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The deleterious effects of the drug addiction epidemic are compounded by treatment strategies that are only
marginally efficacious. Memantine is a unique glutamatergic medication with proven ability to attenuate drug
addiction in preclinical models. However, clinical translational studies are inconsistent. In this review, we
summarize preclinical evidences and clinical trials that investigated the efficacy of memantine in treating pa-
tients with alcohol, opiate, cocaine, and nicotine use disorders and discuss the results from a mechanistic point of
view. Memantine has shown efficacy in reducing alcohol and opiate craving, consumption, and withdrawal
severity. However, in cocaine and nicotine use disorders, memantine did not have significant effect on cravings
or consumption. Additionally, memantine was associated with increased subjective effects of alcohol, cocaine,
and nicotine. We discuss possible mechanisms behind this variability. Since memantine transiently blocks NMDA
receptors and protects neurons from overstimulation by excessive synaptic glutamate, its efficacy should be
observed in drug phases that cause hyperglutamatergic states, while hypoglutamatergic drug use states would
not resolve with blocking NMDA receptors. Second, memantine pharmacokinetic studies have been done in
rodents and healthy volunteers, but not in patients with substance use disorder. Memantine, opiates, cocaine, and
nicotine share the same transporter family at the blood brain barrier. This shared transport mechanism could
impact brain concentrations of memantine and its effects. In conclusion, memantine remains an intriguing
compound in our pharmacopeia with controversial results in treating certain aspects of drug addiction. Further
studies are needed to understand the clinical and biological correlates of its efficacy.

1. Introduction heroin use increased across time among Caucasians from 35% in

2001-2002 to 52% in 2012-2013 (Martins et al., 2017). Similarly

The unprecedented epidemic of drug addiction presents as a real
threat to our society (Lund et al., 2013; Murray et al., 2012; Rehm et al.,
2009; Roerecke and Rehm, 2013; Samokhvalov et al., 2010; Tetrault and
Butner, 2015). Recent data from the National Epidemiologic Survey on
Alcohol and Related Conditions (NESARC) indicated that the prevalence
of heroin use and heroin use disorder have significantly increased by
300% and 500%, respectively, from 2001 to 2002 to 2012-2013 (Mar-
tins et al., 2017). Additionally, the proportion of individuals reporting
initiation of nonmedical use of prescription opioids before initiating

alarming data from the National Survey on Drug Use and Health have
shown that the rates of lifetime and past-year non-medical use of pre-
scription opiates were 13.6% and 5.1%, respectively; among past-year
users, 13.2% met criteria for current prescription opiate abuse or
dependence (Back et al., 2010). The prevalence rates of other drugs such
as alcohol, cocaine, and nicotine are still high despite modest decline in
recent years (www.samhsa.gov).

Despite the awareness of this major public health problem and
intense research efforts, our current armamentarium has only a few

* Corresponding author at: Neuroimaging Research Branch, Intramural Research Program, 251 Bayview Boulevard, Biomedical Research Center, Baltimore, MD

21224, USA.

** Corresponding author at: Department of Psychiatry and Psychology, Mayo Clinic, 5777 E Mayo Blvd, Phoenix, AZ 85054, USA.
E-mail addresses: chiara.montemitro@nih.gov (C. Montemitro), abulseoud.osama@mayo.edu (O.A. Abulseoud).

https://doi.org/10.1016/j.pnpbp.2021.110409

Received 1 October 2020; Received in revised form 23 June 2021; Accepted 22 July 2021

Available online 27 July 2021

0278-5846/Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://reader.elsevier.com/reader/sd/pii/S0278584621001688?t0...0A151B2B0&originRegion=eu-west-1&originCreation=20220209165052

Pagina 1 di 30



Mechanistic insights into the efficacy of memantine in treating certain drug addictions | Elsevier Enhanced Reader

C. Montemitro et al.

marginally effective treatment options for substance abuse (Albanese,
2012; Jonas et al., 2014; Muller et al., 2014). Since a therapeutic
breakthrough appears unreachable (Forray and Sofuoglu, 2014; Rezvani
et al., 2012; Zindel and Kranzler, 2014), we need to identify the po-
tential utility of promising medications in treating various aspects of
drug addiction. Memantine, a candidate for treating substance abuse, is
an low-affinity, uncompetitive N-Methyl-p-Aspartate (NMDA) receptor
antagonist that transiently blocks the channel without interfering with
normal synaptic transmission (Chen and Lipton, 2005). Memantine is
approved by the United States Food and Drug Administration (FDA) for
the treatment of moderate to severe Alzheimer’s Disease (Rogawski and
Wenk, 2003). The efficacy of memantine has also been tested as a
neuroenhancement compound in healthy individuals (Repantis et al.,
2010) and as a treatment for various neuropsychiatric disorders such as
primary and migraine headache (Hoffmann and Charles, 2018; Huang
et al., 2014), neuropathic pain (Alviar et al., 2016; Collins et al., 2010;
Kurian et al., 2019; Loy et al., 2016; Pickering and Morel, 2018), fi-
bromyalgia (Blumenthal and Malemud, 2016; Littlejohn and Guymer,
2017), unipolar depression (Amidfar et al., 2019; Caddy et al., 2015;
Jaso et al., 2017; Kishi et al., 2017), schizophrenia (Di lorio et al., 2017),
bipolar disorder (Serra et al., 2014; Veronese et al., 2016), and obsessive
compulsive disorder (Marinova et al., 2017; Modarresi et al., 2019; Wu
et al., 2012). Within the current literature, the efficacy of memantine in
attenuating behavioral manifestations of drug addiction in preclinical
models and human studies varies based on the specific drug of abuse.
However, there are discrepancies between the results of animal and
clinical studies investigating the same substance of abuse. The aim of
this review is to present published studies that utilized memantine for
the treatment of alcohol, opiate, cocaine, and nicotine use disorders and
to discuss the potential mechanistic basis for the drug-specific

Abstracts identified through

MEDLINE searching (n = 66)
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differential efficacy of memantine for the treatment of substance use
disorders.

2. Methods

We conducted a systematic review of the literature by searching
MEDLINE to identify original studies about memantine effects in drug
addiction. The following search words were used [(((“N-methyl-p-
aspartate” AND “NMDA”) AND (“antagonist” OR “antagonism™) AND
“drugs”) OR “memantine”) AND (“cocaine” OR “alcohol” OR “opiates”
OR “opioid” OR “nicotine” OR “behavioral addiction” OR “gambling”
OR “addiction” OR “addictive disorders”) AND (“withdrawal” OR
“craving” OR “consumption” OR “dependence” OR “subjective effects”
OR “severity” OR “cognitive effects”) AND “Human”]. The search was
conducted on July 8, 2020 and yielded 66 records.

