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ARTICLE INFO ABSTRACT

Keywords: Methoxetamine (MXE) is an N-methyl-D-aspartate (NMDA) receptor antagonist that is chemically and phar-
Methoxetamine macologically similar to other dissociative substances, such as ketamine and phencyclidine. There are reports on
Intoxication the misuse of MXE, which sometimes resulted in adverse consequences and death. Studies have also shown that
izltli?esizbsisljitri MXE has abuse liability and stimulates dopamine neurotransmission in the mesolimbic reward pathway in the

brain. These findings have contributed to the negative impression on MXE. However, recent preclinical studies
have identified the antidepressant properties of MXE, which are attributed to its ability to affect the glutama-
tergic and serotonergic systems. MXE is also reported to have analgesic effects. These findings show some of the
“redeeming qualities” of MXE and indicate its possible therapeutic uses. In this paper, we have reviewed the
findings that provide insights into the adverse and potential therapeutic effects of MXE. We compiled studies on
the toxicity, psychotomimetic effects, and abuse liability of MXE, as well as its promising antidepressant and
analgesic properties. We also have discussed the mechanism of action that might mediate the somewhat para-
doxical effects observed. Importantly, this review provides valuable information on MXE for future research and
will enable a better understanding of its psychopharmacological properties and the mechanisms responsible for

its unique effects.

1. Introduction

Methoxetamine [MXE; 2-(3-methoxyphenyl)-2-(ethylamino)cyclo-
hexane] is a synthetic dissociative drug derived from ketamine (Corazza
et al., 2012; Meyer et al., 2013). Similar to ketamine and phencyclidine,
MXE is pharmacologically classified as an N-methyl-D-aspartate
(NMDA) receptor antagonist (Corazza et al., 2013; Roth et al., 2013).
Since its introduction to the market in 2010, MXE has become a popular
recreational drug, particularly among adolescents (Morris and Wallach,
2014). This phenomenon is partially attributed to its ketamine-like
dissociative effects, which can last longer than those of ketamine (Hofer
et al., 2012; Kjellgren and Jonsson, 2013; Zawilska, 2014). MXE has
been extensively marketed by head shops on the internet, most of which
offer international shipping (Craig and Loeffler, 2014; Kjellgren and
Jonsson, 2013). It is known by different street names such as “Mexxy”,
“M-ket”, “MEX”, “Kmax”, “Special M”, “MA”, “legal ketamine”, “Minx”,
“Jipper”, and “Roflcoptr” (Roth et al., 2013; EMCDDA, 2013). Subse-
quently, there is an increasing number of reports on the misuse of MXE
that has resulted in adverse effects, including death (Zawilska, 2014).
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Therefore, MXE has been categorized as a controlled/scheduled sub-
stance in countries such as Japan, China, Russia, United Kingdom,
Turkey, Korea, and some European Union member states (EMCDDA,
2013; WHO, 2015).

On the contrary, MXE is hypothesized to possess antidepressant
properties similar to those of ketamine (Coppola and Mondola, 2012).
Over the past years, ketamine has been shown to produce rapid and
robust antidepressant effects and improved depression symptoms, such
as suicidal thoughts, anhedonia, and depressed mood; these effects
occurred within hours following a single treatment with ketamine and
persisted for at least a week (Berman et al., 2000; Murrough et al.,
2013; Zarate et al., 2006). Although the exact mechanism remains to be
determined, studies have suggested that the antidepressant effects of
ketamine involves the activation of a-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) receptors and modulation of down-
stream signaling pathways that affect synaptic plasticity (Jourdi et al.,
2009; Zanos et al., 2016; Zhou et al., 2014). Recently, we reported that
MXE exerts rapid and sustained antidepressant effects in mice and that
these effects are potentially mediated by the glutamatergic and

Received 24 August 2018; Received in revised form 22 October 2018; Accepted 23 October 2018

Available online 24 October 2018
0197-0186/ © 2018 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/01970186
https://www.elsevier.com/locate/neuint
https://doi.org/10.1016/j.neuint.2018.10.020
https://doi.org/10.1016/j.neuint.2018.10.020
mailto:cheongjh@syu.ac.kr
https://doi.org/10.1016/j.neuint.2018.10.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuint.2018.10.020&domain=pdf

C.J. Botanas et al.

serotonergic systems (Botanas et al., 2017). In addition, MXE has also
been proposed to have analgesic effects. It was reported that MXE is
used in self-medication to relieve chronic foot pain (Maskell et al.,
2016). These reports suggest that MXE has potential therapeutic uses.
Although the discovery of the antidepressant efficacy of MXE may elicit
excitement amongst scientists in the field, its potential therapeutic uses
are limited by its capacity to induce toxic and psychotomimetic effects
and its abuse liability.

