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Influence of combined treatment with naltrexone and
memantine on alcohol drinking behaviors: a phase II
randomized crossover trial
Suchitra Krishnan-Sarin1, Stephanie S. O’Malley1, Nicholas Franco1, Dana A. Cavallo1, Jeanette M. Tetrault1, Julia Shi1,
Ralitza Gueorguieva1, Brian Pittman1 and John H. Krystal1

Glutamate and opioid systems play important roles in alcohol drinking behaviors. We examined if combined treatment with the
NMDA antagonist memantine and the opioid antagonist naltrexone, when compared with naltrexone alone, would have a greater
influence on alcohol drinking behaviors. Fifty-six, non-treatment-seeking heavy drinkers, with alcohol dependence and a positive
family history (FHP) of alcoholism, participated in a randomized, double-blind, crossover trial, including two 6–8 days treatment
periods, separated by a 6-day washout, and 3 alcohol drinking paradigm (ADP) sessions. After the first baseline (BAS) ADP1 session,
participants were randomized to receive either naltrexone (NTX; 50 mg/day)+ placebo memantine, or NTX (50mg/day)+
memantine (MEM; 20 mg/day), during the first treatment period, following which they completed ADP2. After a 6-day washout,
participants were crossed over to the treatment they did not receive during the first treatment period, following which they
completed ADP3. During each ADP, participants received a priming drink of alcohol followed by 3 1-hour, self-administration
periods during which they had ad-lib access to 12 drinks. Individually, both NTX and NTX+MEM, when compared to BAS ADP1,
significantly reduced the number of drinks consumed (p’s < 0.001) and craving (p’s < 0.001). When comparing NTX+MEM vs. NTX
on number of drinks consumed, there was a significant treatment* sequence interaction (p= 0.004). Specifically, when NTX+MEM
followed NTX alone, NTX+MEM resulted in a further reduction in drinking (mean: −1.94; 95% CI: −2.6, −0.8, p= 0.0005). However,
when NTX alone followed NTX+MEM, NTX alone did not lead to further reduction in drinking (mean: 0.59; 95% CI: −0.67, 1.43,
p= 0.47). Similar patterns were observed for alcohol craving; specifically, a significant reduction in craving was observed when
NTX+MEM followed NTX alone (p= 0.009), but craving reduction was maintained when NTX+MEM was followed by NTX alone.
Neither treatment condition significantly influenced alcohol-induced stimulation or sedation. Memantine (at a dose of 20mg/day)
enhances the efficacy of naltrexone (50 mg/day) in reducing alcohol drinking and craving among FHP drinkers with beneficial
effects that appear to carryover after discontinuation of memantine treatment.
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INTRODUCTION
The NMDA glutamate-receptor (NMDA-R) is among the highest
affinity targets for ethanol in the brain [1] and its function is
modulated by doses of ethanol that produce intoxication [2, 3].
The NMDA-R receptor antagonist ketamine is known to have
alcohol-like intoxicating effects, and both the presence of an
alcohol use disorder (AUD) [4] and a positive family history of
alcoholism (FHP) [5, 6] are associated with reductions in
ketamine’s sedative and cognition-impairing effects. Thus,
NMDA-R antagonism by alcohol may be a key regulator of
the ability to judge intoxication levels and regulate consump-
tion [4, 7]. Further, chronic alcohol drinking results in a hyper-
glutamatergic state with upregulation of NMDA-Rs and
associated signaling [4, 8–10], an effect which may be related
to the severity of alcohol use disorder (AUD) [11]. Thus,
medications that target the NMDA-R changes produced by
chronic alcohol use and restore balance in glutamate activity
may hold promise for the treatment of alcohol drinking
behaviors.