We included all original articles (open label or double-blind trials,
and prospective or retrospective observational studies) written in En-
glish, in which subjects were drug users and were treated with mem-
antine. We included only studies involving adults (age > 18 years).
Reviews, commentaries, letters to the editor, studies enrolling patients
with predominant medical comorbidity, and studies not enrolling pa-
tients affected by addictive disorders or not including a clinical assess-
ment were excluded. All the authors agreed on inclusion and exclusion
criteria.

We excluded 21 records by reading titles and abstracts. By reading
the full texts of the 45 remaining articles, we found 19 studies meeting
our inclusion/exclusion criteria, and therefore included these studies in
the qualitative synthesis (Fig. 1).

The quality of the studies was gauged by considering the 5 items of
the Quality Assessment Checklist for Observational Studies (QATSO

Abstracts excluded (n = 21):

Review (n=19)

Language (not English) (n = 2)

v

Full-text articles assessed for

eligibility (n=45)

v

Full-text articles excluded, with reasons (n = 26):

Not focused on Memantine (n = 6)
Non-Human Subjects (n = 2)

Not focused on drug addiction (n = 11)
Comorbidities (n = 6)

Full-text not available (n=1)

Full-text articles included in

qualitative synthesis (n =19)

Fig. 1. PRISMA flowchart for articles selection.
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Score) (Wong et al., 2008) which was adapted for observational — open
trial studies. In particular, the checklist evaluates 5 criteria: 1) sample
size and source; 2) use of validated tool; 3) if the study reports response
rate; 4) control for confounding factors (e.g. stratification/matching/
restriction/adjustment); 5) privacy and ethical aspects considered. The
quality of the Randomized Control Trials (RCTs) was assessed using the
first 3 items on the Jadad Scale (Moher et al., 1995) which gauge
randomization, blinding, and the withdrawal description.

In addition to the clinical studies, we reviewed preclinical evidence
for the use of memantine in each of the four drugs of interest.

3. Results
3.1. The efficacy of memantine in alcohol use disorder

3.1.1. Preclinical evidence

We collected 15 studies evaluating memantine treatment for alcohol
consumption, self-administration, and withdrawal in mice or rats
(Fig. 2). Two studies (Idrus et al., 2014; Idrus et al., 2011) focused on
early post-natal alcohol exposure in rats (postnatal day 6, in which brain
development corresponds to the human late gestation period). Overall,
memantine showed efficacy in reducing voluntary alcohol drinking, self-
administration, and withdrawal. Chronic memantine pretreatment
attenuated the development of alcohol dependence as quantified by the
reduction in withdrawal audiogenic seizures induced during the 12 h
after the last ethanol administration in rats (Kotlinska, 2001) and
reduced operant responding to alcohol in dependent rats when admin-
istered 30 min before sessions (Piasecki et al., 1998). In addition, 25 mg/
kg memantine injection reduced alcohol self-administration in depen-
dent rats during early and late withdrawal (6-30 h) (Alaux-Cantin et al.,
2015). Furthermore, single dose administration of memantine (1-5-10
mg/kg) reduced voluntary alcohol drinking among alcohol-preferring
rats (Malpass et al., 2010) and alcohol-dependent mice (Oberlin et al.,
2010) and decreased both self-administration and motivation to
consume alcohol in alcohol-preferring rats for at least 30 h (Jeanblanc
et al., 2014). However, the reduction in alcohol intake was also asso-
ciated with a reduction in total fluid drinking in non-dependent mice
during induced-polydipsia (Escher et al., 2006), a reduction in both total
drinking and food intake in alcohol dependent rats (Piasecki et al.,
1998), and increased aggressive behavior in trained mice when
administered 30 min prior to instigation sessions (Newman et al., 2012).

Furthermore, a single memantine dose (15-30 mg/kg) administered
during withdrawal (21-36 h after alcohol exposure) reduced alcohol-
related behavioral alterations in early alcohol-exposed rats (Idrus
etal., 2014; Idrus et al., 2011) and reduced withdrawal-induced anxiety
during early (6 h) withdrawal (rats, 4 mg/kg; (Yuanyuan et al., 2018)),
but not during late withdrawal (24 h) (rats, 8-12 mg/kg; (Kotlinska and
Bochenski, 2008)). Meanwhile, memantine reduced withdrawal-
induced seizures in rats when administered at both 10 and 15-16 h
after last ethanol administration (Bienkowski et al., 2001; Stepanyan
et al., 2008). However, single-dose memantine increased withdrawal-
induced aggressive behaviors in mice when administered 30 min
before confrontation task during early withdrawal (Hwa et al., 2015).
Memantine chronic administration during alcohol withdrawal (20 mg/
kg on the first day of withdrawal +1 mg/kg/day for a 4-week period) has
been shown to improve behavioral impairments in rats performing the
water maze task: withdrawn rats injected with memantine showed
better learning rates and higher numbers of platform crossings and
percentages of time spent in the training quadrant compared to those
treated with saline or MK-801, and their rates were not statistically
different from those of the control (not alcohol dependent/not with-
drawn) group (Lukoyanov and Paula-Barbosa, 2001). Moreover, in long-
term (10 months) alcohol drinking rats, deprived for two weeks and
presented again with alcohol solution after a memantine implantation
with a daily memantine dose of 4.8 mg, memantine have been shown to
reduce the rise in alcohol intake after re-presentation (Holter et al.,
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1996).

In summary, several preclinical studies show efficacy for memantine
in reducing the development of alcohol dependence, voluntary alcohol
drinking, and alcohol withdrawal manifestations in both rats and mice.
Few adverse effects were associated with memantine treatment such as
increased withdrawal-induced aggressive behavior and reduced total
fluid and food intake.

3.1.2. Clinical studies

Our search identified 6 primary studies on the use of memantine for
alcohol use disorder (Table 1). Abstinence was not required in 4 of the 6
studies (Bisaga and Evans, 2004; Evans et al., 2007; Krishnan-Sarin
et al., 2015; Muhonen et al., 2008b). The remaining 2 studies included
only individuals in early withdrawal (abstinence range 8-48 h) (Kru-
pitsky et al., 2007b) or early abstinence (mean sobriety 22 days) (Kru-
pitsky et al., 2007a). The effect of memantine on alcohol craving
differed based on memantine dosage. Memantine was reported to
significantly reduce cravings for alcohol at moderate doses ranging from
20 to 30 mg (Bisaga and Evans, 2004; Krishnan-Sarin et al., 2015;
Krupitsky et al., 2007b; Muhonen et al., 2008a). Bisaga and Evans
(Bisaga and Evans, 2004) found that 15 mg of memantine reduced
cravings, but the effect did not reach significance (P = 0.06). The effects
of higher doses of memantine were inconclusive. Two studies found no
significant effects of 40 mg doses of memantine on alcohol cravings
(Evans et al., 2007; Krishnan-Sarin et al., 2015). However, Krupitsky
et al. (Krupitsky et al., 2007a) found that 40 mg of memantine signifi-
cantly reduced cravings when administered during early abstinence.

