticipation of monetary reward and an alcohol infusion. This is consistent with nalmefene’s actions on opiate receptors, which modulate the mesolimbic dopaminergic system, and provides a neurobiological basis for its efficacy. 
Trial Registration: clinicaltrials.gov registration NCT01969617


Introduction
Alcohol abuse is a leading cause of psychological, physical and social harm to both users and others (1). The prevalence of twelve month and life-time Alcohol Use Disorder (AUD; Diagnostic and Statistical Manual of Mental Disorders (DSM)-5) has been reported at 13.9% and 29.1%, respectively (2). Currently, treatments for relapse prevention in alcohol dependence include acamprosate, disulfiram and naltrexone (3), (4). Nalmefene was recently approved in Europe, with the “National Institute for Health Care Excellence” in the UK recommending its use in alcohol dependence (5). This was based on data from three large studies showing as-needed nalmefene resulted in a significant reduction in the number of heavy drinking days and alcohol consumption compared with placebo in alcohol dependent participants with high drinking risk levels (>60g alcohol per day for men and >40g alcohol per day for women) (6-9).  Whilst such medications can improve drinking behaviour in some, not every patient derives benefit and there are as yet no clinically useful predictors of response to help understand who would benefit from which particular medication. Understanding more about the brain mechanisms related to addiction will greatly inform our ability to predict response to medication as well inform development of new medications and approaches. 
The effectiveness of opiate antagonism in treating alcoholism has been proposed to be via modulation of the dopaminergic mesolimbic system involved in reward, motivation and drug seeking. Such modulation is proposed to occur by activation of μ receptors on GABAergic interneurons in the Ventral Tegmental Area (VTA) (10) or on nerve terminals and post-synaptic dendrites in the nucleus accumbens (11, 12) from β-endorphin released from opioid projections from the arcuate nucleus (13, 14). In man, PET studies have shown that alcohol increases endogenous opioid peptide levels in the nucleus accumbens and orbitofrontal cortex (OFC) (15) and in early abstinence, alcohol dependence is associated with increased availability of μ receptors in the striatum (16-18). Furthermore the μ opioid receptor polymorphism (OPRM1 A118G) modulates striatal dopamine responses to alcohol and to alcohol-related cues (19, 20). Naltrexone has been shown to modulate response to rewards (21) and cue reactivity (22, 23) in various striatal and pre-frontal regions as well as reducing craving (24) and enjoyment from alcohol (25) in abstinent alcoholics. 
However, to our knowledge, there are no studies in man to clarify the neural mechanisms underpinning nalmefene’s efficacy. Since its clinical use is to reduce alcohol consumption in current heavy drinking alcohol dependent patients, we were interested in the effects of nalmefene in patients under the influence of alcohol on brain activation during reward anticipation.  We conducted a randomised, within-subject cross-over placebo controlled trial in heavy drinking alcohol dependent individuals to investigate the effects of a single dose of nalmefene (18mg) on Blood Oxygen Level Dependent (BOLD) signal during constant intravenous alcohol clamp (80mg%) whilst performing the monetary incentive delay (MID) task. Our a priori hypothesis was that during an alcohol infusion, nalmefene would reduce the BOLD response in a striatal region of interest (ROI) during anticipation of reward. 