One such agent is memantine, the uncompetitive NMDA-R
antagonist. Memantine was found to reduce alcohol drinking in
animals [12], decrease cue-induced alcohol craving and alcohol
withdrawal in drinkers [13–16], reduce alcohol use when
combined with valproic acid in patients with bipolar disorder
and alcohol dependence [17], and normalize brain reward circuit
activation in response to monetary rewards and alcohol cues in
FHP social drinkers [18]. Our earlier findings suggested that
memantine’s effects on alcohol use behaviors are dose depen-
dent; specifically, while a dose of 20 mg/day reduced alcohol
craving in heavy drinkers [19] it did not reduce drinking, and a
higher dose of 40 mg/day did not reduce alcohol craving and led
to increases in alcohol drinking and alcohol-induced stimulation
among heavy drinkers who were more impulsive. Thus, while
memantine appears to reduce alcohol craving, its potential
efficacy as a monotherapy for AUDs may be offset by its tendency
to disinhibit drinking in those who are impulsive, especially at
higher doses. Therefore, more nuanced approaches of altering
NMDA-R function may be needed for reducing drinking.
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The goal of this study was to examine one such approach
involving targeting the NMDA-R in combination with opioid
receptors which are also known to play a significant role in alcohol
drinking behaviors. In fact, the effects of alcohol on
the corticolimbic reward circuitry are modulated through both
the opioid receptors and NMDA-R signaling [20, 21], and therefore
combined targeting of both systems could lead to optimal
suppression in ventral striatal dopaminergic activity (responsible
for reward-induced drinking) and greater reductions in drinking
and craving. Support for this approach also derives from evidence
of significant cross-talk between mu-opioid-receptor-associated G-
protein signaling and glutamatergic neurotransmission in the
cortico-striatal reward circuitry [22], and colocalization of NMDA-
Rs and mu-opioid-Rs in multiple brain areas including the nucleus
accumbens [23] and nucleus tractus solitarius [24]. NMDA
antagonists prevent the development of opioid tolerance,
dependence and withdrawal [25–29]. Further, opioid antagonists
potentiate the anxiogenic and anhedonic effects of a low sub-
antidepressant dose of ketamine [30] and reduce glutamatergic
response to alcohol administration in the nucleus accumbens [31].
We hypothesized that combined targeting of the glutamate

system, with a dose of memantine that reduces alcohol craving
but does not disinhibit drinking [20 mg/day; [19]], and the opioid
system, with a moderate dose of naltrexone (50 mg/day) that
reduces alcohol drinking and is used to treat AUDs [32, 33], would
lead to greater reductions in alcohol drinking and craving than
naltrexone alone. We conducted this proof-of-concept study using
an alcohol drinking paradigm (ADP); similar paradigms have been
used to evaluate the effects of medications on drinking behaviors
[32, 34–39]. Since the presence of FHP is associated with both
enhanced NMDA-R function and AUD’s [4], we conducted this trial
in FHP drinkers. We also explored the impact of impulsivity on
drinking and craving outcomes.

METHODS
Design overview
This trial used a randomized, double-blind, two sequence cross-
over design with a 1:1 allocation ratio (Supplement Fig. 1), was
approved by the Yale Human Investigations Committee, regis-
tered in clinicaltrials.gov (NCT01519063), followed the National
Advisory Council for Alcohol Abuse and Alcoholism guidelines
[40], and was completed between January 2012 and April 2017.
All ADP sessions were held at the Hospital Research Unit (HRU)

of Yale/New Haven Hospital (YNHH). Eligible participants first
completed a baseline ADP1 to acclimatize them to the procedures
and ensure that they would drink; those who did not drink during
the ad-lib periods in ADP1 were discontinued. Participants who
continued were randomized to one of two treatment sequences1)
NTX alone (50 mg/day NTX with placebo MEM) followed by NTX+
MEM (50mg/day NTX with 20mg/day MEM) or 2) NTX+MEM
followed by NTX alone. Each treatment sequence consisted of two
6–8-day outpatient treatment periods (to allow for exposure to
4–5 half-lives of the drug), separated by a 6-day washout.
Participants completed ADP2 and ADP3 at the end of each
treatment period. After ADP3, all participants completed a 1-week
follow-up visit during which they received a motivational
intervention (from a clinical psychologist) to motivate them to
seek treatment for their drinking, and adverse events and drinking
were assessed at this and a one-month follow up visit (data not
presented).