Only three of the collected studies reported on the effect of mem-
antine on alcohol consumption levels. The first study (Muhonen et al.,
2008a) found that 20 mg of memantine significantly reduced alcohol
consumption. Conversely, other studies found no significant effect of
memantine on alcohol consumption at 20 mg (Krishnan-Sarin et al.,
2015) or 40 mg (Evans et al., 2007; Krishnan-Sarin et al., 2015).

Fewer studies reported other effects of memantine on alcohol mea-
sures. Krupitsky et al. (Krupitsky et al., 2007a) found that 20 mg and 40
mg doses of memantine produced dose-related alcohol-like subjective
effects. Similarly, Bisaga and Evans (Bisaga and Evans, 2004) reported
that 30 mg, but not 15 mg, of memantine increased the subjective effects
of alcohol. Finally, Krupitsky et al. (Krupitsky et al., 2007b) the only
study including participants in withdrawal, found that 30 mg of mem-
antine reduced the severity of withdrawal symptoms.

In summary, there were conflicting results among the clinical studies
investigating the effect of memantine on alcohol use disorder pop-
ulations. Among the studies showing significant effects of memantine,
there was agreement with preclinical evidence, indicating efficacy of
memantine in reducing alcohol consumption, craving, and withdrawal
manifestations. In addition, memantine was associated with increased
subjective effects of alcohol in a few reports.

3.2. The efficacy of memantine in opiate use disorder

3.2.1. Preclinical evidence

We collected 13 studies evaluating memantine in opioid addiction. In
seven of the studies, memantine was administered prior to opioid
dependence establishment, as chronic or acute pretreatment. Animal
studies evaluating memantine efficacy in opioid addiction have been
graphically summarized in Fig. 2. Acute memantine pretreatment,
described as a single memantine dose administered 30 min prior to
morphine, has been shown to reduce both morphine intake in mice
during self-administration (Semenova et al., 1999) and morphine stim-
ulus effects in rats receiving 3.2 mg/kg of morphine (Chen et al., 2013).
Otherwise, memantine did not show any effects on naloxone-
conditioned place aversion in mice receiving 1, 3 or 10 mg/kg of
memantine, either 30 ahead of, alongside, 2 or 3.5 h after morphine
(Blokhina et al., 2000).

In non-dependent mice, chronic pretreatment with high daily doses
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Table 1
Characteristics of included alcohol-related clinical trials.
Study Total n Study Experimental Concurrent treatment Assessments Primary outcomes  Results Side Effects
Duration treatment design
Age
(mean +
SD), years
Male (%)
Race (%)
Krishnan- n =90 8 days 1. MEM 20 mg/ Alcohol drinking Yale craving Total drinks MEM 20 mg headache (11.6%),
Sarin 30.9 + 8.5 day paradigm scale (YCS) consumed reduced craving dizziness (5.6%),
et al. years 2. MEM 40 mg/ Alcohol urge Alcohol cravings for alcohol. MEM nausea (6.9%), fatigue
(2015) 71% male day questionnaire (YCS) 40 mg had no (6.0%), and
68% 3. Placebo Alcohol effect on cravings nervousness (5.35%)
Caucasian consumption MEM had no 7 drop out due to side
26% BAES effect on alcohol effects
African BIS-11 consumption MEM 40 mg dose
American produced greater side
effects than MEM 20
mg or placebo
Muhonen n =80 26 weeks 1. MEM 20 mg/ N/A Obsessive- alcohol craving reduced AUDIT No group differences
et al. 47.7 £ 8.3 day Compulsive mean number of scores for 90% pp. in memantine
(2008b) years 2. Escitalopram Drinking Scale abstinent days per ~ consumption and group reported at least
55% male 20 mg/day AUDIT week number of 1 AE
100% AUDIT-QF alcohol drinking days Drowsiness and
Caucasian AUDIT-3 consumption reduced cravings headache most
Drinking diary (AUDIT) common (1/3 pp)
Evans n=234 16 weeks 1. MEM 40 mg Cognitive Behavioral Alcohol Average drinks Reduction in significantly higher
etal., 42.6 years 2. Placebo Therapy consumption per day alcohol rate of side effects
2007) 80% male OCDS average drinks consumption did reported in MEM group
44% ADS per drinking day not differ between  vs placebo
Caucasian DrinC-2R percentage heavy groups gastrointestinal
24% CGI drinking days Craving reduction  disturbance (5),
African BDI-II percentage days did not differ lightheaded/dizziness
American SAFTEE abstinent between the two (5), anxiety (3), and
groups disorientation/
Percentage of difficulty
heavy drinking concentrating (3)
days showed
greated reduction
in placebo group
Krupitsky n =174 1 week 1. MEM 30 mg/ N/A TLFB Alcohol Efficacy inalcohol ~ No side effects
et al. 43 years day CIWA-Ar withdrawal detoxification reported for MEM
(2007b) 100% 2. Lamotrigine 25 AWSC (CIWA-Ar, AWSC)  Lamotrigine =
male mg/6 h MADRS MADRS memantine =
Race not 3. Diazepam 10 topiramate =
reported mg/8 h diazepam >
4. Topiramate 25 plabebo
mg/6h Reduction in
5. Placebo withdrawal
severity
Significantly
reduced craving
compared to
placebo
Krupitsky n=38 3 days Each patient N/A Verbal fluency Subjective effects MEM produced Not reported
et al. 39.2+9 received a single test of alcohol modest but
(2007a) years dose of every drug Hopkins Verbal  (Biphasic Alcohol significant dose-
100% in a randomized Learning Test Effects Scale and related ethanol-
male order: Biphasic VAS for craving) like effects
Race not 1. MEM 20 mg/ Alcohol Effects MEM 40 mg
reported day Scale significantly
2. MEM 40 mg/ VAS for craving reduced craving
day Number of for alcohol
3. Placebo drinks
Bisaga and n=18 1 day Acute MEM Four hours after drug Word Recall subjective and MEM 30 mg Impairment in balance
Evans 27.9 years administration administration, and behavioral effects significantly (MEM 30 > MEM 15 >
(2004)* 67% male 1. MEM 15 mg alcohol was Recognition of alcohol reduced craving PBO)
67% 2. MEM 30 mg administered as four Tasks (WRRT) for alcohol
Caucasian 3. Placebo 150 ml beverages, Performance MEM increased
spaced 20 min apart. task battery subjective ratings
Participants were (PB) of the dissociative
given 30 s to consume  Subjective- effects of alcohol
each beverage. effects battery
(SEB)
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Study Total n Study Concurrent treatment

