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Methoxetamine affects brain processing
involved in emotional response in rats
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BACKGROUND AND PURPOSE
Methoxetamine (MXE) is a novel psychoactive substance that is emerging on the Internet and induces dissociative effects and
acute toxicity. Its pharmacological effects have not yet been adequately investigated.

EXPERIMENTAL APPROACH
We examined a range of behavioural effects induced by acute administration of MXE (0.5–5 mg·kg�1; i.p.) in rats and whether it
causes rapid neuroadaptive molecular changes.

KEY RESULTS
MXE (0.5–5mg·kg�1) affected motor activity in a dose- and time-dependent manner, inducing hypermotility and hypomotility at
low and high doses respectively. At low and intermediate doses (0.5 and 1 mg·kg�1), MXE induced anxious and/or
obsessive–compulsive traits (marble burying test), did not significantly increase sociability (social interaction test) or induce spatial
anxiety (elevated plus maze test). At a high dose (5 mg·kg�1), MXE induced transient analgesia (tail-flick and hot-plate test),
decreased social interaction time (social interaction test) and reduced immobility time while increasing swimming activity (forced
swim test), suggesting an antidepressant effect. Acute MXE administration did not affect self-grooming behaviour at any dose
tested. Immunohistochemical analysis showed that behaviourally active doses of MXE (1 and 5 mg·kg�1) increased phosphory-
lation of ribosomal protein S6 in the medial prefrontal cortex and hippocampus.

CONCLUSIONS AND IMPLICATIONS
MXE differentially affected motor activity, behaviour and emotional states in rats, depending on the dose tested. As reported for
ketamine, phosphorylation of the ribosomal protein S6 was increased in MXE-treated animals, thus providing a ‘molecular
snapshot’ of rapid neuroadaptive molecular changes induced by behaviourally active doses of MXE.

Abbreviations
BLA, basolateral amygdala; IL, infralimbic cortex; MXE, methoxetamine; NAcC, nucleus accumbens core; NAcS, nucleus
accumbens shell; NMDA, N-methyl D-aspartate; PrL, prelimbic cortex; rpS6, ribosomal protein S6
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Introduction
In recent years, ‘legal highs’ have emerged and proliferated as
legal substitutes for controlled drugs of abuse. Among these,
methoxetamine (MXE) is one of the newest compounds
purposely designed and increasingly available on the
Internet as ‘legal ketamine’ (European Monitoring
Centre for Drugs and Drug Addiction, 2014). MXE (2-(3-
methoxyphenyl)-2-(N-ethylamino)cyclohexanone) is an
arylcyclohexylamine derivative that shares similar chemical
structure with ketamine and phencyclidine but with mod-
ifications that could confer (i) more potency and higher
opioid receptor affinity than phencyclidine (Corazza et al.,
2013; Adamowicz and Zuba, 2015) and (ii) weaker analgesic
and anaesthetic effects but longer duration of action than
ketamine (Morris and Wallach, 2014). Over the past few
years, its use has been associated with sympathomimetic tox-
icity (Wood et al., 2012), accidental fatal intoxication
(Wikström et al., 2013; Imbert et al., 2014) and acute neuro-
logical toxicity (Elian and Hackett, 2014; Fassette and
Martinez, 2016), including a dissociative state (Ward et al.,
2011) and reversible cerebellar toxicity (Shields et al., 2012).
Recently, MXE was found to potently inhibit neuronal
activity in vitro (Hondebrink et al., 2016), with an IC50 value
(0.5 μM) that overlaps with serum concentrations
(0.1–2 μM) expected in recreational users (Abe et al., 2013;
Łukasik-Głebocka et al., 2013).

MXE is a dissociative anaesthetic thought to act as a (i)
non-competitive antagonist of NMDA receptors (Coppola
and Mondola, 2012), (ii) inhibitor of dopamine reuptake
and (iii) agonist at muscarinic and 5-HT2 receptors
(Adamowicz and Zuba, 2015). On the basis of chemical
similarities, MXE has been hypothesized to induce
ketamine-like effects (Hofer et al., 2012) and to produce a
rapid antidepressant action (Coppola and Mondola, 2012).
Preclinical studies have recently started investigating its
pharmacokinetics, behavioural effects and underlying brain
mechanisms (Hajkova et al., 2016; Horsley et al., 2016;
Hondebrink et al., 2017). In rats, MXE was reported to induce
conditioned place preference and maintain intravenous self-
administration behaviour (Botanas et al., 2015) and to substi-
tute for ketamine in a drug self-administration substitution
study (Mutti et al., 2016). We recently showed that MXE fully
generalize to ketamine interoceptive stimulus in a two-lever
operant drug discrimination paradigm in rats trained to
discriminate ketamine from saline, similarly to the NMDA
channel blocker MK-801, thus exhibiting ketamine-like
discriminative stimulus properties (Chiamulera et al., 2016).
In support of its abuse liability, following MXE administra-
tion we observed an enhanced level of dopamine in the rat
nucleus accumbens shell (NAcS) and a dose-dependent stim-
ulation of the firing rate and burst firing of dopamine
neurons in the ventral tegmental area projecting to the NAcS
(Mutti et al., 2016). Intriguingly, MXE was recently reported
to be used for self-medication purposes to treat chronic foot
pain (Maskell et al., 2016) and post-traumatic stress disorder
(Striebel et al., 2017), suggesting possible use as an analgesic
and calming drug.