Participants
Heavy drinkers who were not treatment seeking and consumed
25–70 drinks/week for men and 20–65 drinks for women [Timeline
Follow-Back method; TFLB; [41]], were recruited from the
community. Following written informed consent, a psychological
evaluation, physical examination, and laboratory assessments

including urine toxicology and liver function tests were completed
and reviewed by the study physician. Eligible participants were
FHP [parent and one other first degree relative with alcohol
problems; Family History Assessment Module [42]] drinkers who
met DSM-IV criteria for alcohol dependence (SCID-IV; First et al.
[43]). Participants were excluded if they (1) had contraindications
to memantine, naltrexone or alcohol, (2) had alcohol withdrawal at
any appointment [revised Clinical Institute Withdrawal Assessment
for Alcohol (CIWA-Ar) > 8; [44], (3) were abusing or dependent on
substances other than alcohol or nicotine, (4) had other current
Axis-1 diagnoses, (5) were not stable on prescribed antidepres-
sants/anxiolytics, or (5) were pregnant or nursing. Participants had
to have a negative breath alcohol (BAC) test prior to obtaining
informed consent, and a BAC below 0.02 and a negative CIWA-Ar
prior to the start of the ADP session.

Medication treatment
The study statistician generated the randomization schedule using
block randomization with random block sizes of 2 and 4, and the
YNHH Investigational pharmacy randomized participants and
provided naltrexone tablets and memantine and placebo
memantine in identical capsules. All other personnel were blind
to treatment assignment.
Participants started with 25 mg/day of NTX on Day 1 and then

received 50mg/day of NTX from Day 2 onwards. MEM (or placebo
MEM) was initiated on Day 2 and titrated-up as follows: 5 mg on
Day 2, 10mg on the Day 3 and 20mg/day from Days 4 onwards.
Participants arrived at the clinic between 10 am and 12 pm daily
to take their study medications and complete craving, drinking,
and adverse event assessments. On days 6–8 of each treatment
period (depending on HRU availability), participants were
admitted to the HRU at 10 am and received their last dose of
medication.

Alcohol drinking paradigm (ADP)
ADP sessions ran from 2–7 pm. After completing baseline
assessments, all participants had to consume a priming dose
(PD) of alcohol at 3 pm and alcohol effects were monitored for 1 h.
This was followed by three 1-h ad-lib self-administration periods
(4–5 pm, 5–6 pm, 6–7 pm); during each ad-lib period participants
were presented with a tray of four drinks and invited to choose
between consuming each of the drinks or receiving $3 per drink
(total of 12 drinks over 3 h). Following completion of the ADP at 7
pm, participants spent the night at the HRU and were discharged
the next morning.

Alcohol dose. The YNHH Investigational Pharmacy calculated and
delivered doses of each participants preferred alcohol to the HRU;
the doses were designed to raise blood alcohol levels (to 0.03 g/dl
for priming drink and 0.015 g/dl for all other drinks) based on a
formula that considers the gender, weight, and age of the
participant [45]. Each alcohol dose was mixed with the
participant’s preferred non-caffeinated, non-carbonated mixer in
a 1:3 ratio. Each participant’s preferred alcohol (80 proof spirits)
and mixer were determined at an intake appointment and kept
constant at each ADP.

Assessments
Primary outcomes
Drinks consumed: Total number of drinks consumed during the
three ad-lib periods.