Duration

Experimental

treatment design
Age g

(mean +
SD), years

Male (%)

Race (%)

Assessments Primary outcomes  Results Side Effects

Alcohol craving
scale (ACS)
Alcohol-effects
battery (AEB)

* Participants in this study were categorized as moderate drinkers (10-30 drinks per day) and did not meet criteria for alcohol dependence. All other studies included

only individuals who met DSM-IV criteria for alcohol dependence.

(20-30 mg/kg/day) of memantine reduced morphine antinociceptive
effects in both rats (Chen et al., 2013) and mice (Hosseinzadeh et al.,
2012), and morphine tolerance in mice (Dravolina et al., 1999; Hos-
seinzadeh et al., 2012). Lower memantine doses (0.2-1 mg/kg/day)
reduced morphine-induced conditioned place preference and increased
BDNF levels in rats (Chen et al., 2012). Meanwhile, memantine chronic
pretreatment did not show any effect on methadone dependence and
withdrawal .

In six studies, memantine was administered at various dosages
ranging from 7.5 to 30 mg/kg to opioid dependent animals and showed
positive effects on spontaneous and naloxone-induced withdrawal.
Memantine administered 30—45 min before naloxone has been proven to
dose-dependently reduce and even block withdrawal signs in mice
(Harris et al., 2008; Medvedev et al., 1998; Popik and Skolnick, 1996)
During spontaneous withdrawal, memantine administered 48 h after
last morphine administration reduced withdrawal-induced aggressive
behaviors in mice (Sukhotina and Bespalov, 2000), but did not show any
effect on naloxone discrimination in rats when administered 24 h after
last morphine administration (Medvedev et al., 1998).

In summary, memantine treatment was not effective for methadone
but reduced morphine, dependence, conditioned place preference, self-
administration, and naloxone-precipitated withdrawal manifestations.

3.2.2. Clinical studies

We collected 7 publications about the use of memantine for opioid
use disorder (Table 2). Two of the 7 publications are based on the same
cohort (Chang et al., 2015; Lee et al., 2015), therefore we consider there
to be only 6 primary studies regarding the effects of memantine on
opioid use disorder.

Memantine was reported to significantly reduce opioid consumption
(Comer and Sullivan, 2007; Gonzalez et al., 2015) and relapse rates
following treatment with methadone (Chang et al., 2015) and bupre-
norphine (Gonzalez et al., 2015). Additionally, Lee et al. (Lee et al.,
2015) found that memantine reduced the required dose of methadone
needed for individuals undergoing methadone maintenance therapy.

The effect of memantine on opioid withdrawal was unclear. One
study reported a reduction of opioid withdrawal ratings following the
administration of memantine (Gonzalez et al., 2015), while another
study found no effect of memantine on opioid withdrawal ratings
(Bisaga et al., 2011). A third study (Bisaga et al., 2014) found that
memantine reduced withdrawal symptoms in the first 2 weeks of
naltrexone co-administration, but then was associated with increased
withdrawal ratings in the following weeks. Similarly, the effect of
memantine on cravings for opioids were inconsistent. Two studies found
that 30 mg of memantine significantly reduced cravings . (Gonzalez
et al., 2015; Krupitsky et al., 2002), while Bisaga et al. (Bisaga et al.,
2011) found no significant effect of memantine on opioid cravings at
doses of 30 or 60 mg. Interestingly, memantine had a variety of favor-
able cognitive effects among individuals with opioid use disorder. For
instance, memantine administration was associated with decreases in
impulsivity (Gonzalez et al., 2015) and improved performance on

https://reader.elsevier.com/reader/sd/pii/S0278584621001688?t0...0A151B2B0&originRegion=eu-west-1&originCreation=20220209165052

cognitive tasks targeting executive functions (Chang et al., 2015).
Further, memantine reduced subjective ratings of drug liking, drug
quality, and drug potency following opioid detoxification.

In summary, despite some inconsistencies between studies, both
preclinical evidence and clinical results document efficacy of mem-
antine in reducing opiate use, craving, and withdrawal manifestations.
In addition, memantine showed positive effects on cognitive function.
There were no reports of increased subjective feelings for opiates as
reported in alcohol treatment studies.

3.3. The efficacy of memantine in cocaine use disorder

3.3.1. Preclinical evidence

We collected 16 preclinical studies evaluating the administration of
memantine in animal models of cocaine addiction, with controversial
results. Findings and characteristics of the studies cited in this paragraph
have been graphically summarized in Fig. 2.When administered before
cocaine exposure, medium to low dose memantine decreased drug
intake in rats during self-administration and progressive ratio sessions,
but results have not been replicated in mice (Blokhina et al., 2005), and
opposite results (i.e. increase in self-administration and decrease in cue
response) were observed in monkeys (Newman and Beardsley, 2006). At
the same time, medium-high dose memantine administration before
cocaine exposure decreased both social withdrawal (Lluch et al., 2005)
and cocaine-induced seizures (Brackett et al., 2000) in mice. Memantine
also seemed to be able to prevent cocaine-induced conditioned place
preference and to attenuate conditioned motor activity and reinstate-
ment in both mice (Lin et al., 2011; Maldonado et al., 2007) and rats
(Alaghband and Marshall, 2013; Alaghband et al., 2014; Bespalov et al.,
2000a; Bespalov et al., 2000b; Kotlinska and Biala, 2000; O’Connor
et al., 2015).

Interestingly, memantine was shown to potentiate brain reward
function, in both early-adolescence stressed rats and in cocaine/
morphine dependent rats (O’Connor et al., 2015; Tzchentke and
Schmidt, 2000).

In summary, memantine pretreatment reduced cocaine self-
administration, conditioned place preference, and reinstatement and
attenuated social withdrawal, cocaine-induced seizure in some, but not
all studies. Similar to alcohol studies, memantine increased cocaine self-
administration in monkeys (Newman and Beardsley, 2006) and poten-
tiated reward function (O’Connor et al., 2015) in a few studies.