Methods.
Written consent was obtained from all participants; this study was given favourable ethical approval by the National Research Ethics Service – London (Harrow; REC Reference 13/LO/1268; IRAS registration number 136514; clinicaltrials.gov registration NCT01969617). 
Participants
All participants were heavy drinking (6 or more heavy drinking days of 60g or more of alcohol per day, 5 or less abstinent days in previous 4 weeks), non-treatment seeking alcohol dependent men who met DSM-IV criteria confirmed by a psychiatrist (IM, RSA, MB). Females were not included in this study in order to facilitate recruitment and minimise variability at the admission and data analysis stages, respectively. Participants were recruited through advertisements in local newspapers and public houses by Hammersmith Medicines Research (HMR, London, UK). All participants underwent a physical examination including electrocardiogram, haematological screen, urinalysis, vital signs and medical history. Severity of alcohol dependence was determined with Severity of Alcohol Dependence Questionnaire (SADQ (26)) and the Drinker Inventory of Consequences (DrlnC-2R (27)). Information about the individuals’ current alcohol consumption and in the previous 28 days was collected using a timeline-follow-back calendar. Those with the following were excluded: alcohol withdrawal symptoms requiring treatment (Clinical Institute Withdrawal Assessment of Alcohol Scale (CIWA-Ar) score >10 (28)) or current or past history of seizure disorders or delirium tremens; a current or previous DSM-IV Axis I or anti-social personality disorder (the Mini-International Neuropsychiatric Interview (29)) or with significant risk of suicide Columbia Suicide Severity Rating Scale); with a history or current diagnosis of substance dependence (except alcohol or nicotine). However, previous recreational drug use was allowed (defined as more than 10 times in lifetime but never met criteria for abuse or dependence; number of participants cannabis: n=9, cocaine: n=4, amphetamine: n=1). No current substance use was confirmed by negative urinalysis (opiates, methadone, cocaine, amphetamines, ecstasy, benzodiazepines, barbiturates and cannabinoids); participants also breathalyzed negative for alcohol. 
Participants were not given any instructions regarding their drinking and were admitted to HMR the evening before each familiarisation and scanning session. To continue to study sessions, they were required to be abstinent from alcohol overnight safely without requiring medication (CIWA-Ar score <10). 
Study Procedures 
All scanning and alcohol infusion procedures were performed at Imanova Centre for Imaging Sciences (London, UK). The three study sessions are outlined in Figure 1. The CIWA-Ar was performed every two hours at each site visit to monitor any withdrawal symptoms. 
-Insert Figure 1 here-
Nalmefene (Selincro®) was supplied by Lundbeck and stored at HMR. Randomisation lists were generated by Lundbeck. Both participants and all members of the study and data analysis teams were blinded to treatment allocation until after study completion and initial data analysis had taken place.
On day -1 participants underwent a familiarisation and tolerability session where they lay in the MRI scanner during an abbreviated intravenous alcohol infusion, which resulted in 80 mg% blood alcohol concentration (BAC) within 20 minutes and was maintained for approximately 30 minutes. On scanning sessions 1 (day 1) and 2 (days 8 - 11), participants were dosed orally with either nalmefene (18mg; Selincro® H. Lundbeck, Copenhagen, Denmark) or placebo (cellulose 71.4mg; lactose 72.6mg), film coated tablets in a randomised, double-blind, cross-over design. Blood samples for pharmacokinetic assessment of nalmefene were taken 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 hours post-dose and analysed according to Kyhl et al 2016 (30). Four hours post-nalmefene or placebo, the alcohol infusion was initiated and maintained at 80 mg% BAC during scan 1 and 2 (see Supplemental Figure 2.). During each scanning session, participants completed the MID, Go-NoGo and Evocative Images task based on the ICCAM protocol (31) (results of remaining tasks will be reported separately). At the end of each scanning session, participants returned to HMR for observation and were discharged the following morning. Participants were encouraged to discuss their current drinking behaviour and provided with advice regarding where to seek help when requested.
Alcohol Clamp
Alcohol was administered intravenously and infusion rates were controlled with computer-assisted alcohol infusion systems (32). Alcohol (6%) in saline solution (v/v; HMR) was delivered via a venous cannula in the non-dominant forearm using two infusion pumps (Braun Infusomat; Melsungen, Germany) to reach a blood alcohol concentration of 80 mg% within ~20 minutes. This BAC level was maintained for the rest of the experiment by adjusting infusion rates based on BAC measurements. BAC samples were taken regularly throughout the experiment using an established method for use in MR scanner (33).  (See Supplementary Materials for further details).