In this paper, we have reviewed recent findings that provide insights
into the adverse and potential therapeutic effects of MXE. We have com-
piled and discussed studies that have investigated its toxicity, psychoto-
mimetic effects, abuse liability, and promising antidepressant and an-
algesic effects. We have also presented related underlying mechanisms
that might be responsible for its paradoxical effects. For this review, we
have comprehensively researched literature in PubMed and Google
Scholar to identify all articles published to August 2018 with the term
“methoxetamine”. The inclusion criteria were: preclinical studies, case
reports, editorials, letters, and surveys. Non-English articles or publications
were excluded. Finally, this review aims to provide valuable information
on the myriad effects of MXE to guide the design of future experiments and
to address the very intriguing question: is MXE a foe or friend?

2. Physical, chemical, and pharmacological characteristics and
metabolism of MXE

As shown in Fig. 1, MXE is different from ketamine in two ways: (1)
the 2-chloro group in the phenyl ring of ketamine is replaced by a 3-
methoxy group in that of MXE, which gives MXE weaker analgesic and
anesthetic properties than those of ketamine; and (2) the N-methyla-
mino group in ketamine is substituted by an N-ethylamino group in
MXE, which confers increased potency and duration of action to MXE
(Coppola and Mondola, 2012; Corazza et al., 2012). Compared with
phencyclidine, MXE presents an ethyl amino group instead of a piper-
idine ring and a methoxy group inserted at position 3 of the phenyl ring;
the former modification makes MXE more potent than phencyclidine,
whereas the latter increases the affinity of MXE to the p-opioid receptor
(Adamowicz and Zuba, 2015; Corazza et al., 2013).

MXE has mostly been encountered, in seized or collected samples, as
a white, odorless, crystalline powder or as an “off-white”, beige, or
yellow powder (EMCDDA, 2013). Typically sold in powder form, it is
also available as a tablet, capsule, or liquid (ACMD, 2012; Coppola and
Mondola, 2012; EMCDDA, 2013). MXE is commonly administered by
nasal insufflation, oral consumption, and intramuscular or intravenous
injection (Corazza et al., 2012; Kjellgren and Jonsson, 2013), but sub-
lingual and rectal administration have also been reported (Zawilska,
2014). Reports have indicated that the dose ranges of MXE are
20-100mg by nasal insufflation, 40-100 mg by oral administration,
and 10-80 mg by intramuscular injection (Zawilska, 2014). The onset
of the desired effects is typically apparent 10-90 min after drug ad-
ministration (Rosenbaum et al., 2012) and may last for approximately
1-7 h, depending on the route of administration (Corazza et al., 2012;
Kjellgren and Jonsson, 2013).

As mentioned previously, MXE acts as an NMDA receptor
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antagonist. It has a high binding affinity to the phencyclidine site of the
glutamate NMDA receptor (pKi = 6.59), an effect equipotential to that
of ketamine (Roth et al., 2013); this feature is thought to be responsible
for the dissociative effects of MXE. Unlike ketamine, MXE shows a si-
milar appreciable affinity to serotonin transporter (pKi = 6.32), but not
to opioid 07 and o, receptors (Roth et al., 2013). MXE inhibits human
dopamine transporter (ICso = 33uM), serotonin transporter
(ICs0 = 2uM), and norepinephrine transporter (ICso = 20uM) in
HEK293 cells by a fluorescence-based neurotransmitter transporter
uptake assay (Hondebrink et al., 2017). It also inhibits the reuptake of
and increases the level of electrical-release dopamine in an in vitro study
(Davidson et al., 2014) Furthermore, MXE increases dopamine and
serotonin concentrations in the medial prefrontal cortex (Fuchigami
et al., 2015). Recently, MXE was shown to activate dopamine neuro-
transmission in the mesolimbic reward circuit, which may be the cause
of its abuse liability (Mutti et al., 2016). It can also alter the expression
of glutamatergic- and serotonergic-related genes in the hippocampus,
which is attributed to its antidepressant effects (Botanas et al., 2017).
Furthermore, MXE increases the phosphorylation of the ribosomal
protein S6 in the medial prefrontal (prelimbic and infralimbic) and
hippocampal areas (Zanda et al., 2017), which presents a preview of the
neuroadaptive molecular effects of MXE which may be correlated with
its behavioral or antidepressant effects. More details on the mechanism
of action of MXE are discussed later in this review.