3.3.2. Clinical studies

Our search identified 4 papers on the efficacy of memantine for
cocaine use disorder (Table 3). Across these studies, memantine was
administered in doses ranging from 10 to 60 mg (Bisaga et al., 2010;
Collins et al., 2007; Collins et al., 2006; Vosburg et al., 2005). Collec-
tively, these studies found no evidence that memantine is effective in
treating cocaine use disorder. Memantine had no effect on cocaine
consumption or cravings (Bisaga et al., 2010; Collins et al., 2006). At
doses of 20 mg and 60 mg, memantine was found to increase the
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Table 2
Characteristics of included cocaine-related clinical trials.
Study Total n Study Experimental treatment Concurrent Assessments Primary Results Side Effects

" Duration design treatment outcomes
Age
(mean +
SD), years
Male (%)
Race (%)

Bisaga n=81 12 weeks 1. Memantine 40 mg Contingency Urine drug Proportion of No significant effects  No significant group
et al. 40 £ 8 2. Placebo Management screening Self- days per week of MEM on differences in
(2010) years therapy (3w) reported with cocaine use proportion of days frequency of AEs.

79% male Motivational measures of with cocaine use or Only 1 of 9 moderate

41% Enhancement drug use, proportion of days AEs reported by the

Caucasian Therapy craving, and with cravings. memantine-treated

37% Cognitive mood patients were

African Behavioral considered to be

American Treatment- definitely related to
Relapse memantine.
Prevention

Collins n=6 11 days Pretreatment: N/A VAS Cocaine self- MEM was associated ~ Not reported
et al. 38 1. Memantine 60 mg (2 Assessment for administration with an increase in
(2007) 100% days) mental acuity, Subjective effects  feeling of

male 2. Placebo (7 days) learning and (VAS) stimulation and

100% memory Cardiovascular anxiety

African Laboratory effects MEM produced a

American choice session significant decrease
in feeling of
depression
MEM may increase
some subjective and
cardiovascular
cocaine effects

Collins n=38 47 days 1. Memantine 20 mg Alternating Laboratory Cocaine self- MEM was associated ~ Not reported
et al. 37 2. Placebo inpatient and choice session administration with an increase in
(2006) 88% male outpatient VAS (18) Subjective effects  blood pressure

Race data periods. Opiate (VAS) following cocaine
not Methadone symptoms administration
provided maintenance checklist MEM had no effect
(mean 86.3mg/  SOWS on the number of
day) OOWS times subjects chose
Blood pressure cocaine over the
alternative
MEM had no effect
on cocaine
consumption
MEM had no effect
on cocaine craving
but reduced craving
for heroin

Vosburg n=28 7 weeks 1. Memantine 10 mg N/A VAS Choice of placebo  MEM was chosen Not reported
et al. 38 2. Memantine 20 mg DEQ or MEM less than placebo
(2005) 75% male 3. Memantine 30 mg (distinguished by MEM did not

88% 4. Placebo color) produce reinforcing
African Blocks of 7 sessions, 1 subjective effects effects
American session per visit. Each

block tested one dose of

memantine, each block
consisted of two
“sample” sessions,
where participants
received one active and
one placebo dose and
five “choice” sessions,
where participants
selected between the
two options

cardiovascular effects of cocaine (Collins et al., 2007; Collins et al.,
2006). Finally, co-administration of cocaine and memantine resulted in
increased subjective feelings of “stimulation” and “anxiety” and
decreased subjective feelings of “depression” (Collins et al., 2007; Vos-
burg et al., 2005) (Collins et al., 2007). Vosbourg et al. (2005) reported
that, when given the choice, participants chose placebo over mem-
antine, suggesting that memantine did not enhance the subjective effects

https://reader.elsevier.com/reader/sd/pii/S0278584621001688?t0...A151B2B0&originRegion=eu-west-1&originCreation=20220209165052

of cocaine in a way that would create abuse potential for memantine
among individuals with cocaine use disorder.

In summary, memantine treatment did not reduce cocaine con-
sumption or cravings, but increased subjective feelings of stimulation

and anxiety.
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Table 3
Characteristics of included opioid-related clinical trials.
Study Total n Study Primary treatment Experimental Assessments Primary outcomes Results Side Effects
"~ Duration treatment
Age design
(mean +
SD), years
Male (%)
Race (%)
Gonzalez n =80 13weeks  Buprenorphine (16 Add-on: Urine drug mean proportion of ~ MEM 30 mg/day: Most commonly
et al. 22+19 mg/day) + Naloxone 1. MEM 15mg/  screen opioid use 1. Improvement in reported side effects:
(2015) years (4 mg/day), day TLFB Cumulative short-term pain 21%, upper
66% male discontinued on week 2. MEM 30 mg/  COWS abstinence rates treatment with respiratory infection
91% 9 of study day OWs after rapid buprenorphine/ 9.3%, nausea 7.6%,
Caucasian 3. placebo HCQ-SF-14 buprenorphine naloxone; vivid dreams 6.7%,
VAS discontinuation on 2. Craving constipation 5.9%,
CES-D week 9 reduction headaches 5%, and
BIS 3. Lower rate of drowsiness 5%.
Anti-saccade test relapses No significant
4. Opioid use differences between
reduction placebo, MEM 15 mg
5. Reduction is and MEM 30 mg
COWS scores
6. Reduction in BIS
Chang n=134 12weeks  Methadone- Add-on: Urine drug Cognitive MEM 5 mg/day: Not reported
et al. 36.24 + maintenance therapy 1. MEM 5 mg screen performance on 1. Improvement in
(2015) 7.48 years (MMT) 2. Placebo Wisconsin Card WCST and CPT cognitive tasks,
83% male Sort Task (WCST) frontal and
100% Continuous executive functions
Asian performance test 2. Lower rate of
(CPT) relapses
Opiate Treatment
Index (OTI)
Schedule of
Affective
Disorders and
Schizophrenia-
Lifetime (SADS-
L)
Lee et al. n =134 12weeks  Methadone- Add-on: Methadone dose Methadone dose MEM 5 mg/day: Urogenital system side
(2015) 36.24 + maintenance therapy 1. MEM 5 mg required required 1. Reduction in effects in MEM group
7.48 years (MMT) 2. Placebo OTI Retention rates required
83% male TNF-a Participants’ methadone dose
100% CRP opioid use 2. Lower TNF-a
Asian IL-6 level
IL-8 3. Higher TGF-p1
TGF-p1 level
plasma BDNF
Bisaga n=_82 12weeks  Buprenorphine (2 Starting on day Clinical global Retention rates MEM At least one adverse
et al. 42 +17 days), followed by 2 of naltrexone, impression 1. Lower event among insomnia,
(2014) years washout period (1 add-on: severity score withdrawal scores fatigue, headaches and
81% male day), then naltrexone 1. MEM (40 mg  (CGI) (first 2 weeks) dizziness, in 98% MEM
48% (slow induction or max Hamilton rating 2. Higher and 71% PBO.
Caucasian procedure; 3.125 mg, tolerated dose) scale for withdrawal scores
33% 6.25 mg, 25 mg) 2. placebo depression (remaining weeks)
Hispanic (HAM-D)
Subjective opiate
withdrawal scale
(SOWS)
Heroin
consumption
Bisaga n=281 12weeks  Buprenorphine (1 On day 2 of Weekly Retention rates No significant Adverse events
et al. 41 £10.1 day), followed by naltrexone proportion of difference across reported in 59% PBO,
(2011) years washout period (1-2 induction; add- group using groups 37% MEM 30 mg, and
81% male days), then on: opiates 63% MEM 60 mg. No
48% naltrexone (rapid 1. MEM 30 mg Weekly average significant group
Caucasian induction procedure; 2. MEM 60 mg CGI difference in adverse
30% 12.5 mg, 25 mg, 50 3. placebo Weekly CGI events.
Hispanic mg, 100 mg) improvement 1 SAE in MEM 30 mg
score (relapse, overdose, and
Weekly craving hostpialization)
scores
Hamilton rating
scale for
depression
(HAM-D)