MRI
Full details of the acquisitions, task, modelling, and analysis are provided in the Supplementary Materials. All individual analyses were conducted before unblinding took place. A brief summary is given here.
All MRI data were acquired using a Siemens Tim Trio 3T scanner, with each imaging visit consisting of: two groups of pulsed Arterial Spin Labelling (ASL); a high resolution structural scan; resting state fMRI; two runs of the MID task; two runs of the Go-NoGo task and one run of an Evocative Images task (see Figure 1). The resting state, Go-NoGo, Evocative Images and structural data will not be explored further here. Functional imaging was performed with the parameters: TR = 2000 ms; TE = 31 ms; image matrix = 64 x 64; in-plane resolution = 3.516 x 3.516 mm; slice thickness = 3.000 mm; 36 oblique axial slices collected.
In the MID task, participants could win or lose money (±£0.50) depending upon how quickly they reacted to a target stimulus. During each run, 216 volumes were collected, each containing 18 win, 18 neutral, and 6 loss trials.
An a priori ROI was chosen based on the response previously obtained in healthy subjects (34). This was made up of two 5 mm radius spheres placed bilaterally (at Montreal Neurological Institute (MNI) coordinates ±14, 12, -4 mm) encompassing parts of the putamen, globus pallidus, nucleus accumbens and caudate.
Structural and functional processing was carried out using tools from AFNI(35), FreeSurfer(36), ANTs(37), and FSL(38). T1 images were non-linearly transformed into a standard space. Echo Planar Imaging (EPIs) were corrected for slice timing effects before undergoing motion correction, brain extraction, registration to a standard space via their T1 image, and spatially smoothed. ASL data were also motion corrected before quantification of perfusion and the transformation of the resulting perfusion maps into a standard space.
Task processing and modelling was carried out using E-Prime (Psychology Software Tools, Inc., Sharpsburg, PA, USA) and FSL. Estimates of six motion parameters were included in each model as confounding explanatory variables. ‘Anticipation’ was modelled as a block beginning at the cue onset and ending at the trial onset, with ‘outcome’ as an immediately abutting block beginning at the trial onset and ending two seconds later. The contrast explored here is ‘reward anticipation’ compared with ‘neutral anticipation’. Participants were excluded from further fMRI analysis if head movement was faster than 0.9 mm/s or negative ‘winnings’ were obtained.
For fMRI ROI analysis, mean percentage signal change within the ROI was calculated and compared between session types using paired samples t-tests. The whole brain voxelwise analysis was extended to a group level in a mixed-effects analysis. Z statistic images shown were thresholded using clusters determined by Z > 2.3 and a (corrected) cluster significance threshold of p = 0.05. Perfusion data was analysed at a group level using a non-parametric permutation based analysis of the voxelwise data, and processed further using adaptive clustering to produce a statistical image with a corrected cluster significance threshold of p = 0.05. 



Results
Participants
From 1144 responses to adverts, 22 non-treatment seeking alcohol dependent men were eligible for the study (age 45.8 years ± 11.1). Of these, 4 were not included in the final data analysis as they took part in only one of the study arms due to either adverse effects (nausea and vomiting following dosing on second study day, n=1), severe claustrophobia (n=1), or too much head movement (n=2). The final group included 18 participants. Their alcohol consumption and drinking history were representative of those for which nalmefene is indicated (see Table 1).  
-Insert Table 1 here-
Breath Alcohol Measurements 
[bookmark: OLE_LINK1]No differences in time required to reach 80 mg% were observed between placebo (mean + SD; 28.7 ± 8.9 minutes) and nalmefene (26.1 ± 5.5 minutes; p = 0.19) study days. The average duration of the alcohol infusion was 100.3 ± 10.2 minutes with variability due to the time taken to reach 80 mg% and the number of bathroom breaks required. The average amount of alcohol infused during the duration of the scanning session was 65.3 ± 13.8 grams (equivalent to 4.7 ± 0.9 standard US drinks). 
Behavioural Measures
The response time was slower after nalmefene (248 ± 37 ms) compared with placebo (232 ± 32 ms; t = 2.61, p = 0.018, d.f. = 17), whilst accuracy was not different (56 ± 15% vs 61 ± 13%). Less money was won after nalmefene (£8.17 ± £3.28) compared with placebo (£9.17 ± £2.95; t = 2.16, p = 0.045, d.f. = 17). Motion did not differ between sessions.
fMRI Analysis
The alcohol infusion resulted in increased perfusion of approximately 15 ml/100g/min in the thalamus bilaterally compared with the pre-infusion baseline (see Supplementary Figure 3). However, compared with placebo, nalmefene did not result in a significantly different increase in perfusion in response to the alcohol infusion. 
There was a significant reduction in response for the contrast “anticipation of reward > neutral anticipation” in the a priori striatal ROI in the presence of nalmefene compared with placebo (t = 2.78, p = 0.013, d.f. = 17; see Figure 2). 
-Insert Figure 2 here-
At the whole brain level, in the presence of nalmefene compared with placebo, response for the contrast “anticipation of reward > neutral anticipation” was significantly lower in three clusters which included parts of putamen and globus pallidus bilaterally and brainstem/cerebellum (see Figure 3 and Supplementary Table 1). 
-Insert Figure 3 here-
-Result in Figure 3.nii here-
Pharmacokinetic analysis
Nalmefene was rapidly absorbed and extensively metabolised to nalmefene 3-O-glucuronide (mean metabolic ratio: 17.0). As reported previously in controls (30) , the median time to maximum observed concentration (tmax) was 2 hours post-dose for both analytes and plasma concentrations declined in an apparent biphasic manner. 