Alcohol craving: Craving measured 30min prior to the priming
dose (baseline), and then 10, 20, 30, 40, and 50min during the PD
period and every half hour during each ad-lib period (i.e., 90,
120, 150, 180, 220, and 240min) using the Alcohol Urge
questionnaire [46].
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Secondary outcomes
Alcohol-Induced Stimulation/Sedation were determined at 10, 20,
and 50min during the PD period, and at the end of each of
the three ad-lib periods, with the Biphasic Alcohol Effects Scale
[BAES; [47]], a 14-item scale that measures the stimulant
and sedative effects of alcohol. We used the brief BAES, a
subset of six-items, with similar psychometric properties [48],
which was determined using confirmatory factor analyses to have
acceptable to excellent fit across most time points in our data
(20 min CFI= 0.91, RMSEA= 0.07, SRMR= 0.06; 50min CFI= 0.91,
RMSEA= 0.12, SRMR= 0.04; 110min RMSEA= 0.99, RMSEA=
0.03, SRMR= 0.04), unlike the original BAES (CFI < 0.90; RMSEA
and SRMR > 0.08).

Other outcomes
Impulsivity was determined at the baseline ADP using the
abbreviated Barratt Impulsiveness Scale-11 [49]. This eight-item
self-report yields two, four-items subscales: (lack of) Self-
Regulation (α= 0.75) and Impulsive Behavior (α= 0.72).
Adverse events were determined daily during the treatment

periods and at follow ups using the SAFTEE [50].

DATA ANALYSES
The original analytic plan included two primary outcomes of
interest: total drinks consumed and craving (AUQ) during the ad-
lib periods, each tested on an intent-to-treat (ITT) basis at the α=
0.05 threshold. Descriptive statistics were performed prior to
statistical analysis. Data were checked for normality and transfor-
mations applied as necessary. Post-baseline outcomes were
compared to baseline levels. The total number of drinks
consumed was analyzed using a linear mixed model that included
TRT (NTX, NTX+MEM) as a within-subjects factor, sequence (SEQ)
of TRT assignment as a between-subjects factor, and total drinks
consumed during the baseline ADP as a covariate. Subjective
craving (AUQ) was quantified by calculating an area under the
curve (AUC) for each phase (priming dose, adlib) within each ADP,
and AUCs were log-transformed to normality and analyzed using
an identical linear mixed model as described for total drinks
consumed. Potential confounding factors (sex, age, baseline
drinking variables, smoking) were considered in each model, but
they were not significant and were dropped for parsimony. Similar
models were used to assess BAES outcomes. The effect of
impulsivity was explored by including it in the analytical models
for the drinking and craving outcomes. For all models, the best-
fitting variance-covariance structure was based on the Schwartz-
Bayesian Criterion (BIC). Least-square means were estimated and
plotted to determine the nature of significant effects. All analyses
were performed using SAS, version 9.4 (Cary, NC).
With 70 subjects planned, we had 80% power to detect less

than a full drink reduction (−0.8) in drinking due to the
combination NTX+MEM compared to NTX alone (Cohen’s d’=
0.34) assuming alpha= 0.05 and a two-sided test. Due to slower
than anticipated recruitment, we recruited 56 subjects, and were
powered to detect an effect size of d’= 0.38 or just under a full
drink reduction (−0.9).

RESULTS
Figure 1 illustrates the flow of participants through the study.
Following initial eligibility determination, 64 subjects completed
ADP1. Of these, eight were excluded because they did not
consume any drinks in ADP1. Thus, the final sample was
composed of 56 participants who were randomized to receive
one of the two treatment sequences: (1) NTX+MEM followed by
NTX (n= 26) or 2) NTX followed by NTX+MEM (n= 30). The
number of treatment days did not differ by treatment (NTX alone:
6.07, SD= 0.25; NTX+MEM: 6.11, SD= 0.3), and 19 participants in

the NTX+MEM-NTX group and 25 in the NTX-NTX+MEM group
completed all study procedures.