Subjective opiate
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Study Total n Study Primary treatment Experimental Assessments Primary outcomes Results Side Effects
" Duration treatment
Age design
(mean +
SD), years
Male (%)
Race (%)
withdrawal scale
(SOWS)
Comerand n=12 8 weeks 1 week detox Following SOWS VAS ratings for MEM: Not reported
Sullivan 34 years detox, ppts Drug effects heroin Lower VAS rates in
(2007)* 75% male received 2 questionnaire drug liking,
50% weeks of each (DEQ) potency and
Hispanic treatment: Heroin craving quality
1. placebo questionnaire MEM 30 mg: Lower
(MEM 0 mg) (HCQ) amount of self-
2. MEM 30 mg Visual analog administered drug
3. MEM 60 mg scale (VAS; 26
items)
Cognitive tasks
Krupitsky n=67 3 weeks 7-10 day detox Following detox ~ Treatment Reduced symptoms By the end of the Side effects of MEM not
et al. 22 years standard 1. MEM 30 mg retention of protracted study, MEM and significantly different
(2002)* 91% male psychotherapy and 2. amitriptyline  Visual analog withdrawal amitriptyline from placebo
race data counseling 75 mg scale (VAS) (depression, reduced anxiety,
not 3. placebo Zung’s anxiety, and depression, and
provided depression scale craving) cravings.
Spielberger’s MEM reduced

anxiety scale
Anhedonia
syndrome scale

cravings faster and
with fewer side
effects than

amitriptyline.

* This study is a single blind placebo-controlled study. All other opiate studies were double blind randomized controlled trials.

3.4. The efficacy of memantine in nicotine use disorder

3.4.1. Preclinical evidence

Only one study investigated the effects of memantine on nicotine
addiction. Low dosage memantine (1-10 mg/kg) reduced nicotine
discriminative-stimulus effects when co-administered with nicotine in
rats trained to discriminate nicotine from saline (Zakharova et al.,
2005).

3.4.2. Clinical studies

Only two studies have been published on the effects of memantine
for nicotine use disorder in humans (Table 4). Thuerauf et al. (Thuerauf
etal., 2007) reported that 20 mg of memantine had no effect on cigarette
cravings, olfactory nicotine discrimination, or cigarette consumption.
Jackson et al. (Jackson et al., 2009) found that 40 mg of memantine had
no effect on nicotine cravings or the cognitive enhancement associated
with smoking cigarettes. On the contrary, there were reports of increases
in the subjective effects of smoking, specifically the feelings of being
“buzzed” and “dizzy” (Jackson et al., 2009).

In summary, neither of the two available studies show efficacy of
memantine in reducing nicotine smoking or craving. However, mem-
antine seemed to increase subjective feelings of being buzzed or dizzy.

4. Mechanisms of action

Memantine’s clinical effects are generally attributed to its ability to
transiently block NMDA receptors and reduce glutamatergic over-
stimulation (Chen and Lipton, 2005). While this mechanism could be
effective in relieving drug-induced hyperglutamatergic states such as
acute alcohol withdrawal (Tsai et al., 1998), it may not be effective in
hypoglutamatergic conditions such as cocaine (Miguéns et al., 2008) or
nicotine withdrawal (Abulseoud et al., 2020). Thus, this mechanism can
account for the differential efficacy of memantine when used to treat
different types of substance use disorders. However, the variability in
the efficacy of memantine as a substance use disorder treatment does not

https://reader.elsevier.com/reader/sd/pii/S0278584621001688?t0...A151B2B0&originRegion=eu-west-1&originCreation=20220209165052

differ only based on the particular drug of abuse. In addition to the
observed discrepancy between the results of preclinical and clinical
studies, specifically for cocaine and nicotine use disorders, the clinical
literature reveals a memantine-associated enhancement of the subjec-
tive effects of alcohol, cocaine, and nicotine. Therefore, here we explore
the NMDA receptor mechanism as well as two other potential mecha-
nisms of action for memantine that could account for the observed ef-
fects of memantine among substance use disorder populations.
Specifically, we consider how the presence of certain drugs could impact
the bioavailability of memantine, for example by altering its ability to
penetrate or clear the blood brain barrier. Additionally, we discuss po-
tential pharmacokinetic interactions between memantine and drugs of
abuse that could facilitate the transport these substances into the brain,
thus increasing subjective effects of the drug. Finally, we explore the
effect of memantine on other factors such as modulation of BDNF
signaling pathways (Jeanblanc et al., 2014) or balancing the neuro-
immune response triggered by substances of abuse.