Based on the collected body of evidence and being aware
of the gaps in our understanding of the pharmacological
effects of MXE, this study evaluated the effects of acute doses

of MXE (0.5–5 mg·kg�1) given i.p., on spontaneous locomo-
tor activity, analgesia (hot-plate and tail-flick test), repetitive
and obsessive–compulsive behaviour (marble burying test
and self-grooming behaviour), spatial (elevated plus maze
test) and social anxiety (social interactions) and depression
(forced swim test). Finally, we tested the possibility that
MXE, similarly to ketamine, may increase the phosphoryla-
tion of the ribosomal protein S6 (rpS6) (Tedesco et al., 2013)
in brain areas known to be involved inmood and reward, that
is, prelimbic (PRL) and infralimbic (IL) cortices, nucleus
accumbens core (NAcC) and NAcS, hippocampus (CA1, CA2
and CA3) and basolateral amygdala (BLA).

Methods

Animals
All animal care and experimental procedures were carried out
in an animal facility according to Italian (D.L. 26/2014) and
European Council directives (63/2010) and in compliance
with the approved animal policies by the Ethical Committee
for Animal Experiments (CESA, University of Cagliari) and
the Italian Department of Health, and were approved by the
local Animal Care Committees. Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015).

Adult male Sprague Dawley rats (250–275 g, Harlan-
Nossan, Italy) were housed 4 per cage under a 12/12 h
light/dark cycle (light on: 07:00 h) with constant room tem-
perature (22 ± 2°C) and humidity (60%) and free access to
standard laboratory chow and tap water. Experiments were
conducted during the light phase (10:00–13:00 h) in rooms
illuminated with the same light intensity of the housing
room. Animals were left undisturbed in each experimental
room for 1 h acclimatation period before starting behavioural
testing. All efforts were made to minimize animal suffering
and discomfort and to reduce the number of animals used.

Locomotor activity test
To assess the effects of MXE administration on spontaneous
motor activity, rats were divided into five experimental
groups (n = 6–8 per group) and treated with MXE 0, 0.5, 1,
2.5 and 5 mg·kg�1. Horizontal and vertical activity, total dis-
tance, margin and centre time were measured using Digiscan
Animal Activity Analyser (Omnitech Electronics, USA) every
10 min intervals for a total of 60 min as previously described
(Castelli et al., 2014).

Tail-flick and hot-plate tests
As pain is processed through multiple pathways, to test
potential analgesic effects of MXE, we used two different ther-
mal assays, the hot-plate and the tail-flick test, that primarily
measure supraspinal and spinal response to a stimulus respec-
tively (Cannon et al., 2010). These assays have been exten-
sively used for the assessment of analgesia in rodents
(Gagliese and Melzack, 2000). In the tail-flick test (Tail-Flick
Unit 37360; Ugo Basile, Comerio, Italy), the animal’s tail
was gently placed at the centre of a concentrated light beam
(50 W) with an irradiation intensity of 55°C and the basal
thermal reaction time (s), that is, flicking or removing the tail,
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was assessed in each animal twice every 15 min before receiv-
ing MXE i.p. (0, 1, 2.5 and 5 mg·kg�1; n = 8–10 per group).
After drug treatment, tail-flick latency was calculated at
15 min intervals for 90 min. In order to prevent tissue dam-
age, a different patch of the tail skin was stimulated in each
trial and a cut-off time of 12 s was fixed. The hot-plate appara-
tus consisted of an aluminium plate (10 × 20 cm) with the
underlying heating system and a Plexiglas observation cham-
ber (Socrel, model-DS37; Ugo Basile, Comerio, Italy). The
temperature of hot-plate surface was set at 55 ± 1°C. The time
between placement of the animal on the hot-plate and the
occurrence of jumping, double steps, licking or shaking of a
paw was recorded as the reaction time (s). Twenty minutes af-
ter baseline measurement, rats were divided in four different
groups (n = 8–10 per group) and injected i.p. with MXE 0, 1,
2.5 and 5 mg·kg�1. After drug treatment, reaction time (s)
was calculated at 15 min intervals for 90 min, with a cut-off
time of 12 s.

Marble burying
The marble burying test, a cost-effective animal model of
compulsive activity with good face validity (Albelda and Joel,
2012), was conducted in open transparent plastic boxes
(54 × 34.5 × 20 cm) with 5 cm of fresh hardwood chip bedding
as previously described (Satta et al., 2016). Twenty-four
standard glass marbles (1.5 cm in diameter, arranged in six
rows of four marbles each) were placed uniformly over the
surface. Individual subjects were placed in the test cage in a
marble-free area (34.5 × 15 cm) 30 min after administration
of MXE (0, 0.5, 1 and 2.5 mg·kg�1, i.p.; n = 7–11 per group.),
and activity was monitored for 30 min by a video camera
placed above the cage. At the end of the session, animals were
gently removed from the Plexiglas boxes, and the number of
marbles partially (≥67%) and totally (>95%) buried was
counted (Anymaze Software, Stoelting, Illinois, USA). New
bedding was used for each animal, and marbles were cleaned
with soap and tap water.

Self-grooming
Each animal was placed individually in open transparent
plastic boxes (54 × 34.5 × 20 cm) and allowed to freely explore
the box. After 10 min habituation, rats were injected with
MXE (0, 0.5, 1, 2.5 and 5 mg·kg�1, i.p.; n = 6 per group), and
self-grooming behaviour was monitored twice for 5min, after
30 and 60 min from drug administration. Two independent
investigators, blind to treatments, sat approximately 1.5 m
from the test cage and recorded in real time with a stopwatch
the cumulative total time (s) spent in the following compo-
nents of grooming behaviour: face and head washing, body
grooming, genital and tail grooming, scratching and paw
licking.