Discussion 
We report here for the first time that nalmefene reduces the BOLD response in a striatal ROI during anticipation of a monetary reward in currently drinking, non-treatment seeking alcohol dependent participants receiving an alcohol infusion. In addition, whole brain analysis revealed that nalmefene significantly blunted BOLD responses in the dorsal striatum bilaterally and mid-brain/cerebellum during anticipation of monetary reward. Brain responses during ‘anticipation of reward’ are proposed to reflect recruitment of mesolimbic dopaminergic circuits as money is a salient reward (39),(40). Our observed blunting by nalmefene of brain responses to anticipation of a monetary reward is therefore consistent with the underlying mechanism of opiate antagonists involving modulation of the dopaminergic mesolimbic pathway involved in reward and motivation. Although a significant effect was observed in the striatal ROI analysis, it is notable that in the whole brain analysis, greater blunting was seen in the dorsal striatum. This may reflect a ‘ventral to dorsal’ striatal shift as dependence develops and habitual and compulsive behaviours overtake those of reward (41-44). 
Some studies have demonstrated blunted responses to anticipation of reward using the MID task in recently detoxified alcohol dependent individuals (45, 46), whilst others have not (47), (48). In addition, blunted reward responses have been reported in healthy individuals with a family history of alcoholism (49)and in abstinent alcoholics (47), (48), though not consistently in the latter group. We have recently shown a blunted response to anticipation of reward in abstinent alcohol dependent individuals in brain areas including the ventral striatum, insula, OFC though naltrexone did not modify this response most likely due to their longer length of abstinence(50). In contrast to blunted responses to reward anticipation in MID task, enhanced responses to salient alcohol cues have been reported in alcohol dependent patients in a range of brain areas implicated in reward and incentive salience (45, 51). Notably, naltrexone has been shown to blunt alcohol cue-induced brain responses in alcohol dependent patients (23). Together these studies with our data here showing nalmefene blunted the reward anticipation signal in the presence of alcohol, provide evidence to support the proposition that opioid receptor antagonism may reduce alcohol consumption by reducing mesolimbic activity (52),(53). 
Whilst nalmefene and naltrexone are both antagonists at the μ receptor with similar affinity, nalmefene has greater affinity for κ opioid receptor compared with naltrexone (54, 55) and appears to be a partial agonist at this receptor (55). A key proposed underpinning mechanism of naltrexone and nalmefene’s clinical effectiveness is via modulating μ opiate receptor function in the VTA and ventral striatum (10) (11, 12) (13, 14). Thus both these medications would block the effect of alcohol-induced opioid peptide release activating the mesolimbic system (15). They would also antagonise the reported higher μ opioid receptor levels in early abstinence from alcohol dependence 15, 17, which would result in greater GABAergic inhibition and reduced mesolimbic dopaminergic function. 
The κ receptor/dynorphin system is also involved in modulating the mesolimbic system (56). In the context of the opponent-process theory (57), activation of the μ opioid system is proposed to underpin the ‘positive’ and κ receptor/dynorphin system, the ‘negative’ component such as dysphoria which drives drug seeking and consumption (58, 59). Thus in preclinical models of alcohol dependence, antagonism of the increased κ receptor function is necessary to reduce alcohol consumption (60-62). Consistent with this, up-regulation of the κ receptor/dynorphin system has been reported in human post-mortem ventral striatal and orbitofrontal and dorsolateral pre-frontal cortices (43, 61, 63-66). Therefore we suggest that nalmefene reduces consumption of alcohol by acting as a functional κ receptor antagonist in the ventral striatum to reduce the aversive state associated with upregulated dynorphin signalling. 
Intriguingly it has been reported in post-mortem tissue that the dynorphin system is by contrast, down-regulated in the caudate and putamen of alcohol dependent patients (67). Since κ receptors inhibit dopamine release, such down-regulation would result in increased dopamine signalling in the dorsal striatum; this may contribute to compulsive and habitual alcohol consumption. Thus we speculate that as a partial agonist, nalmefene may act as a functional agonist in the dorsal striatum to address a down-regulated κ receptor/dynorphin system to reduce dopaminergic compulsive and habitual behaviours. Such differential effects of nalmefene in the ventral and dorsal striatum require further investigation. 
This study has a number of methodological strengths, such as a within-subject design and maintaining constant alcohol levels with an alcohol infusion. Our finding of alcohol related increased brain perfusion in the thalamus is consistent with previous studies (68-70) and nalmefene resulted in no additional changes in brain perfusion. We saw a substantial mean decrease in BOLD response (~40%) during reward anticipation that is unlikely to have been caused by the smaller mean amount of money won (£1; 10%). Our heavy drinking alcohol dependent participants and protocol reflected the clinical circumstances for which nalmefene is indicated. Thus our participants differ substantially from alcohol dependent individuals usually studied who generally are more severely dependent and abstinent (71, 72),(18). Nevertheless we acknowledge that this study design has some limitations such as the exclusion of females limiting applicability of our data and the small sample size due to the difficulty in recruiting the specific population used. Our study fMRI protocol was taken from that developed for ICCAM where participants completed the Go-NoGo and Evocative Images task as well as the MID in one session lasting about an hour. Therefore due to these time constraints, our protocol was designed to achieve sufficient power for the ‘reward anticipation’ phase and not others e.g. outcome phase within the MID task (31). We felt that it was not feasible for non-treatment seeking alcoholics to complete a 3 or 4-arm study to generate control data for alcohol and for nalmefene as this would have required stable drinking patterns over 1-2 months. We decided not to study non-dependent drinkers for comparison since it was unlikely they would have tolerated the same doses of alcohol and nalmefene and therefore the comparative value of controls with lower doses of alcohol and nalmefene would be limited. An increase in reaction time was observed on nalmefene days; this likely represents a side effect of the medication however this warrants further investigation. To negate significant side effects, those with substantial adverse experiences following nalmefene dosing were excluded from analysis.   
In summary, this is the first study to demonstrate that nalmefene blunts BOLD response in the mesolimbic system during anticipation of monetary reward. This is consistent with nalmefene’s actions at opiate receptors which modulate the mesolimbic dopaminergic system that underpins reward and motivation and provides a neurobiological basis for its efficacy. 
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Table 1
Participant characteristics
	Characteristic
	Participants (n=18)