To date, there is little information about the metabolism of MXE. In
a recent study, Meyer et al. (2013) identified phase I and phase II
metabolites of MXE in human and rat urine. They found eight meta-
bolites and hypothesized the following metabolic pathways: N-deethy-
lation, O-demethylation, hydroxylation, and their combinations, as well
as glucuronidation or sulfation of O-demethylated metabolites. This
study showed that MXE is extensively metabolized in rats and humans
and that the human cytochrome P450 enzymes, particularly CYP2B6
and CYP3A4, are involved in its initial metabolic steps. More recently,
Menzies et al. (2014) identified five most abundant phase I and two
phase II metabolites of MXE in human liver microsomes. These phase-I
metabolites are N-desethyl(nor)methoxetamine, O-desmethyl methox-
etamine, hydroxy-normethoxetamine, O-desmethyl-normethoxetamine,
and dihydronormethoxetamine, whereas the phase-II metabolites are O-
desmethylmethoxetamine glucuronide and O-desmethyl-normethox-
etamine glucuronide. In addition, urine samples from three individuals
with acute MXE toxicity revealed the presence of the majority of these
metabolites except O-desmethyl-normethoxetamine glucuronide
(Menzies et al., 2014), possibly because this particular metabolite was
conjugated. Archer et al. (2012) reported that some of these metabolites
were also detected in pooled urine samples from potable urinals in
central London. The N-desethyl(nor)methoxetamine was the most
abundant metabolite detected both in vitro and in urine samples.

3. MXE: the foe
3.1. MXE induces toxicity

Over the past few years, there has been a marked growth in reported

Fig. 1. Comparison of the chemical structures of methox-

etamine, ketamine, and phencyclidine. Compared with ke-

tamine, methoxetamine shows a 3-methoxy group instead of

a 2-chloro group on the phenyl ring, and an N-ethylamino

group instead of an N-methylamino group. Compared with

N phencyclidine, methoxetamine presents an ethyl amino
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cases of fatal and non-fatal intoxication associated with MXE use. By
2013, a total of 110 non-fatal intoxications and 20 deaths were reported
in several European Union states (EMCDDA, 2013). By 2015, 120 non-
fatal intoxications and 22 deaths were recorded worldwide (WHO,
2015). The presence of MXE was analytically confirmed in almost half
of all these cases. The varied blood or urine concentrations of MXE
detected in those intoxication cases have been discussed in previous
reports (WHO, 2015; Zanda et al., 2017; Zawilska, 2014). In addition,
MXE was detected in several cases of drivers operating under the in-
fluence of drugs (Elian and Hacket, 2014; Fassette and Martinez, 2016).
The reported symptoms of MXE-induced intoxication are nausea and
severe vomiting, diarrhea, slow and/or irregular heart rate, loss of
consciousness, difficulty breathing, seizures, disorientation, post-use
depression, mental retardation, anxiety, catatonia, aggression, halluci-
nations, paranoia, and psychosis (WHO, 2015). In addition, symptoms
of acute MXE intoxication include stimulant effects (e.g. agitation, ta-
chycardia, and hypertension) and cerebellar features (e.g. ataxia and
nystagmus) that are not expected to accompany acute ketamine in-
toxication (ACMD, 2012). However, not all reports of intoxication can
be attributed to MXE alone because in several cases, other psychoactive
compounds and their metabolites were detected in the blood of in-
toxicated patients; these compounds include amphetamine, alcohol,
antipsychotics (olanzapine, clozapine), benzodiazepines (oxazepam,
nordiazepam), cannabis, cocaine, synthetic cannabinoids (AM-2201,
JWH-018), synthetic cathinones (methylone, fluoromethcathinone),
and 3,4-methylenedioxymethamphetamine (MDMA) (Kjellgren and
Jonsson, 2013; WHO, 2015). Therefore, it is possible that at least sev-
eral symptoms of the reported MXE-induced intoxication were caused
by other substances or their combination, instead of by MXE itself.

In line with the above-mentioned MXE-induced symptoms, a recent
study showed that MXE at 30 mg/kg induces cardiorespiratory altera-
tions in mice. In particular, MXE induces reductions in basal heart and
breathing rates that last longer than those induced by ketamine. It also
transiently decreases peripheral capillary oxygen saturation (SpO2)
level. Furthermore, MXE increases basal systolic and diastolic pressure
in mice for an hour, similar to ketamine and phencyclidine (Ossato
et al., 2018).