Elevated plus maze
The elevated plus maze test was used to evaluate possible spa-
tial anxiety-like effects of MXE. Apparatus and procedure
were as previously described (Scherma et al., 2015). Each rat
received MXE (0, 0.5, 1 and 5 mg·kg�1, i.p.; n ≥ 6 per group)
30 min before being placed on the central platform facing
an open arm and left free to explore the maze for 5min; after
which, they were removed and the apparatus cleaned with
H2O2 to eliminate olfactory traces. Tests were videotaped

(Anymaze Software, Stoelting) and the animal’s behaviour
scored by a observer, blinded to treatments. The percentage
of time spent in open arms (all four paws into an arm) [time
spent in open arms/(total time) × 100] and the percentage
of the number of open-arm entries [open arms entries/(open
arms entries + closed arms entries) × 100] were used as
measures of an anxiety-like state.

Social interaction
To evaluate MXE-induced effects on sociability, the social
interaction task was performed as previously described
(Spano et al., 2010; Castelli et al., 2014). Each rat received
MXE (0, 0.5, 1 and 5 mg·kg�1, i.p.; n = 6 per group) 30 min
before being placed for 10 min into the arena, facing the
opposite corner, with a novel unfamiliar rat of same sex and
similar weight. Time spent in social interactions (sniffing,
following or grooming the partner, boxing and wrestling) and
number of interactions weremeasured using Anymaze Software
(Stoelting). After each session, the box was cleaned with H2O2

and new bedding was used for each pair of animals.

Forced swim test
As recently described (Satta et al., 2016), the forced swim test
was carried out in two different days, with a 15 min pre-swim
session conducted 24 h before the test to facilitate the rat to
quickly adopt an immobile posture on the test day, thus
easing the detection of a potential antidepressant effect. On
the test day, each rat was treated with MXE (0, 0.5, 1 and 5
mg·kg�1, i.p.; n ≥ 6 per group) 30 min before being placed in-
dividually for 5min in a clear Plexiglas cylinder (diameter:
20 cm) filled with 30 cm water (25 ± 2°C). At the end of the
session, animals were removed and thoroughly dried under
a heating red lamp (30°C). Each session was videotaped
(Anymaze Software, Stoelting), and a investigator analysed
videos, without knowledge of the treatments. A decrease in
immobility (time spent floating in the water with front paws
notmoving) and an increase in swimming or in the latency to
the first episode of immobility are considered indices of an
antidepressant-like effect.

Immunohistochemistry
Immunohistochemical assessment of rpS6 phosphorylation
was performed as previously described (Tedesco et al., 2013).
Briefly, rats were anaesthetized by an i.p. injection of
350 mg·kg�1·2 mL�1 chloral hydrate (Fluka, Italy) 60 min af-
ter drug treatment, then transcardially perfused with heparin
100 UI·L�1 (Sigma-Aldrich, Milan, Italy) and paraformalde-
hyde 4% in PBS. This time point was selected as showed sig-
nificant changes in rpS6 phosphorylation levels under our
conditions (Tedesco et al., 2013). The brain was removed
and post-fixed for 2 h into paraformaldehyde 4% in PBS, then
put in 30% sucrose, as a cryoprotective medium, and left over
the weekend. Free-floating sections (40 μm), obtained from a
freezing microtome, containing (coordinated from the atlas
of Paxinos and Watson, 2008) prefrontal cortices ,PrL and
IL, corresponding to a bregma +2.70 section; accumbal areas
shell (NacS) and core (NacC) (bregma +1.70 mm); hippocam-
pal CA1, CA2 and CA3 (bregma�3.30mm); and BLA (bregma
�3.00 mm), were processed for phosphorylated rpS6. After
washing in PBS, endogenous peroxidase was neutralized with
0.75% H2O2 for 10 min. Sections were blocked in PBS + 0.5%
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HS + 0.5% Triton X-100 wash solution and then incubated
overnight at 4°C in anti-phospho- rpS6(Ser235/236)antibody
(1:1000, rabbit polyclonal; Cell Signaling, EuroClone S.p.A.,
Milano, Italy) in wash solution. After washes, sections were
incubated for 2 h at room temperature, with anti-rabbit
biotinylated antibody (1:1000, AmershamGE Healthcare
Europe, Milano, Italy). Following washes in wash solution,
and finally in PBS, tissue sections were visualized using the
VectaStain ABC kit and developed in DAB peroxidase
substrate. Sections were mounted on gelatinized slides,
dehydrated, then closed with Entellan. Images of the sections
were acquired using a light transmission microscope
(Axioskop 2 Zeiss). Six images for each region (one for each
hemisphere, three sections for each rat, that is 2 × 3 = 6
images per region per rat) were acquired by the connected video
camera (Optikam B3) using a 10× objective (0.3 mm2). The
number of neurons positive for phospho- rpS6(Ser235/236)
was counted using the NIH software 74 ‘Image-J’. Intensity
threshold and the minimum and maximum cell size parameter
values were initially determined in an empirical manner under
blinded conditions. The dependent variable for the immunohis-
tochemical experiments was the number of neurons staining
positive for phospho-rpS6.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). All data are presented as
mean ± SEM. Locomotor activity and analgesia tests were
analysed by repeated measures two-way ANOVA. Where
ANOVA reached a significant factor effect (P < 0.05), it was
followed by the Bonferroni post hoc test for multiple compar-
isons. Data from elevated plus maze, marble burying test,
social interaction and forced swim test were analysed by
one-way ANOVA. Where ANOVA reached a significant factor
effect (P < 0.05), it was followed by Dunnett’s multiple com-
parison test against the corresponding vehicle (VEH) group.
For immunohistochemistry, the positive neuron count for
rpS6 phosphorylation was carried out for each region and
analysed by one-way ANOVA. Where ANOVA reached a sig-
nificant factor effect (P < 0.05), it was followed by Dunnett’s
test against the corresponding VEH group. All analyses were
performed using the GraphPad software package for
Windows (Prism version 6.01; GraphPad, San Diego,
California, USA). A P value of less than 0.05 was considered
statistically significant. All experiments included at least
three doses of MXE and a minimum of six animals per group;
sizes of samples differed according to inclusion of prelimi-
nary data from pilot experiments performed during the early
phase of the study.

