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Abstract: It has recently been demonstrated that aromatic bromination at C(2) abolishes all typical
psychomotor, and some key prosocial effects of the entactogen MDMA in rats. Nevertheless, the
influence of aromatic bromination on MDMA-like effects on higher cognitive functions remains
unexplored. In the present work, the effects of MDMA and its brominated analog 2Br-4,5-MDMA
(1 mg/kg and 10 mg/kg i.p. each) on visuospatial learning, using a radial, octagonal Olton maze
(4 × 4) which may discriminate between short-term and long-term memory, were compared with
their influence on in vivo long-term potentiation (LTP) in the prefrontal cortex in rats. The results
obtained indicate that MDMA diminishes both short- and long-term visuospatial memory but
increases LTP. In contrast, 2Br-4,5-MDMA preserves long-term visuospatial memory and slightly
accelerates the occurrence of short-term memory compared to controls, but increases LTP, like MDMA.
Taken together, these data are consistent with the notion that the modulatory effects induced by the
aromatic bromination of the MDMA template, which abolishes typical entactogenic-like responses,
might be extended to those effects affecting higher cognitive functions, such as visuospatial learning.
This effect seems not to be associated with the increase of LTP in the prefrontal cortex.

Keywords: MDMA (3,4-methylenedioxymethamphetamine); 2-Br-4,5-MDMA; visuospatial learning;
long-term potentiation; prefrontal cortex

1. Introduction

The entactogen MDMA (3,4-methylenedioxymethamphetamine, “Ecstasy”), is a syn-
thetic psychotropic substance capable of inducing an altered state of consciousness in
humans described as a feeling of heightened self-acceptance and empathy with other
persons, and reduction of negative thoughts [1]. Due to these properties, a great deal of
evidence has emerged regarding potential applications of MDMA in psychotherapy [2–4],
and as an adjunct in the treatment of neuropsychiatric disorders such as posttraumatic
stress disorder [5,6], autism [7], and alcoholism [8]. Nevertheless, because of its condition
as a drug of abuse, a systematic exploration of the therapeutic potential of MDMA remains
controversial and incomplete [9].

The psychotropic effects of MDMA are known to be exerted by acting mainly as a spe-
cial type of substrate of the serotonin transporter (SERT), thereby inducing non-exocytotic
serotonin (5-HT) release by triggering a reversal of the normal transporter flux [10]. The
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released 5-HT, in turn, differentially stimulates several 5-HT1 and 5-HT2 receptor subtypes,
thus regulating the activity of specific oxytocinergic, dopaminergic, and noradrenergic
neurons, ultimately resulting in complex behavioral patterns [9]. Indeed, whereas the
activation of 5-HT1A and 5-HT1B receptors has been proposed to promote self-confidence,
together with anxiolytic-like effects, the activation of 5-HT2A receptors may induce some
level of narcosis. In addition, the serotonin-mediated release of oxytocin, through the acti-
vation of 5-HT1A receptors, has been associated with the higher neurobehavioral features
responsible for the occurrence of the entactogenic syndrome [5].

As the molecular basis of MDMA-like activity remains not fully understood, efforts
have been made to identify new entactogenic-like molecules that include not only classical
psychotropic phenylalkylamines [11], but also alternative structural templates, such as
cathinones and benzofurans, among others [12]. In contrast, rational modifications of the
benzene ring of MDMA, preserving the methylenedioxy structural moiety, remains almost
unexplored. In this regard, it should be noted that aromatic halogenation usually leads
to psychotropic phenylalkylamines with high in vivo potency, at least for those molecules
acting as psychedelics [11]. In addition, because halogenation has been described to
modulate the interactions of a drug with its molecular target by establishing so-called
“halogen bonds” [13], bromination might be a useful tool to reveal some valuable hints
about the modulation of MDMA activity because of its interaction with SERT [9]. Recently,
we have synthesized and pharmacologically characterized, both in vitro and in vivo, a new
MDMA analogue, brominated at C(2) of the aromatic ring (2-Br-4,5-MDMA), and we found
that 2-Br-4,5-MDMA exhibited higher affinity for SERT than MDMA and fully abolished
both platelet aggregation and ATP release, resembling the pharmacological profile of
citalopram. Moreover, in vivo evaluation in rats showed that 2-Br-4,5-MDMA lacks all
key MDMA-like behavioral responses in rats, including hyperlocomotion, enhanced active
avoidance conditioning responses, and increased social interaction [14].

Although controversial, it has been established that MDMA may disrupt cognitive
functions in humans as well as in rodents. In rats, cognitive disruption seems to be
associated with alterations at the hippocampal level, possibly because of the alteration of a
glutamatergic NMDA-mediated mechanism at the CA1 region [15]. In addition, repeated
MDMA administration at subtoxic doses reduces visuospatial learning in rodents [16–18].
This evidence differs from other extensive studies that indicate the administration of sub-
toxic doses of MDMA seems not to be able to induce cognitive impairment, including
visuospatial learning [19].