MXE was extensively marketed as a “bladder friendly” alternative to
ketamine because the substance was designed in part to avoid ur-
otoxicity related to chronic ketamine use. It was believed that the high
potency of MXE would limit the accumulation of urotoxic metabolites
in the bladder (Morris, 2011; Morris and Wallach, 2014). However, the
chronic use of MXE has been reported to potentially cause urinary
toxicity. Lawn et al. (2016) examined the prevalence of urinary
symptoms in a group of MXE users who reported taking MXE within the
past 12 months and had also used ketamine at least once in their life-
time, in the United States, United Kingdom, European Community,
Australia, and Canada in 2012. Among the MXE users surveyed in 2012,
23.0% (98 of 427 respondents) reported urinary symptoms, with at
least one urinary symptom associated with the frequency of MXE use in
the last month. However, because all respondents had used ketamine
once in their lifetime, previous ketamine use could not be excluded as a
cause of these urinary symptoms. Thus, further studies in MXE users
who have never used ketamine are required to confirm the relationship
between urinary symptoms and MXE use.

Supporting these reported MXE-induced urinary symptoms, pre-
clinical studies have shown that high-dose (30 mg/kg), chronic ad-
ministration of MXE induces significant damage to rodent urinary tract.
Dargan et al. (2014) revealed that daily administration of 30 mg/kg
MXE to mice for 3 months causes bladder inflammation, followed by
fibrosis and renal toxicity at a tubular and glomerular level. Similarly,
Wang et al. (2017) reported that rats treated with 30 mg/kg MXE for 4
or 12 weeks experienced an increase in micturition frequency and
bladder dysfunction, as well as damaged urothelial barrier, in-
flammatory cell infiltration, matrix disposition, and interstitial fibrosis.
Furthermore, upregulated expression of pro-inflammatory cytokines,
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such as IL-1B, IL-6, CCL-2, CXCL-1, CXCL-10, NGF, and COX-2, was
observed. These studies indicated that high-dose, chronic administra-
tion of MXE induces urinary toxicity comparable to that induced by
ketamine.

3.2. MXE induces psychotomimetic effects

Self-reported experiences of users in web forums indicate that the
desired psychological and behavioral effects of MXE are broadly similar
to those reported of ketamine. These effects include euphoria, enhanced
empathy and social interaction, pleasant intensification of sensory ex-
periences (especially music), distorted sense of reality, vivid halluci-
nations, derealization, introspection, brief antidepressant effects, feel-
ings of peacefulness and calmness, and spiritual and transcendental
experiences (Corazza et al., 2012; EMCDDA, 2013 Zawilska, 2014). At
high doses (> 40 mg), MXE produces a wide range unpleasant effects,
including out-of-body or near-death experience, reduced ability to
concentrate and focus, psychomotor agitation, intense psychedelic ex-
periences, paranoia, anxiety, and distortions in the perception of time,
distance, proportion, and body image (Corazza et al., 2013; Craig and
Loeffler, 2014; Zanda et al., 2016).

Pre-pulse inhibition (PPI) is a behavioral test that measures sen-
sorimotor gating in rodents, in which a strong startle response is in-
hibited by a preceding weaker non-startling stimulus (Valsamis and
Schmid, 2011). Disruption in PPI is believed to mimic schizophrenia-
like states in animals and humans. Indeed, such behavior is observed in
patients with schizophrenia and schizotypal personality disorder (Mena
et al,, 2016). NMDA receptor antagonists, such as ketamine and
phencyclidine, have been shown to disrupt PPI in rodents (Bakshi and
Geyer, 1997; Cilia et al., 2007; Geyer et al., 2001). It is believed that
this disruption may reflect the hallucinogenic effects of NMDA receptor
antagonists (Halberstadt et al., 2016). Recent studies reported that MXE
induces PPI disruption in rats (Halberstadt et al., 2016) and mice
(Ossato et al., 2018). Halberstadt et al. (2016) reported that the rank
order of PPI-disrupting potency of MXE and other NMDA antagonists,
such as phencyclidine, S— (+)- and R- (—)- isomers of ketamine, and N-
allylnormetazocine, is correlated with their affinities to the phencycli-
dine binding site (i.e., phencyclidine > MXE > S-(+)-ketamine >

N-allylnormetazocine > R-(—)-ketamine), as previously reported
(Roth et al., 2013). In addition to disrupting PPI, Ossato et al. (2018)
also reported that MXE reduced visual object and placing responses.
These findings validate MXE as a psychotomimetic drug, consistent
with reports of its hallucinogenic and sensory-altering effects.