	
	
	

	Participant Demographics
	

	Age ± SD (Range)
	43.8 ± 11.0 (25-64)

	BMI ± SD
	26.5 ± 3.1

	Ethnicity; n (%)
	

	Black or African American
	1 (5) 

	White
	15 (83)

	Other
	2 (11) 

	Alcohol Use Information
	
	

	First Exposure to Alcohol ± SD (Range)
	15.4 ± 2.5 (11-18)

	Age of Daily Drinking Onset ± SD (Range)
	30.1 ± 11.1 (18-57)

	Number of Years of Heavy Drinking ± SD (Range)$
	16.3 ± 10.1 (3-36)

	Number of HDDs per Month ± SD* 
	27.4 ± 4.9 (9-30)

	Number of Drinks Consumed per Month ± SD (Range)#
	317.5 ± 190.1 (122-538)

	SADQ Score ± SD
	20.7 ± 7.3

	Nicotine
	

	Number of Current Smoking Participants
	10

	Number of Current and Previous Smokers 
	14

	Number of Pack Years in Current and Previous Smokers ± SD (Range)***
	18.0 ± 9.9 (0.5-66.0)

	
	
	


Body Mass Index ((BMI); Heavy Drinking Day (HDD); Severity of Alcohol Dependence Questionnaire (SADQ). $Year of heavy drinking: minimum of 5 HDDs per week, for 52 weeks per year; *>60g alcohol/day (or > 7.59 UK units assuming 1 unit = 8g); #Where 1 US Drink = 14g alcohol; ** Average score across all three visits (familiarisation, scanning day 1 and scanning day 2); ***Pack year = (number of cigarettes per day x years smoked)/20.


Figure Titles and Legends.
Figure 1. Study procedures
Severity of Alcohol Dependence Questionnaire (SADQ); Drinker Inventory of Consequences (DrlnC-2R); Columbia Suicide Severity Rating Scale (C-SSRS); Mini-International Neuropsychiatric Scale (MINI); Drug-Timeline Follow back (D-TLFb); Alcohol Timeline Follow back (A-TLFb); Breath Alcohol Concentration (BrAC); Monetary Incentive Delay (MID); Go/No-Go (GNG); Arterial Spin Labelling (ASL); Pharmacokinetic Analysis (PK).

Figure 2. fMRI Region of Interest Results
The individual results within the a priori striatal ROI, expressed as percentage signal changes. The group mean responses are represented by the larger black circles (t = 2.78, p = 0.013, d.f. = 17).

Figure 3. fMRI Whole Brain Results
An overview of the result of the monetary incentive delay fMRI task showing three representative orthogonal slices through the striatal clusters. The negative Z scores (and thus cool colours) indicate that the response to the contrast (reward anticipation > neutral anticipation) was reduced on nalmefene compared with placebo (thresholded at Z >2.3, p<0.05 (cluster corrected)). Greyed out areas were outside of common coverage.

Result in Figure 3.
The result of the monetary incentive delay drug contrast indicating that the response to the task (reward anticipation > neutral anticipation) was reduced on nalmefene compared with placebo (thresholded at Z >2.3, p<0.05 (cluster corrected)).
1