4.1. The efficacy of memantine through regaining glutamatergic
homeostasis

The well-established dopamine hypothesis for drug addiction has
been challenged since it does not provide an explanation for the long-
lasting behavioral abnormalities like craving or relapse (Marquez
et al.,, 2017) and also because dopaminergic medications show only
marginal efficacy in reducing addiction severity (Indave et al., 2016;
Swift, 2010). The emerging glutamate hypothesis proposes that perva-
sive drug-related behavioral manifestations stem from persistent alter-
ations in synaptic plasticity, which is largely influenced by
glutamatergic mechanisms (Kalivas and Volkow, 2011). Indeed, gluta-
mate is the major excitatory neurotransmitter in the brain and is inti-
mately involved in energy homeostasis, synaptic integrity, overall
network functionality, and, ultimately, behavioral manifestations. As
such, glutamatergic dysregulations are in the core pathology of various
neuropsychiatric disorders, specifically addiction (Kalivas, 2009).
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Study Total n Study Experimental Concurrent Assessments Primary outcomes Results
~— Duration treatment design treatment
Age
(mean +
SD), years
Male (%)
Race (%)
Thuerauf n =40 2 weeks Memantine 10 mg/ N/A Nicotine Smoking reduction =~ Memantine 20 mg: Headache (2/20 in
et al. 26.47 + day for 3 days, then discrimination Perception of No effect on
(2007) 5.21 20 mg/day Hedonic and nicotine smoking reduction Dizziness (1/20 in
47.5% Placebo intensity ratings for No effect on
male nicotine olfactory nicotine
Race not Cigarette discrimination
reported consumption No effect on craving
VAS for craving
Jackson n =60 1 day 1. MEM 40 mg N/A Rapid Visual Impact of MEM on MEM increased
et al. 23.5 years 2. Mecamylamine Information cognitive and subjective effects of =~ MEM induced NDMA-
(2009) 50% male 10 mg Processing Task subjective effectsof ~ smoking: buzzed,
Race not 3. Placebo (RVIP) cigarette smoking dizzy effects: lightheaded,
reported Digit Symbol MEM had no effect detached, slow motion,
Substitution Test on the cognitive
(DSST) benefit of smoking
nicotine-VAS MEM had no effect
Questionnaire of on nicotine cravings
Smoking Urges
(Qsu)
Spatial Recognition
Memory (SRM)
Word Recall
Profile of Mood
States
Questionnaire
(POMS)
NMDA-related
Visual Analog
Scales (NMDA-
VAS)
Paired Associates
Learning (PAL)
Affective Go/No
Go (AGNG)

Memantine presents as an attractive treatment option for substance
use disorders based on its ability to regulate the glutamatergic over-
stimulation of NMDA receptors (Chen and Lipton, 2005). Maintaining a
proper balance between synaptic and peri-synaptic glutamate concen-
trations is essential for maintaining synaptic plasticity and strength
(Gass and Olive, 2008). This glutamatergic homeostasis is disrupted
differently during different stages of drug addiction (Koob and Volkow,
2010). For instance, the use of cocaine, nicotine, or low doses of alcohol
causes an increase in synaptic glutamate and an inhibition of NMDA
function; conversely, the use of opiates or high doses of alcohol causes a
reduction in glutamate and an upregulation in NMDA function in certain
brain regions (reviewed in Olive et al., 2012a). In contrast, withdrawal
from alcohol is associated with a marked increase in synaptic glutamate,
possibly due to reduced glutamate uptake (Abulseoud et al., 2014).
Further, long-lasting increases in NMDA receptor activity are observed
post withdrawal (Steven Rosenzweig Haugbgl and Ulrichsen, 2005). On
the other hand, during cocaine and opiate withdrawal, extracellular
glutamate levels are decreased and we have recently reported reduced
total glutamate in dorsal anterior cingulate in smokers during nicotine
withdrawal (Abulseoud et al., 2020). Furthermore, relapse to alcohol
and opiate and cocaine reinstatement are triggered by high glutamate
concentrations in limbic brain regions and while NMDA antagonists
attenuate morphine reinstatement, they can induce cocaine reinstate-
ment [reviewed in (Alasmari et al., 2018; Goldstein and Volkow, 2002;
Kalivas et al., 2009; Marquez et al., 2017; Olive et al., 2012b; Reissner
and Kalivas, 2010; Scofield et al., 2016; Spencer et al., 2016)].

Based on this brief overview, one can observe two glutamate

10
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concentration-based categories. First a hyperglutamatergic group where
we observe markedly high glutamate in alcohol withdrawal, and
moderately high glutamate during low dose alcohol consumption,
cocaine administration, or nicotine administration. The persistence of
this high glutamate during abstinence triggers relapse to alcohol,
cocaine, and opiates. In this category, competitive antagonism of NMDA
receptors by memantine protects the neurons from over stimulation in
the presence of high synaptic glutamate. Indeed, clinical trials have
shown efficacy for memantine in reducing alcohol and opiate craving,
consumption, and withdrawal severity.

The other category is the hypoglutamatergic group which includes
high dose alcohol and opiate use and withdrawal states for cocaine,
opiate, and nicotine use disorders. In all of these conditions, glutamate
concentrations are reportedly low in one or more brain regions. Here, we
see that memantine does not have a significant effect on cocaine craving
or consumption. However, this categorization does not explain the ef-
ficacy of memantine in reducing high dose alcohol consumption, a
hypoglutamatergic state, and does not provide an answer for why
memantine increased subjective effects of alcohol, cocaine, and nico-
tine. One way to explore this apparent discrepancy is to examine the
pharmacokinetic interaction between memantine and substances of
abuse at the kidney and blood brain barrier (BBB).

4.2. The efficacy of memantine depends on achieving adequate blood and
brain concentration

Shared pharmacokinetic properties among drugs of abuse and
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memantine offer a potential explanation for the effects of memantine
observed in substance use disorder treatment trials. Orally administered
memantine has excellent bioavailability and plasma levels correlate well
with daily dose; however, plasma levels do not correlate well with
clinical efficacy due to the wide interindividual variability (Kornhuber
et al., 2007). This interindividual variability could be attributed to
variability in renal excretion which takes place via renal tubular organic
cation transporter family (OCT) (Busch et al., 1998). Renal excretion of
memantine is significantly affected by urine PH (Noetzli and Eap, 2013).
Memantine clearance is 7-10 times greater in alkaline (PH 8) than in
acidic (PH 5) urine (Freudenthaler et al., 1998). Given that alcohol
intake is associated with urine acidity (Eggleton, 1946) while alcohol
withdrawal causes urine alkalinity (Sereny et al., 1966), it is possible
that the efficacy of memantine is affected by the stage of alcohol use
disorder in which it is administered. However, the few studies that have
reported efficacy for memantine in reducing alcohol consumption and
withdrawal manifestations did not report plasma concentrations or
whether alcohol use or early abstinence altered urine PH or renal
clearance of memantine. Further studies are required to assess mem-
antine bioavailability in relation to its efficacy for reducing alcohol
consumption and withdrawal severity.