3.3. MXE produces addictive effects

Currently, there have been no published studies on the abuse lia-
bility of MXE in humans nor reports of people with suspected or proven
MXE abuse. However, there are online self-reports of MXE misuse
(Erowid, 2011) and reports of a growing prevalence of MXE use (WHO,
2015), which suggest that the substance has addictive effects. Thus, for
example, Striebel et al. (2017) presented a case report of a 29-year-old
male veteran who was in the Opioid Treatment Program. The man
declared intermittent use of MXE to 50-70 mg/kg daily on his fourth
year in the program which had progressed to 70 mg/kg two to three
times daily on the fifth year, in addition to other substances like me-
thamphetamine, heroin, and alprazolam (Striebel et al., 2017). Lawn
et al. (2016) conducted a study on the prevalence of MXE use in 2011
and 2012 in the United States (n = 3830 in 2011; n = 3756 in 2012)
and United Kingdom (n = 8184 in 2011; n = 7360 in 2012). They re-
ported that lifetime, past 12 months, and last month uses of MXE ap-
peared to increase in all respondents in the United States (2.1, 1.6, and
1.6% in 2011 and 5.4, 5.0, and 2.0% in 2012, respectively), but de-
crease in the United Kingdom (4.9, 4.2, and 2.4% in 2011 and 4.1, 3.0,
and 0.7% in 2012, respectively). This trend may be attributed to the
legal status of MXE in each country, as MXE was temporarily illegalized
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in the UK in April 2012, whereas no federal law was in place in the US
at the time of the study. Other factors such as availability of ketamine,
popular culture, and even differences in the samples between 2011 and
2012 might have an impact on the reported use of MXE. Another study
conducted in a gay nightclub in South London on the prevalence of
novel psychoactive substances use reported that out of 315 individuals
(predominantly men between 18 and 59 years of age), 6.4% reported
occasional MXE use, 1.9% reported use in the last month, and 1.6%
intended to use MXE on the night of survey (Wood et al., 2012). Fur-
thermore, the online Global Drug Survey reported that among 7700 UK-
based polydrug users, 326 (4.2%) and 197 (2.6%) used MXE in the past
12 months and in the last month, respectively (Winstock et al., 2016).
Although the prevalence of MXE use does not necessarily reveal its
addictive potential, it provides an indication that MXE is widely mis-
used.

The abuse liability of MXE has been investigated in preclinical
studies using different behavioral approaches, including the locomotor
activity test, conditioned place preference, drug discrimination, and
self-administration. The ability of a drug to induce locomotor activation
has been correlated with its potential to produce positive reinforcement
effects and its abuse liability (Robinson and Berridge, 2001). This cor-
relation is thought to occur because the neural substrate that mediates
locomotor activation is similar to the neural substrate responsible for
the rewarding effects of drugs, namely the mesolimbic dopamine
system (Robinson and Berridge, 2001). The conditioned place pre-
ference test gauges the conditioned rewarding value of a drug, which
relies on the ability of a subject to associate a particular environment
with the psychopharmacological effects of the drug (Prus et al., 2009).
Drug discrimination is a paradigm in which subjects learn to recognize
the effects of a drug from the absence of it or from a different phar-
macological effect produced by other drugs (Stolerman, 1993). It relies
mainly on operant responding procedures. The self-administration test
measures the reinforcement (primarily hedonic) efficacy of a drug, in
which animals undergo operant conditioning to obtain a reward (Prus
et al., 2009). These behavioral paradigms are not isomorphic measures
of drug reward; however, they may provide complementary informa-
tion on drug-taking behavior. Furthermore, a combination of these tests
may yield a better understanding on the abuse liability of a drug beyond
the information obtained by each procedure alone.

It has been reported that MXE at several doses induces locomotor
alterations in rodents. Several studies showed that low, sub-anesthetic
doses (0.5-30mg/kg) of MXE induce locomotor stimulation
(Halberstadt et al., 2016; Horsley et al., 2016; Zanda et al., 2017;
Ossato et al., 2018). This effect was observed to diminish within
40-60 min after drug administration. Intriguingly, some studies showed
contrasting findings. In a study by Zanda et al. (2017), locomotor ac-
tivity in rats was increased by intraperitoneal 1 mg/kg MXE, but tran-
siently decreased by 5mg/kg MXE. Conversely, Halberstadt et al.
(2016) showed that subcutaneous 1 mg/kg MXE induces transient hy-
pomotility, whereas 10 mg/kg MXE enhances the locomotor response in
rats. Horsley et al. (2016) also showed that subcutaneous 5 and 10 mg/
kg MXE increases the motor activity in rats. Furthermore, Ossato et al.
(2018) showed an increased locomotor activity in mice in-
traperitoneally injected with 30 mg/kg MXE. In our previous study,
MXE (1.5, 2.5, and 5mg/kg intraperitoneal) did not induce any sig-
nificant alteration in the distance moved and movement duration
during a conditioned place preference test in rats (Botanas et al., 2015).
Berquist et al. (2018) also found that no locomotor response is induced
by MXE (0.3, 1, 3, 10, and 30 mg/kg intraperitoneal) in an 8-h test in
mice. However, these studies measured only the cumulative locomotor
activity; therefore, identification of transient locomotor alterations was
difficult. These contrasting findings on the locomotor effects of MXE
may be attributable to the varied methodological differences (e.g. route
of administration, strain, and parameters) among the studies; hence,
additional experiments are required to clarify the effects of MXE on
locomotor activity. However, these results are clear indications of the
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complexity of the dose-response relationship between MXE and loco-
motor activity.