Baseline characteristics
The final sample (see Table 1) included 33 men and 23 women,
with an average age of 33.1 (SD= 8.9), a diverse racial distribution
(36 Caucasian, 19 African American, one other), an equal number
of smokers and nonsmokers, and mean scores of 12.1 (SD= 5.6)
on the Alcohol Dependence Scale [51]. During the 30 days prior to
the baseline ADP, participants consumed, on average 165 (SD=
72) drinks, 7.2 drinks per drinking occasion (SD= 2.7) and drank 3
out of every 4 days (76%, SD= 16%). None of these participants
were on antidepressants/anxiolytics.

Primary outcomes
Drinking. Descriptive statistics of each outcome are presented in
Table 2 and in Fig. 2 (Panel A) which shows that both NTX (mean
difference from baseline ADP: −1.8; 95% CI: −2.7, −0.9) and
NTX+MEM (mean difference from baseline ADP: −2.7; 95%
CI: −3.4, −1.6) reduced drinking from the baseline ADP1. In the
primary model, after adjusting for drinks consumed during ADP1,
there was a significant TRT*SEQ interaction [F(1, 42)= 9.2, p=
0.004)] suggesting that reductions due to the NTX+MEM
combination were dependent on the sequence in which
participants received treatment (Fig. 2, Panel B). Specifically,
among participants who received NTX alone during the ADP2
followed by NTX+MEM in ADP3, a further significant reduction
(mean: −1.94; 95% CI: −2.6, −0.8) in drinking was observed
following the combined treatment [F(1, 42)= 14.1, p= 0.0005)]. In
contrast, among the participants who received NTX+MEM in
ADP2, the decline in drinking they experienced from baseline ADP
was maintained and was not further reduced (mean: 0.59; 95%
CI: −0.67, 1.43) with NTX alone treatment in ADP3 [F(1, 42)= 0.54,
p= 0.47)].

Craving. As shown in Table 2, and Fig. 3a, both treatments
reduced craving from baseline during both PD and ad-lib phases
of the ADP. Like results from the drinking model, treatment effects
on craving during the ad-lib drinking phase appeared
dependent on which drug combination was received first
(TRT*SEQ: F(1, 42)= 3.0, p= .09). Specifically, as seen in Fig. 3b,
among participants who received NTX alone during ADP2
followed by NTX+MEM in ADP3, a further reduction in craving
was observed following NTX+MEM compared to NTX alone
(mean: −0.18; 95% CI: −0.32, −0.05; F(1, 42)= 7.5, p= 0.009). In
contrast, among participants who received NTX+MEM during
ADP2, no further reduction in craving was observed
following NTX alone during ADP3 (mean: −0.01; 95% CI: −0.16,
0.15; F(1, 42)= 0.01, p= 0.94).

Secondary outcomes
Brief Biphasic Alcohol Effects Scale. Reductions from baseline ADP
in alcohol-induced stimulation were observed for both treatments
(Table 2). However, no significant treatment differences were
observed in the primary models which included baseline
stimulation and sequence [F(1, 42)= 0.03, p= 0.87)]. No treatment
related differences were observed for alcohol-induced sedation.

Exploratory outcomes
Barratt Impulsiveness Scale -11. No significant changes in
treatment effects were observed following inclusion of the BIS-
11 subscales in the primary models for the drinking and craving
outcomes.

Adverse events. Overall, adverse events following treatment with
NTX+MEM were similar to NTX only (Supplemental Table 1). The
most common adverse events reported were typical for NTX [52],
and use of MEM in heavy drinkers [19], and included nausea (NTX
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268 Assessed for 
Eligibility  

204 Excluded   
♦ 161 Not meeting eligibility criteria  
♦ 43 Dropped out 

22 Crossed over to receive NTX  
      19 Completed NTX and ADP 3 
         3 Discontinued 

1 positive drug screen 
             2 adverse events  

22 Completed MEM + NTX and ADP 2  
  4 Discontinued 
   1 Withdrew prior to medication 
   2 Adverse events 
    1 Positive drug screen 