Materials
MXE was purchased from LGC Standards S.r.l. (Milan, Italy),
dissolved in sterile physiological saline (0.9%) and injected
i.p. at doses ranging from 0.5 to 5 mg·kg�1 (volume of injec-
tion: 5 mL·kg�1). MXE was administered immediately before
starting the locomotor activity test, while in all other tests,
it was administered 30 min before. Each animal was used in
one test only.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al.,
2015a,b,c,d,e).

Results

Locomotor activity
MXE affected spontaneousmotor activity in a dose- and time-
dependent manner. As shown in Figure 1A, the lowest dose of
MXE tested (0.5 mg·kg�1) increased horizontal motor activity
from 20 to 40 min after treatment with respect to control
group. On the contrary, the highest dose of MXE (5 mg·kg�1)
reduced horizontal activity during the first 20 min (two-way
ANOVA; significant main effect of drug treatment × time in-
teraction: F(20,145) = 4.15, P < 0.05). No significant differences
were found in the groups treated with the two intermediate
doses of MXE (1 and 2.5 mg·kg�1).

As for vertical activity (Figure 1B), two-way ANOVA
showed a significant main effect of drug treatment × time in-
teraction: (F(20,145) = 6.21, P < 0.05). Specifically, with respect
to control group, rats treated with MXE( 0.5 and 1 mg·kg�1)
showed a higher activity 20 min after drug administration,
while those treated with MXE (2.5 and 5 mg·kg�1) displayed
a significantly lower activity during the first 10 min (both
doses) and 20 min (MXE 5 mg·kg�1 only) of the test. More-
over, animals treated with MXE (0.5 mg·kg�1) displayed
higher distance travelled from 20 to 40 min after administra-
tion (Figure 1C), while rats treated with MXE (5 mg·kg�1)
displayed lower values during the first 10 min (two-way
ANOVA significant main effect of drug treatment × time in-
teraction: F(20,145) = 3.55, P < 0.05). No significant differences
were found in rats treated with the intermediate doses of
MXE (1 and 2.5 mg·kg�1). Finally, significant differences were
found between VEH- and MXE-treated rats in the time spent
on margin and on centre (Figure 1D). Indeed, MXE (1 and
2.5mg·kg�1) significantly increased the time spent onmargin
30 min after treatment, while MXE (5 mg·kg�1) induced this
effect 10 min after treatment. A significant reduction in the
time spent on centre, which suggests an anxiety-like state,
was observed 10min after administration ofMXE (5mg·kg�1)
and 30 min after MXE (1 and 2.5 mg·kg�1 ; two-way ANOVA
significant main effect of drug treatment × time interaction:
F(20,145) = 2.11, P < 0.05).

Tail-flick and hot-plate assays
Two-way ANOVA did not revealed significant variations in
the thermal threshold (i.e. analgesia) in the tail-flick test fol-
lowing MXE treatment (Figure 2A). However, in the hot-plate
test (Figure 2B), animals injected with MXE (5 mg·kg�1)
displayed a significantly increased thermal threshold from
30 to 60 min after MXE administration with respect to VEH-
treated animals (two-way ANOVA significant main effect of
drug treatment × time interaction: F(18,180) = 1.82, P < 0.05).
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Marble burying
In the marble burying test, the total number of marbles bur-
ied by animals pretreated with MXE (0.5 and 1 mg·kg�1)
was significantly higher than in control group (Figure 3). In

particular, a significant drug effect was evident when consid-
ering the number of marbles fully covered by wood chip
bedding rather than that of partly buried marbles. Indeed,
no statistical differences were found in the mean number of

Figure 2
Analgesic effects of MXE (1, 2.5 and 5 mg·kg�1) during tail-flick (A) and hot-plate (B) tests. Data are shown as means (±SEM) during 90 min test
(VEH: n = 10; MXE: n = 8 per group). *P< 0.05, significantly different from corresponding VEH-treated groups; two-way ANOVA for repeatedmea-
sures followed by Bonferroni post hoc test for multiple comparisons.