MXE also elicits conditioned place preference and supports self-
administration behavior (Berquist et al., 2018; Botanas et al., 2015;
Mutti et al., 2016). These findings suggested the ability of MXE to
produce rewarding and reinforcing effects. However, the reinforcing
efficacy of MXE was observed to be weaker than those of ketamine and
phencyclidine (Berquist et al., 2018; Botanas et al., 2015). That is,
ketamine and phencyclidine induce higher maximal infusion levels and
lever responses in self-administration conditions than those induced by
MXE. A possible reason for the difference in reinforcing efficacy be-
tween MXE and ketamine might be related to the onset of action of
MXE, which is slower than that of ketamine (Corazza et al., 2013).
Previous studies have suggested that the onset of action of a drug may
influence its ability as a reinforcer; that is, the reinforcing effects of
drugs with a rapid onset of action are stronger than those of drugs with
a slower onset of action (Ko et al., 2002; Winger et al., 2002). Thus, the
slower onset of action of MXE may cause its limited reinforcing effects,
which results in lower response rates than those induced by ketamine.
However, the study by Corazza et al. (2013) investigated the oral
consumption of MXE by humans; thus the variations in the reinforcing
effects MXE and ketamine may be influenced by differences in ab-
sorption kinetics. Another plausible explanation is the affinity of MXE
to serotonin transporter and its ability to increase extracellular ser-
otonin levels in the brain (Davidson et al., 2014; Fuchigami et al., 2015;
Roth et al., 2013). Previous studies have suggested that serotonin in-
versely affects the reinforcing effects of certain drugs of abuse (Miiller
and Homberg, 2015). In particular, a recent study showed that ser-
otonin limits the acquisition of reliable self-administration of MDMA
(Bradbury et al., 2014). Thus, these factors, among others, may have
influenced the reinforcing effects of MXE and may be interesting sub-
jects for future studies.

In addition to inducing place preference and self-administration
response, MXE can act as a complete substitute for ketamine in self-
administration experiments (Mutti et al., 2016) and in a two-lever op-
erant drug discrimination test trained to distinguish ketamine from
saline (Chiamulera et al., 2016; Mutti et al., 2016). These findings
suggested that MXE and ketamine share common reinforcing proper-
ties. MXE was also shown to substitute for phencyclidine; however, only
two out of the five rats observed successfully self-administer MXE, and
that MXE induces a reduction in response rate (Berquist et al., 2018).
Thus, this result should be interpreted with caution. Repeated admin-
istration of MXE, in a dose-dependent manner, alleviates the phency-
clidine withdrawal-induced suppression of the response rate to food
(Berquist et al., 2018). This suggests that the administration of ar-
yleyclohexylamine analogs or related compounds may improve with-
drawal symptoms caused by abrupt cessation of exposure to ar-
ylcyclohexylamine.

It has been suggested that the rewarding and reinforcing effects of
most abused drugs are attributable to their ability to stimulate dopa-
mine neurotransmission in the brain reward circuit. The brain reward
circuit is a collection of dopaminergic neurons projected from the
ventral tegmental area to the ventral striatum, including the nucleus
accumbens, and the prefrontal cortex. Similar to other abused drugs,
MXE activates dopamine neurotransmission in the brain reward region.
As mentioned above, MXE increases dopamine levels in an in vitro re-
lease model (Davidson et al., 2014) and a brain microdialysis study
(Fuchigami et al., 2015). Recently, Mutti et al. (2016) showed that
MXE, in a dose-dependent manner, activates the mesolimbic dopamine
neurotransmission by enhancing the firing rate of dopamine neurons in
the ventral tegmental area projecting to the nucleus accumbens. Sub-
sequently, it increases the extracellular dopamine concentration in the
nucleus accumbens shell of rats to different extents, depending on the
dose and time (Mutti et al., 2016). Based on these data, the ability of
MXE to stimulate dopamine neurotransmission in the brain reward
circuit may be the cause of its addictive properties.
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4. MXE: the friend
4.1. MXE produces antidepressant effects