26 Randomized to receive MEM+NTX  
followed by NTX

     27 Crossed over to receive MEM+NTX  
     25 Completed MEM+NTX and ADP3 
          2 Discontinued 
      1 Adverse event 
             1 No show to ADP3 

30 Randomized to receive NTX followed 
by MEM+NTX

56 Analysed  

Allocation

Analysis 

56 Randomized to 
Treatment Sequence  

Enrollment 

64 Completed ADP 1  

8 Excluded due to not drinking in 
     ADP1 

27 Completed NTX and ADP 2  
  3 Discontinued 
    2 Withdrew prior to medication 
     1 Adverse events  

Fig. 1 Consort diagram

Table 1. Demographic table by treatment sequence

All subjects NTX followed by NTX+MEM (n= 30) NTX+MEM followed by NTX (n= 26) P-value

Demographics

Male, n (%) 33 (59%) 18 (60%) 15 (58%) 0.86

Smokers, n (%) 28 (50%) 16 (53%) 12 (46%) 0.59

White, n (%) 36 (64%) 20 (67%) 16 (62%) 0.69

Age (SD) 33 (8.9) 32 (9.3) 34 (8.5) 0.57

Drinking based on 30-day timeline follow-back interview

Total # drinks, mean (SD) 165 (72) 165 (81) 166 (63) 0.93

Drinks/drinking day, mean (SD) 7.2 (2.7) 7.2 (2.9) 7.2 (2.5) 0.99

% drinking days (SD) 76 (16) 75 (17) 78 (16) 0.46

Alcohol Dependence Score 12.1 (5.6) 11.3 (5.7) 13.1 (5.5) 0.24
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alone: 40%; NTX+MEM: 42.3%), headache (NTX alone: 22%;
NTX+MEM: 23.1%), decreased appetite (NTX alone: 18%; NTX+
MEM: 19.2%) and dizziness (NTX alone: 16%; NTX+MEM: 21.2%.).
Of note, higher rates of “feeling high” were reported with NTX+
MEM (13.5%) compared with NTX alone (2%). There were no
serious adverse events.

DISCUSSION
In support of our hypothesis we observed that combined
targeting of the opioid and glutamate systems with naltrexone
and memantine produced greater reduction in alcohol drinking
and alcohol craving, when compared with targeting the opioid
system alone with naltrexone. However, in our crossover design,
the reduction in drinking was dependent on the sequence in
which the treatments were administered. Specifically, the number
of drinks consumed was reduced from the baseline ADP when
NTX was administered first and then further reduced by crossover
treatment with NTX+MEM (mean: −1.94 drinks; Table 2). Since
each drink was designed to raise BAC levels by 0.015 mg/ml, this
reduction would translate to 0.029 gm/dl, which is the equivalent
of 1–2 standard drinks. However, when NTX+MEM was given
first, the number of drinks declined to levels similar to those

observed following the combined treatment in the alternative
sequence, but no further decline was observed following cross-
over treatment with NTX. In parallel, when examining the
influence of the combined treatment on alcohol craving during
the ad-lib period, a trend toward similar treatment*sequence
effects as those seen for drinking were observed (Table 2). Thus, it
appeared that memantine’s beneficial effects on drinking
persisted following discontinuation of memantine treatment. Of
note, both treatments, i.e., NTX alone and NTX+MEM individually
led to significant reductions in drinking and craving in the post-
treatment ADP’s compared to the baseline ADP, and in alcohol-
induced stimulation but not sedation (Table 2).
It is not yet clear why memantine had persisting effects in this

study. It is possible, that by altering craving or some aspect of the
response to alcohol, memantine altered learning that occurred
while drinking in the ADP. Alternatively, it is possible that low
levels of memantine persisted in the blood or brain through the
second treatment period, obscuring the difference between the
memantine and placebo conditions. Memantine has fairly linear
pharmacokinetics with 80% of the circulating dose in the form of
the parent molecule, and a long termination half-life of 60–80 h
[53–56], Therefore, it could be estimated that following a 6-day
washout only a quarter of the 20mg dose was actually eliminated,