In addition to requiring adequate blood concentrations to achieve
efficacy, it is equally important for memantine to achieve adequate
brain concentrations under drug use conditions. Since levels of mem-
antine in the CSF correlate with plasma levels (Kornhuber and Quack,
1995), alterations in renal excretion is expected to be associated with
changes in brain concentrations and hence efficacy of memantine. An
additional consideration of the ability to establish a sufficient brain
concentration of memantine is the transportation of memantine across
the BBB. The BBB keeps strict control over the brain environment
through tight junctions between adjacent endothelial cells while
allowing specific molecules to be actively transported across the BBB.
Memantine is transported across the BBB by organic cation transporter
(OCT) (Higuchi et al., 2015; Koepsell et al., 2007; Mehta et al., 2013) in
a concentration dependent manner (Higuchi et al., 2015). OCTs also
transport several other substances such as nicotine (Cisternino et al.,
2013; Tega et al., 2013), codeine (Fischer et al., 2010), oxycodone
(Okura et al., 2008), tramadol (Kitamura et al., 2014), and cocaine
(Chapy et al.,, 2014) across the BBB. Since OCTs are saturable, co-
administration of memantine and these substances could results in
competition over the transporter which, in turn, could lead to reduced
brain uptake of memantine (Mehta et al., 2013). The competitive or
facilitative interactions between addictive substances and memantine at
the BBB might also affect the speed at which these substances cross into
the brain. It is known that rapid influx of substances of abuse such as
cocaine and alcohol is associated with more rewarding effects (Volkow
et al.,, 2012). Interestingly, a few clinical studies reported increased
subjective feelings for cocaine (Collins et al., 2010) and alcohol (Evans
et al., 2007; Krupitsky et al., 2007a) in patients pretreated with mem-
antine. Whether memantine causes upregulation of OCTs and facilitates
the quick delivery of these drugs into the brain remains to be
investigated.

Taken together, pharmacokinetic studies suggest that renal excretion
and brain influx of memantine share the same OCT family of trans-
porters with several substances of abuse. This evidence suggests that
memantine efficacy could be reduced by the presence or withdrawal of
these substances. Furthermore, the possibility that memantine could
enhance the rapid passage of specific drugs into the brain and increase
rewarding effects should be examined as this may be an obstacle for the
use of memantine as a treatment for substance use disorders.

4.3. The efficacy of memantine is related to balancing neuroinflammatory
response

For memantine to block NMDA receptors, a minimum dose is needed
to achieve a concentration of at least 2-3 uM at the receptor site (Parsons
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et al., 1999). However, despite that this minimum concentration is not
reached at 0.1 mg/kg or lower doses, studies have shown that very low
dose memantine (0.02-0.1 mg/kg) could abolish the acquisition of
cocaine- (Lin et al., 2011) and morphine- induced conditioned place
preference (Chen et al., 2012). Since the concentration of memantine is
not reaching the minimum level needed to block NMDA receptors, it is
likely that these effect of memantine occur through NMDA-independent
mechanisms (Wu et al., 2009). Indeed, in both of the aforementioned
studies on conditioned place preference, memantine reversed immune
responses that were enhanced by cocaine and morphine (i.e. high
proinflammatory cytokines interleukin-6 (IL-6), interleukin 1-B, and
brain-derived neurotrophic factor (BDNF) in the medial prefrontal cor-
tex and nucleus accumbens) (Chen et al., 2012; Lin et al., 2011). Based
on these observations and the known effects of substances of abuse on
neuroinflammatory pathways (Bachtell et al., 2017; Erickson et al.,
2019; Hofford et al., 2019), it is plausible to hypothesize that mem-
antine’s efficacy is related to an immune modulation mechanism.
Studies on low dose memantine and association between immune
markers in patients with addiction are scarce. We found only one study
using low dose memantine: patients with opioid dependence undergoing
methadone maintenance therapy (MMT) were treated with add-on low
dose memantine (5 mg/day) in a randomized, double-blind, controlled
12-week study (Chang et al., 2015; Lee et al., 2015); this study was
included in our discussion of clinical trials for memantine in opioid use
disorder. The results showed that low dose memantine may significantly
reduce the required methadone dose and lower plasma tumor necrosis
factor (TNF)-a and higher transforming growth factor (TGF)-p1 levels
(Lee et al., 2015). In cognitive function, add-on low dose memantine
may also improve performance on the Wisconsin Card Sorting Test in
opioid dependent patients undergoing MMT (Chang et al., 2015).
However, the results did not show significant improvements in heroin
use behaviors whether in urine drug toxicology tests or in self-report
questionnaires (Chang et al., 2015; Lee et al., 2015). In summary,
although few preclinical data showed immune modulatory effects and
neuroprotective effects of low dose memantine, translational human
studies delineating this aspect of memantine’s action are still required.

5. Concluding remarks and future directions

The solid evidence for direct relationships between glutamatergic
signaling and the perpetuation of substance use disorders brings
glutamate-modulating medications such as memantine to the focus of
addiction treatment research. However, the apparent inconsistency be-
tween preclinical and clinical results calls for a better understanding of
memantine’s mechanism of action. Since the effect of substance abuse
on glutamatergic homeostasis varies based on the stage of addiction and
the particular substance of abuse, it is critically important to examine
the utility of memantine with a more precise focus on glutamatergic
state (hyperglutamatergic vs hypoglutamatergic) regardless to individ-
ual substances and stage of use. This concept brings several challenges
such as the variations in glutamate level changes between different brain
regions and the difficulty in measuring subtle changes in glutamate in
human subjects. However, such a pathophysiology-based treatment
approach will bring us closer to an individualized treatment approach
with potential imaging biomarkers for medication selection and treat-
ment outcome prediction. Moreover, the pharmacokinetic interactions
between memantine and various drugs of abuse at clearance sites and
the BBB could possibly explain some of the observed inefficacy and,
more importantly, some of the accentuation of subjective drug feelings
reported in several studies. Preclinical studies could inform whether
concomitant administration of memantine and substances of abuse en-
hances the transportation of substances of abuse across the BBB and
hence increases the reward-like effects of substance use. If indeed
memantine alters BBB permeability to certain drugs, we could envision
benefiting from this property by modulating BBB carrier to attenuate
drug entry to the brain. Finally, the fact that memantine has shown
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unique ability to reverse substance-induced neuroinflammatory
response highlights the long-ignored role of microglia in addiction and
calls for further research to explore non-neuronal mechanisms for drug
addiction. Overall, the current, controversial results of clinical trials
should not discourage the use of memantine as a substance use disorder
treatment; rather, the variety of clinical results calls for further research
into memantine’s mechanism of action.
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