Depression (major depressive disorder; MDD) is a serious mental
disorder that affects approximately 16% of the global population and
has become one of the leading causes of economic and disability burden
(Whiteford et al., 2013). The currently available pharmacotherapies,
such as monoamine-based antidepressants, require an extended period
of administration to achieve improvements and have high rates of ab-
sent and partial responses (Gaynes et al., 2009; Rush et al., 2006).
These limitations underscore the need to develop antidepressant drugs
with a rapid onset of action and low rates of absent or partial responses.
Previous studies have suggested that the glutamatergic system also
plays a role in the pharmacotherapy of depression (Hashimoto, 2009;
Sanacora et al., 2008). Ketamine, an NMDA receptor antagonist, has
shown rapid-acting and long-lasting antidepressant effects in preclinical
(Li et al., 2010; Zanos et al., 2016) and clinical studies (Murrough et al.,
2013; Zarate et al., 2006). This newfound clinical efficacy of ketamine
has enabled the development of a new generation of glutamate-based
antidepressants.

MXE has been hypothesized to possess antidepressant properties
because of its pharmacodynamics similarities to ketamine (Coppola and
Mondola, 2012). Indeed, recent studies have shown that MXE, at sub-
anesthetic doses, induces antidepressant effects in rats (Zanda et al.,
2017) and mice (Botanas et al., 2017). In particular, our previous study
showed that MXE induces rapid (30 min after administration) and
sustained (for 24 h after administration) antidepressant effects in var-
ious behavioral experiments (i.e. forced swimming test, tail suspension
test, sucrose preference test, and novelty-suppressed feeding test)
(Botanas et al., 2017). MXE also produces anxiolytic effects, as evi-
denced by an increase in time spent in the open arms of the elevated
plus maze test (Botanas et al., 2017). In contrast, Zanda et al. (2017)
reported that MXE induces anxiogenic effects in rats. These dis-
crepancies may be ascribed to methodological differences (e.g. species
differences between Sprague-Dawley rats and ICR mice) between the
two studies; thus, further studies are required to clarify these findings.
Nevertheless, antidepressant and anxiolytic properties of MXE would be
beneficial considering that depression is often comorbid with anxiety,
and that antidepressants and anxiolytics are frequently used in combi-
nation to treat depression (Furukawa et al., 2001; Kessler et al., 2003;
Sartorius et al., 1996). Interestingly, MXE is reportedly used in self-
medication to treat post-traumatic stress disorder symptoms owing to
its calming effects (Striebel et al., 2017). Although there have been
contrasting findings on the effects of MXE in locomotor activity, as
mentioned above, our previous study showed that MXE does not in-
crease locomotor activity in mice, suggesting that the antidepressant
effects of MXE are not due to the alterations in locomotor activity
(Botanas et al., 2017). Collectively, these findings provide an evidence
that MXE exerts antidepressant activities and may be a potential
treatment for depression.

Previous studies have suggested that the antidepressant effects of
ketamine are facilitated by the activation of AMPA receptors that re-
sults in increased brain-derived neurotrophic factor (BDNF) release and
stimulation of the mammalian target of rapamycin (mTOR) signaling in
the brain (Jourdi et al., 2009; Koike et al., 2011; Zhou et al., 2014). The
protein BDNF acts on certain neurons in the nervous system, supporting
the survival of existing neurons, and promoting the growth and dif-
ferentiation of new neurons and synapses (Acheson et al., 1995). mTOR
is a serine/threonine protein kinase that regulates the initiation of
protein translation and is abundantly expressed during the dendritic
development that controls protein synthesis (Duman et al., 2012).
Substantial evidence has shown that decreases in BDNF expression and
mTOR signaling in the brain are involved in the pathophysiology of
depression (Bocchio-Chiavetto et al., 2010; Duman et al., 2016;
Jernigan et al., 2011). Given the pharmacodynamic similarities
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between MXE and ketamine, it is likely that the antidepressant effects of
MXE would also involve similar mechanisms to those of ketamine.

Our previous study (Botanas et al., 2017) have shown that the
AMPA receptor antagonist NBQX blocks the antidepressant action of
MXE in a forced swimming test in mice. MXE also increases the hip-
pocampal mRNA expression of the AMPA receptor subunits GluAl,
GluA2, BDNF, and mTOR. Similar results were also observed for keta-
mine. These findings suggest that the antidepressant action of MXE is
facilitated by the activation of AMPA receptors and increased BDNF and
mTOR mRNA expression in the hippocampus.