Figure 1
Spontaneous motor activity in MXE-treated rats. Spontaneous horizontal (A) and vertical (B) activity, expressed as mean counts of photobeam
interruptions, total distance (cm) travelled (C) and time (s) spent on margin or centre (D) after treatment with VEH (n = 8), MXE 0.5 (n = 8) or
MXE 1, 2.5 and 5 mg·kg�1 (n = 6 per group). Data are shown as means (±SEM) during 60 min test. *P < 0.05, significantly different from corre-
sponding VEH-treated groups; two-way ANOVA for repeated measures followed by Bonferroni post hoc test for multiple comparisons.
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marbles partly buried by VEH- and MEX-treated groups.
One-way ANOVA confirmed that rats injected with MXE
(0.5 and 1 mg·kg�1) exhibited a higher level of burying
activity than control rats (significant main effect of treatment:
F(11,96) = 6.153, P < 0.05). Conversely, the higher dose of MXE
(2.5 mg·kg�1) did not significantly alter the number of buried
marbles compared with the VEH-treated group.

Self-grooming behaviour
At the doses tested, MXE did not alter self-grooming behav-
iour in rats, as the cumulative time (s) spent by MXE-treated
animals in face/head washing, body/genital/tail grooming,
scratching and paw licking did not significantly differ from
control group at any time interval, cumulative mean values
being as follows: VEH: 42.5 s; MXE 0.5 mg·kg�1: 39.7 s;
MXE 1 mg·kg�1: 45.2 s; MXE 2.5 mg·kg�1: 44.7 s; MXE 5-
mg·kg�1; 40.3 s.

Elevated plus maze
As shown in Figure 4, the percentage of time spent in open
arms was not significantly different between VEH- and MXE

(0.5, 1 and 5 mg·kg�1)-treated rats (panel A). Similarly, MXE
(0.5 and 1 mg·kg�1) did not alter the percentage of time spent
in closed arms (Figure 4A). However, the percentage of time
spent in closed arms was increased in MXE 5 mg·kg�1-treated
rats with respect to the control group (one-way ANOVA
significant main effect of treatment: F(3,26) = 9.577,
P < 0.05). Conversely, the percentage of entries in both arms
(Figure 4B) was not significantly different between VEH- and
MXE-treated rats, while total arms entries were reduced in
rats treated with MXE (5 mg·kg�1 ;Figure 4C) (significant
main effect of treatment: F(3,26) = 11.51, P < 0.05).

Social interaction
In the social interaction test, one-way ANOVA detected a
significant main effect of treatment. Specifically, as shown in
Figure 5A, a significant decrease in the time spent in social
interaction was observed in rats pretreated with the dose of
2.5 mg·kg�1 of MXE, compared with VEH-treated rats
(F(3,20) = 10.39, P < 0.05). Conversely, a positive (not statisti-
cally significant) trend was observed in rats treated with
MXE(0.5 and 1 mg·kg�1). No significant effect was found at
any dose of MXE in the number of social interactions
(Figure 5B) although, when compared with VEH-treated rats,
a positive trend was found in animals pretreated with MXE
(0.5 and 1 mg·kg�1) and a negative trend in those treated with
MXE (2.5 mg·kg�1).

Forced swim test
In the forced swim test, one-way ANOVA revealed a signifi-
cant main effect of treatment (F(11,63) = 53.31, P < 0.05). Spe-
cifically, the highest dose of MXE tested (5 mg·kg�1)
significantly reduced immobility and increased the time
spent in swimming as compared with VEH group, which sug-
gests an anti-depressive effect (Figure 6). Accordingly, MXE
(5 mg·kg�1) also induced a not significant, decreasing , trend
in the time spent in climbing, compared with the control
group.

Immunohistochemical assessment of
MXE-induced brain rpS6 phosphorylation
One-way ANOVA showed a significant MXE main effect in
PrL (F(2,15) = 18.53, P < 0.05), IL (F(2,15) = 27.72, P < 0.05),
hippocampal areas CA1 (F(2,15) = 21.22, P < 0.05), CA2

Figure 3
Number of marbles partly (≥67%) or entirely (>95%) covered with
bedding by VEH- and MXE-treated rats during the 30 min marble
burying test (VEH: n = 10; MXE 0.5 mg·kg�1: n = 7; MXE 1 mg·kg�1:
n = 11; MXE 2.5 mg·kg�1: n = 8 rats). Total buried stands for the sum
of partly and fully buried marbles. Data are shown as means (±SEM).
*P < 0.05, significantly different from corresponding VEH-treated
groups; one-way ANOVA followed by Dunnett’s multiple compari-
son test.

Figure 4
Effect of MXE (0.5, 1 and 5 mg·kg�1) in the elevated plus maze test (VEH and MXE 0.5 and 1 mg·kg�1: n = 8 per group; MXE 5 mg·kg�1: n = 6).
Results are expressed as percentage of total time spent in open and closed arms (A), number of entries in open and closed arms (B) and number of
total arms entries (C). Data are shown as means (±SEM). *P < 0.05, significantly different from corresponding VEH-treated groups; one-way
ANOVA followed by Dunnett’s multiple comparison test.

BJP M T Zanda et al.

3338 British Journal of Pharmacology (2017) 174 3333–3345



(F(2,15) = 13.03, P < 0.05) and CA3 (F(2,15) = 14.38, P < 0.05),
but not in accumbal nuclei (NAcC and NAcS) and BLA. As
shown in Figure 7 (lower panel), MXE induced a significant in-
crease in the mean number per mm2 (±SEM) of neurons ex-
pressing phosphorylated rpS6 in PrL at 1 and 5 mg·kg�1

doses, with the latter dose showing an increase lower than
MXE (1 mg·kg�1), suggesting a plateau of effect, similar to
the results from CA2. On the other hand,the effects of MXE
in IL was dose-related. Similar MXE dose-related patterns of
increased rpS6 phosphorylation was shown in CA1 and CA3.