Table 2. Descriptive statistics of primary and secondary outcomes by treatment condition overall and by sequence of treatment assignment

Overall NTX followed by MEM+NTX MEM+NTX followed by NTX

Outcome Baseline
(n= 56)

NTX
(n= 46)

NTX+MEM
(n= 47)

Baseline
(n= 30)

NTX
(n= 27)

NTX+MEM
(n= 25)

Baseline
(n= 26)

NTX
(n= 19)

NTX+MEM
(n= 22)

Total drinks
consumed

6.77 (3.99) 5.02 (4.32)*** 4.11 (4.19)*** 7.57 (4.00) 6.22 (4.32)* 4.28 (4.37)*** 5.85 (3.84) 3.32 (3.80)** 3.91 (4.06)*

Craving: priming 7.03 (0.56) 6.84 (0.57)** 6.81 (0.55)** 7.02 (0.60) 6.87 (0.60)* 6.79 (0.60)** 7.05 (0.52) 6.78 (0.53) 6.84 (0.49)

Craving: adlib 7.95 (0.56) 7.75 (0.55)** 7.62 (0.54)*** 7.93 (0.60) 7.81 (0.57)** 7.57 (0.58)*** 7.97 (0.52) 7.67 (0.54)** 7.68 (0.50)**

Stimulation:
priming

4.45 (2.36) 3.43 (2.71)*** 3.20 (2.84)*** 4.35 (2.38) 3.88 (2.53) 3.15 (2.76)* 4.57 (2.38) 2.79 (2.91)** 3.25 (2.99)**

Stimulation: adlib 6.35 (2.68) 4.93 (3.45)** 4.78 (3.51)** 6.30 (2.73) 5.57 (3.24) 4.74 (3.50)* 6.41 (2.68) 4.02 (3.63)*** 4.83 (3.60)*

Sedation: priming 4.15 (2.31) 3.76 (2.34) 3.87 (2.49) 3.91 (2.49) 3.55 (2.51) 3.96 (2.38) 4.42 (2.10) 4.06 (2.09) 3.78 (2.64)

Sedation: adlib 5.88 (2.51) 5.34 (3.08) 5.42 (2.97) 5.95 (2.51) 5.13 (3.33) 5.47 (3.06) 5.79 (2.56) 5.63 (2.76) 5.37 (2.94)

Values represent mean (SD); asterisks indicate significantly different from baseline, *p < 0.05, **p < 0.01, ***p < 0.001; AUQ Craving and BAES stimulation and
sedation are log-transformed and represent the area under the curve (AUC) during the priming dose phase or adlib drinking phase as indicated

Fig. 2 Number of Drinks Consumed following Naltrexone (NTX) and Naltrexone+Memantine (NTX+MEM) (Panel A: Treatment, p= 0.06;
Panel B: Baseline-adjusted least-square means and standard errors; Treatment* sequence, p= 0.004; the blue line represents the treatment
sequence NTX followed by NTX+MEM and the orange line represents treatment sequence NTX=MEM followed by NTX
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suggesting that among those who received the NTX+MEM first,
there may still be a sufficient amount of memantine remaining to
maintain the beneficial effects on drinking when combined with
naltrexone in the crossover condition. While this hypothesis would
need to be confirmed, existing preclinical evidence does suggest
that low doses of memantine can produce NMDAR related effects
[57–59], and that a low (5mg/day) dose of memantine,
when combined with other treatments, may reduce alcohol
drinking [17].
The sustained effects of memantine could also be related to the