As mentioned above, MXE has affinity to serotonin transporter, acts
as a serotonin reuptake inhibitor, and increases extracellular serotonin
concentration in the brain (Fuchigami et al., 2015; Hondebrink et al.,
2017; Roth et al., 2013), indicating its influence in the serotonergic
system. We (Botanas et al., 2017) have shown in a forced swimming test
that the antidepressant effects of MXE are inhibited by ketanserin, a
selective 5-HTR2a antagonist. Furthermore, MXE increases the mRNA
expression of the serotonin receptors (5-HTR) 1la, 5-HTR2a, and 5-
HTR2c, as well as that of serotonin transporters in the hippocampus. In
contrast, the effects of ketamine were not blocked by ketanserin and nor
did ketamine alter hippocampal serotonergic-related mRNA expression.
These findings were consistent with those of previous studies, in which
the antidepressant effects of ketamine were shown to be independent of
the serotonergic system (Gigliucci et al., 2013). Furthermore, low doses
of ketamine were not reported to affect the serotonin activity of the
brain (El Iskandrani et al., 2015). Nevertheless, in addition to its glu-
tamatergic system, the antidepressant effects of MXE were also medi-
ated by the serotonergic system. At present, preclinical and clinical data
are insufficient to support the idea that MXE could be used as an an-
tidepressant drug; thus, further research is necessary to explore and
elucidate the antidepressant effects of MXE and its mechanistic corre-
lation.

4.2. MXE induces analgesic effects

Similar to ketamine, MXE is suggested to have analgesic or anti-
nociceptive properties with enhanced potency and duration of action
because of the chemical modifications mentioned above. A study re-
ported that MXE is used in self-medication to alleviate chronic foot pain
after a surgery (Maskell et al., 2016). Although the user, who reportedly
ingested 5-10 mg of MXE every 4 h for 5 days at a previous week, was
brought in to the emergency department owing to intoxication, the
analgesic efficacy of MXE was indicated.

Recently, Zanda et al. (2017) investigated the antinociceptive ef-
fects of MXE using the tail-flick and hot plate tests in rats, and showed
that MXE 5 mg/kg exhibits analgesic effects. In contrast, ketamine in-
duces antinociceptive effects only when administered at high dosages
(50-160 and 25 mg/kg in the tail flick test and hot plate test, respec-
tively) (Baumeister and Advokat, 1991; Shikanai et al., 2014), and not
at subanesthetic doses (Getova and Doncheva, 2011; Huang et al.,
2005). More recently, Ossato et al. (2018) also showed that MXE in-
creases mechanical (tail-pinch test) or thermal (tail withdrawal test)
nociceptive threshold in mice more effectively than ketamine. This
suggests that action of MXE is more potent than that of ketamine, which
could be attributed to the substitution of the N-ethylamino group and/
or of the 3-methoxy group that increases the affinity of MXE to the p-
opioid receptors. However, MXE was found to have no affinity to the
opioid 0; and o0, receptors (Roth et al., 2013); hence, other mechanisms
(i.e. different brain sites or neurotransmitter systems) might be in-
volved in the antinociceptive effects of MXE. Nevertheless, the ability of
MXE to induce antinociceptive effects suggests potential use of MXE as
a potent analgesic drug. Additional studies are needed to characterize
the analgesic effects of MXE and explore its mechanism of action.
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5. Conclusion

MXE is a new synthetic drug with a wide range of effects, some of
which are similar to those of ketamine and phencyclidine. It is a potent
NMDA receptor antagonist that has been reported to be misused by
humans owing to its hallucinogenic and dissociative effects. Preclinical
studies have shown that MXE has an abuse liability, as evidenced by its
ability to induce rewarding and reinforcing effects in various animal
models of drug addiction, and to stimulate dopamine neurotransmis-
sion in the brain reward circuit. In contrast, MXE also produces rapid
and sustained antidepressant effects that are most likely mediated by
the glutamatergic and serotonergic systems. This antidepressant effect
of MXE may be beneficial owing to the limited effectiveness (i.e. de-
layed onset of therapeutic effects and high non-response rate) of the
current generation of antidepressants (monoaminergic anti-
depressants). Given the recent increase in interest in antidepressants
targeting the glutamatergic system, MXE deserves to be explored as a
potential treatment for depression. Additionally, MXE induces analgesic
effects that are more potent than those induced by ketamine. However,
it should be noted that potential use of MXE as a therapeutic drug poses
a number of challenges owing to its adverse side effects and abuse
liability. Nonetheless, classifying MXE as a foe or friend requires a
further research to fully understand its psychopharmacological prop-
erties and the mechanisms responsible for its unique effects.
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