Discussion
This study characterizes the behavioural effects induced by
an acute exposure to MXE in rats tested in a battery of behav-
ioural assays. The range of MXE doses ≤5 mg·kg�1 used in our
experiments was selected based on a pilot toxicity text
showing acute toxicity and severe motor impairments at
higher doses. MXE doses selected for behavioural testing were
first evaluated at motor level. Our locomotor activity data,
showing transient hypermotility and hypomotility at low
and high doses ofMXE, respectively, slightly differ from those
reported by Botanas et al. (2015) and are in apparent contrast
with those reported by Halberstadt et al. (2016) and Horsley

et al. (2016). In Botanas et al. (2015) study, MXE (1.25, 2.5
and 5 mg·kg�1, i.p.) did not produce any significant change
in the distance travelled and movement duration. However,
the cumulative locomotor activity was measured during the
three sessions of the conditioning phase of the place prefer-
ence test, which makes it difficult to detect immediate and
transient increments or decrements in motor activity. On
the other hand, Halberstadt et al. (2016) showed that s.c.
injections of a very high dose of MXE (10 mg·kg�1) induced
locomotor hyperactivity, while a low dose (1 mg·kg�1) tran-
siently reduced motor activity. Similarly, Horsley et al.
(2016) reported that MXE (10 and 40 mg·kg�1, given s.c.)
increased locomotor activity. While we did not test MXE
doses higher than 5 mg·kg�1, which we excluded after initial
toxicological screening, we observed opposite motor effects
induced by MXE (1 and 5 mg·kg�1). A number of different
experimental conditions might explain such discrepancies,
including the different route of administration used in our
studies and the other two studies, that is, i.p. or s.c. respec-
tively. Further differences are the phases of the diurnal cycle
when the experiments were carried out (Halberstadt et al.,
2016), the rat strain used (Horsley et al., 2016) and motor pa-
rameters analysed. In particular, we evaluated horizontal, ver-
tical activity and distance travelled in standard motor activity
cages, while in the other two studies, motor activity was

Figure 5
Effect of MXE (0.5, 1 and 2.5 mg·kg�1, n = 6 per group) in the social interactions test. Results are expressed as time (s) spent in active interaction
(A) and number of interactions (B). Data are expressed as means (±SEM) during 10 min test. *P < 0.05, significantly different from VEH-treated
groups; one-way ANOVA followed by Dunnett’s multiple comparison test.

Figure 6
Effects of MXE (0.5, 1 and 5 mg·kg�1) in the forced swim test (VEH andMXE 0.5 and 1 mg·kg�1: n = 6 per group; MXE 5 mg·kg�1: n = 7). Data are
shown as means (±SEM) time spent in immobility, swimming and climbing behaviour. *P < 0.05, significantly different from corresponding VEH-
treated groups; one-way ANOVA followed by Dunnett’s multiple comparison test.
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quantified as number of crossings between any of the eight
sections within the behavioural pattern monitor and by a de-
scriptive statistic (spatial d) that calculated the spatial struc-
ture of locomotor paths (Halberstadt et al., 2016), or by
trajectory length in cm (corrected for deviations less than
3 cm) over 5 min time blocks during 30 min sessions (Horsley
et al., 2016). Remarkably, irrespective of the specific motor pa-
rameter affected by MXE and of the direction of its effects, all
of the three studies indicated a biphasic effect of MXE on lo-
comotor activity, as previously reported for ketamine and
MK-801 (Castagné et al., 2012).

Given the recent use of MXE as self-medication to allevi-
ate chronic foot pain (Maskell et al., 2016), we evaluated the
anti-nociceptive effects of MXE in two different but comple-
mentary tests for analgesia, the tail-flick and hot-plate test.
The highest dose of MXE tested (5 mg·kg�1) increased the
latency time of reaction, indicating an analgesic effect, which
was brief and did not reach statistical significance in the tail-
flick test but was long-lasting and significantly different from

VEH-treated group in the hot-plate test. This effect is unlikely
to be related to the MXE-induced motor effects, the depres-
sant motor effect of MXE (5 mg·kg�1) is no longer more
evident at the time of the test, that is, at 30 min after admin-
istration. As MXE shows a submicromolar affinity for the
NMDA receptor (Roth et al., 2013), It is more likely that
NMDA receptor antagonism accounts for the analgesic effect
of high doses of MXE. Interestingly, in the tail-flick test, i.p.
administration of ketamine at doses up to 5 mg·kg�1 did not
affect the basal latency in rats, that is, the nociceptive thresh-
old (Huang et al., 2005), while significant analgesic effects
have been reported following administration of higher
(50 and 160 mg·kg�1) doses of ketamine (Baumeister
and Advokat, 1991). Similarly, in the hot-plate test, rats
treated i.p. with ketamine 10–20 mg·kg�1 did not change
their latency of reaction (Getova and Doncheva, 2011) and
a significant analgesic effect of ketamine occurred only
following administration of higher doses of ketamine
(25 mg·kg�1) (Shikanai et al., 2014). That MXE induces its