fact that we studied FHP drinkers. Family history of alcoholism has
been shown to be a predictor of a robust and sustained
antidepressant response to the NMDAR antagonist ketamine
[60–62]. In fact, one study demonstrated that the antidepressant
efficacy of ketamine may persist up to 4 weeks longer for those
who have a positive family history of alcoholism [61], and that this
effect is independent of the presence of an AUD. While the reason
for this extended efficacy is not known, it may be related to
sustained neurobiological changes produced by the NMDA
antagonist. Further, alcohol, which was administered in the
current study, is known to be a weak NMDA antagonist [63–65],
and could in combination with memantine also prolong NMDA-R
blockade.
Regarding adverse events, the combination of NTX+MEM had

a relatively similar profile to that of NTX alone, with nausea and
headache most commonly reported. Further, there were no
increases in alcohol-induced stimulation or sedation following
either treatment condition, and we also did not observe any
interactive effects of impulsivity on drinking. Therefore, it appears
the combination of 20 mg/day of MEM and 50mg/day of NTX was
well tolerated, and in contrast to prior findings with use of a
higher memantine dose alone [19], the combination did not lead
to increased drinking or craving among more impulsive drinkers.
Interestingly, earlier studies examining the effects of combined

treatment with memantine and opioid agents in the treatment of
opioid use disorders, have shown modest benefits in combination
with morphine [66] or with buprenorphine/naloxone [67], and no
benefit in combination with naltrexone [68, 69]. These discrepant
findings could be related to the high doses of memantine used in
some of these studies which, as we have suggested, may result in
uncompetitive blockade of NMDA-R signaling, compromise
executive control and impulsive responding, and be counter-
productive for targeting addictive behaviors [19]. Further, the
interactions between the mu-opioid and NMDA systems are
complex and dose dependent. For example, a low dose of
naltrexone when combined with a low dose of ketamine increased
symptoms of anxiety and anhedonia, but similar effects were not

observed when a low dose naltrexone was combined with a high
dose of ketamine [30]. Further, low doses of memantine have
been shown to reduce morphine-induced place preference in rats
(Chen et al. [70]) and memantine when combined with a weak
mu-receptor agonist (buprenorphine) and a low dose of naloxone
appears to be beneficial for opioid use disorder treatment [67].
Our evidence suggests that the combined use of a low dose of
memantine and a moderate dose of naltrexone reduces alcohol
drinking and craving in individuals with AUD. Future studies
should examine if low doses of memantine have beneficial effects
on the treatment of other addictive behaviors that involve the
opioid system and/or respond to opiate antagonists.
Future research should also address the limitations of the

current proof-of-concept study that was conducted in FHP heavy
drinkers and used a well-controlled alcohol drinking paradigm. To
evaluate the generalizability of our findings, a larger randomized
controlled trial that includes family history positive and negative
drinkers and those with variable severity of AUD is needed. We
also tested a limited range of doses; the efficacy of combinations
of lower doses of both agents, which would have fewer adverse
events, should be evaluated. Due to the lack of a full-factorial
design, we were also unable to address the optimal sequencing of
naltrexone and memantine, but we speculate that perhaps
treatment should be initiated with naltrexone, a first line and
faster acting treatment, and then followed by memantine that
takes longer to reach steady state levels. Future studies also need
to assess memantine pharmacokinetics as a predictor of variability
in responses and should be powered to examine the predictive
utility of subjective symptoms like “feeling high”, as well as
medication-induced changes in alcohol-induced stimulation, in
treatment response. Finally, for ethical reasons we conducted this
study with non-treatment-seeking drinkers; evidence of differ-
ences in treatment response between treatment-seeking and non-
treatment-seeking drinkers [71, 72] suggests that it will be
important to examine the effects of the combined treatment
among drinkers who are trying to stop or reduce their drinking
behaviors.
In summary, our evidence suggests that combined targeting of

both NMDA and opioid receptors may hold promise for the
treatment of alcohol drinking. Future clinical trials should consider
using low doses of NMDA antagonists to enhance the efficacy of
the opioid antagonist naltrexone in reducing drinking behaviors.
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