Figure 7
Immunohistochemical assessment of MXE-induced rpS6P phosphorylation in drug addiction and reward-related brain areas. Upper panel: sche-
matic diagram of brain frontal sections (top row) showing the medium magnification microscopic field (circle) and representative high magnifi-
cation images (0.3 mm2 sections) of region-of-interest within PrL and IL cortex; NAcC and NAcS; hippocampus CA1, CA2 and CA3; and BLA of rats
treated with vehicle (Sal), MXE 1 or MXE 5 mg·kg�1. Scale bar: 100 μm. Lower panel: number of phosphorylated rpS6 positive neurons·mm�2 in
PrL, IL, NAcC, NAcS, CA1, CA2, CA3 and BLA of rats treated with vehicle (Sal), MXE (1 mg·kg�1 or 5 mg·kg�1). Data are mean counts from three
adjacent sections, from both hemispheres, for six rats per group. *P < 0.05, significantly different from corresponding VEH-treated groups; one-
way ANOVA followed by Dunnett’s post hoc test.
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antinociceptive effects at doses lower than those classically
reported for ketamine could be due to the presence of the
methoxy group, which is likely to increase μ-opioid receptor
affinity, and to that of the N- ethylamino group that could
increase potency of action. Accordingly, the insertion of the
2-methoxy group in the structure of phencyclidine increases
tail-flick latency and reduces the time to onset of analgesia,
compared with ketamine (Ahmadi and Mahmoudi, 2006).
However, MXE-induced antinociceptive effects might
involve different sites in the brain, including non-NMDA glu-
tamate receptors, and other (not glutamatergic) neurotrans-
mission systems (Forman, 1999). Indeed, MXE displayed
affinity for the 5-HT transporter, the dopamine trans-
porter and the noradrenaline transporter but not for σ
receptors (Roth et al., 2013; Hondebrink et al., 2017), was
found to significantly activate the mesolimbic dopaminergic
system (Mutti et al., 2016) and to inhibit monoamine
transporters more potently than ketamine (Hondebrink
et al., 2017).

In the marble burying test, contrary to anxiolytic (Archer
et al., 1987), antidepressant (Nicolas et al., 2006) and antipsy-
chotic drugs (Bruins Slot et al., 2008), MXE increased burying
behaviour at low and intermediate doses, with the maximal
effect observed at 0.5 mg·kg�1, while not inducing significant
effects at higher doses. The effect of MXE we observed in this
test is the opposite of that reported after acute exposure to
nicotine (Anderson and Brunzell, 2012), morphine
(Umathe et al., 2012; Kitanaka et al., 2015) and cannabinoids
(Casarotto et al., 2010; Deiana et al., 2012) in mice. Quite
unexpectedly, it is also dissimilar from that of NMDA receptor
antagonists, which typically reduce marble-burying behav-
iour (Egashira et al., 2008; Iijima et al., 2010). Yet it closely re-
sembles the effects of the non-selective serotonergic agonist
meta-chlorophenylpiperazine, which acutely increases
the number of buried marbles at low but not high doses
(Nardo et al., 2014), thus suggesting that MXE-induced in-
creased burying behaviour may involve the 5-HT system
rather than (or besides) the glutamatergic one. However, we
cannot exclude, in this test, an influence of the stimulant
motor effect of MXE (0.5 mg·kg�1), as hypermotility was still
evident 30 min after drug administration, although it gradu-
ally diminished over time and was no longer significant
40 min after administration, that is, after the first 10 min of
the 30 min test. To confirm the occurrence of repetitive
behaviour induced by low doses of MXE and suggested by
marble burying test data, self-grooming behaviour was also
examined. Rodent grooming behaviour consists of specific
stereotyped patterns of sequential movements that can be
affected by experimental manipulation, including adminis-
tration of dopaminergic drugs (Kalueff et al., 2016). Given
the reported stimulation by MXE of mesolimbic dopamine
transmission (Mutti et al., 2016), we expected the time spent
in self-grooming to be increased following acute MXE admin-
istration. Thus, finding that MXE did not alter such a behav-
iour, even at a low dose previously showed to increase
marble burying behaviour, was quite surprising. Notably, a
lack of association between self-grooming and marble bury-
ing behaviour in both rat and mouse models of autism has
been reported (Reimer et al., 2015; Kratsman et al., 2016).
Accordingly, these two types of repetitive behaviours have
also been reported to go in the opposite direction in genetic

mouse model of autism spectrum disorder (Sungur et al.,
2014), thus suggesting that drug effects on marble burying
and self-grooming behaviour may diverge depending on the
specific drug or animal model used.

To characterize the anxiety profile of rats acutely treated
with MXE, we used two different animal tasks each measur-
ing a specific type of anxiety, namely, the elevated plus maze
and the social interaction test to evaluate spatial and social
anxiety respectively. The elevated plus maze test gives infor-
mation about the spatial anxiety of an animal, as the innate
fear of rodents towards open spaces reduces the exploration
of open arms. Non-competitive NMDA receptor antagonists
are typically considered potential anxiolytic substances
(Wiley et al., 1995). However, studies investigating the
anxiety-related effects of ketamine in animal models are con-
tradictory, reporting anxiogenic, anxiolytic or null effects
(Babar et al., 2001; Becker et al., 2003). In our study, low to
intermediate doses of MXE did not alter spatial anxiety in
the elevated plus maze test. However, the highest dose tested
(5 mg·kg�1) increased the time spent in closed arms suggest-
ing that MXE may be anxiogenic at high doses. That MXE
might exert different effects on anxiety depending on the
unit dose administered is supported by data obtained in the
social interaction test, whereMXE (0.5 and 1mg·kg�1) caused
a positive, but not significant, trend in the time spent social-
izing and in the number of interactions following administra-
tion, while MXE (2.5 mg·kg�1) significantly reduced the time
spent in interactions. The effect of MXE on anxiety is unre-
lated to motor effects, as the immediate and transient depres-
sant effect of MXE (5 mg·kg�1) is no longer evident at the
time of the test, that is, after 30 min from administration,
and the dose of 2.5 mg·kg�1 has no significant motor effect.
In keeping with our findings, a clinical study reported anxio-
lytic effects of ketamine at low doses and anxiogenic effects at
higher doses (Krystal et al., 1994). Accordingly, preclinical
studies have showed increased social interactions following
administration of low doses of other non-competitive NMDA
receptor antagonists (Morales et al., 2013), and social isola-
tion after exposure to high doses of the drug (Sams-Dodd,
1996). Anxiolytic effects after low doses of serotonergic
agents and anxiogenic-like effects at higher doses have also
been reported (Kolcsar et al., 2014; Gray and Hughes, 2015).
Notably, among the reasons for using MXE, as reported in
web discussion fora, are the increased social relationships
experienced by users with low doses of MXE (Corazza et al.,
2013; Zawilska, 2014).

Another intriguing effect reported by MXE users is its
antidepressant-like properties, in line with the capacity of
non-competitive NMDA receptor antagonists to display anti-
depressant effects in animal models of depression (Skolnick,
1999). Here, we found that acute administration of a high
dose of MXE (5 mg·kg�1) significantly increased swimming
time and decreased immobility time in rats, in line with the
acute antidepressant effect showed by other NMDA receptor
antagonists in the same test (Li et al., 2015). The observed
MXE-induced antidepressant-like effect is not due to alter-
ations in locomotor activity because the same dose of MXE
did not enhance locomotor activity. Notably, we showed that
a single injection of MXE induces anxiogenic and antidepres-
sant effects, a pharmacological feature that this drug shares
with ketamine (da Silva et al., 2010) and several selective
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5-HT reuptake inhibitors (SSRIs) (Griebel et al., 1994; Kurt
et al., 2000; Pettersson et al., 2015). As such, we cannot ex-
clude the possibility that, as reported for SSRIs and other
agents that augment 5-HT signalling, high doses of MXE
may elicit an anxiety-like state during the first few days (or
weeks) of use, before anxiolytic effects emerge (Ravinder
et al., 2011; Jonassen et al., 2015). Further studies will be
necessary to confirm whether the anxiogenic effect induced
by acute MXE administration reverses with continued drug
administration.

Finally, we showed that MXE induced an increased phos-
phorylation of rpS6 in medial prefrontal (PrL and IL) and hip-
pocampal areas in a dose-related manner (with the exception
of a bell-shaped curve in PrL), whereas accumbal and BLA
areas were not affected. This pattern of effects on rpS6 partly
resembles those induced by ketamine, as a dose-related effect
of ketamine on rpS6 expression levels in PrL and IL, but not in
the NAcS, has been recently described by Tedesco et al.
(2013). In the same study, however, ketamine induced rpS6
phosphorylation in the NAcC and BLA, but not in the hippo-
campus. Blockade of NMDA receptors on inhibitory
GABAergic neurons in prefrontal regions leads to an increase
of glutamate and dopamine release in the prefrontal cortex
(Lorrain et al., 2003). Enhanced glutamatergic transmission
through glutamate AMPA and NMDA receptors affects Akt
and ERK1/2 activities (Gong et al., 2006): Akt activates
mTOR and downstream rpS6 (Ferrari et al., 1991; Ruvinsky
and Meyuhas, 2006), whereas the ERK1/2 pathway induces
rpS6 phosphorylation via p70S6K (Bessard et al., 2007) and,
concomitantly, via p90 ribosomal s6 kinase (Roux et al.,
2007). This broad regulation of rpS6 phosphorylation makes
it a ‘convergent’ marker of increased neuronal activity (see
Biever et al., 2015). We could, therefore, speculate that the
effects of MXE on rpS6 in the prefrontal cortex and hippo-
campus are correlated with the antidepressant effects
observed in the behavioural test, further supporting NMDA
receptor blockade-mediated, mood-improving properties.
Importantly, due to the lack of pharmacological characteriza-
tion of MXE metabolites, we do not know whether MXE
behavioural effects are (fully or partly) due to AMPA agonism,
as recently shown for ketamine metabolites (Zanos et al.,
2016). Further studies should investigate this potential mech-
anism for MXE and other ketamine-like compounds.

In conclusion, our knowledge of the clinical effects of
MXE originate from case reports of intoxication or self-
medication and self-reported experiences described by users
in Web discussion fora. We recently showed that MXE
exerted discriminative stimulus effects similar to ketamine
(Chiamulera et al., 2016) and induced clear rewarding effects
in rats by stimulatingmesolimbic dopaminergic transmission
(Mutti et al., 2016). The present study adds further insight
into the pharmacological effects of this new psychoactive
substance by showing its ability to enhance repetitive/
perseverative behaviour at low doses and to induce transient
analgesia, social anxiety and antidepressant effects at high
doses. Immunohistochemical analysis provided a ‘molecular
snapshot’ of the neuroadaptive molecular effects of MXE at
behaviourally active doses and confirmed that MXE shares
with ketamine the ability to affect a marker of potential
long-term effects, such as the increased phosphorylation of
rpS6 in the emotional and reward brain areas. Molecular

findings support the idea that, similarly to ketamine, the
rapid antidepressant effect induced by MXE might be
mediated by rapid changes in neuroadaptive mechanisms.
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