In the present work, we set out to study, in rats, using an eight-arm radial Olton
maze, if 2-Br-4,5-MDMA (Figure 1) may induce similar deficiencies in spatial memory
as MDMA, or if it lacks this negative effect. In addition, we explored the ability of
MDMA and 2-Br-4,5-MDMA to affect in vivo prefrontal cortex long-term potentiation
(LTP)—which is instrumental for the long-standing storage of memories in the prefrontal
cortex [20]—in order to find some clues as to whether the actual neuroplastic effects induced
by MDMA, or 2-Br-4,5-MDMA, are associated (or not) with the modifications occurring in
operative cognition.
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2. Results

The results obtained show that animals injected with MDMA exhibited poorer per-
formance in the Olton radial maze compared to those receiving saline. Indeed, Figure 2A
shows that the number of working memory errors decreased significantly in saline controls
as the memory assay progressed in time, but not in MDMA-treated animals (intragroup
statistics, # p < 0.05, ### p < 0.001, two-way ANOVA followed by Bonferroni multiple
comparisons test). In addition, MDMA-treated rats committed significantly more working
memory errors than saline controls throughout the 12 successive daily assays (grouped in
2-day blocks) (intergroup statistics, *** p < 0.001, two-way ANOVA followed by Bonfer-
roni multiple comparisons test). In striking contrast, rats injected with 2-Br-4,5-MDMA
performed similarly to saline controls, both in terms of temporal decline and number of
working memory errors (Figure 2A), except for the first series of sessions (blocks 1–2 and
3–4), in which the rats injected with 2-Br-4,5-MDMA committed fewer working memory
errors, thus exceeding the performance of saline controls (intergroup statistics, * p < 0.05,
** p < 0.001, two-way ANOVA followed by Bonferroni multiple comparisons test).
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Figure 2. Effect of the chronic intraperitoneal administration of MDMA, 2-Br-4,5-MDMA, or saline
on visuospatial memory of rats in the Olton 4 × 4 maze. Values are means ± SEM (n = 8 rats per
group) of scores obtained 30 min after administration of either 10 mg/kg MDMA, 1 or 10 mg/kg
2-Br-4,5-MDMA, or saline, recorded during 12 consecutive days of testing (one assay daily) and
grouped in two-assay blocks. In each block, the values were calculated as the mean of the two scores
composing the block. Two-way ANOVA was used to examine visuospatial memory-related scores.
Intragroup statistical analysis was performed by comparing all within-group memory error scores
to that of block 1–2, using Dunnett’s multiple comparisons post hoc test (hash (#) sign indicating
statistical significance). Intergroup statistical analysis was made by comparing across-group memory
error scores after administration of either 10 mg/kg MDMA, 1 or 10 mg/kg 2-Br-4,5-MDMA, or
saline, using Bonferroni’s multiple comparisons post hoc test (asterisks (*) sign indicating statistical
significance). (A) Number of working memory errors: Intragroup statistics, F(5, 126) = 13.64; # p < 0.05,
## p < 0.01, ### p < 0.001. Intergroup statistics, F(2, 126) = 477.8; * p < 0.05, ** p < 0.01, *** p < 0.001.
(B) Number of long-term memory errors: Intragroup statistics, F(5, 126) = 3.722; # p < 0.05, ## p < 0.01.
Intergroup statistics, F(2, 126) = 110.1; ** p < 0.01, *** p < 0.001. (C) Time spent in solving within-phase
(working memory) task: Intragroup statistics, F(5, 126) = 8.075; # p < 0.05, ## p < 0.01, ### p < 0.001.
Intergroup statistics, F(2, 126) = 173.9; *** p < 0.001. (D) Time spent in solving across-phase (long-term
memory) task: Intragroup statistics, F(5, 126) = 13.54; ## p < 0.01, ### p < 0.001. Intergroup statistics,
F(2, 126) = 141.5; *** p < 0.001.
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Figure 2B shows a fairly similar picture regarding long-term memory errors, since
MDMA administration resulted in a not-declining, higher amount of long-term memory
errors, as compared with scores of saline controls, whereas 2-Br-4,5-MDMA-treated rats per-
formed similar to saline controls both in terms of declining slope and amount of long-term
memory errors (intragroup statistics, # p < 0.05, ## p < 0.01; intergroup statistics, ** p < 0.01,
*** p < 0.001; two-way ANOVA followed by Bonferroni multiple comparisons test).

The time spent in solving the within-phase (working memory) and across-phase (long-
term memory) tasks in the radial maze are shown in Figure 2C,D, respectively. These data
again reveal that MDMA administration adversely affected both working and long-term
memory, as MDMA-treated animals spent significantly more time in task solving than
saline controls (intergroup statistics, *** p < 0.001, two-way ANOVA followed by Bonferroni
multiple comparisons test). Once again, aromatic bromination at C(2) abolished the adverse
effect of MDMA on short- and long-term task-solving ability in rats, (Figure 2C,D), as
2-Br-4,5-MDMA-treated rats performed similar than saline controls (two-way ANOVA
followed by Bonferroni multiple comparisons test revealed no differences between 2-Br-4,5-
MDMA-treated and saline-treated rats).

Figure 3A shows a scheme indicating the position of the stimulating and recording
electrodes in the rat brain, as well as the averaged prefrontal cortical response evoked
by contralateral stimulation of the corpus callosum in a saline control rat, prior to (basal
responses, BR) and after (potentiated responses, PR) the application of the tetanizing train.
Transcallosal responses evoked in the rat prefrontal cortex begin with an early downward
surface positive deflection, followed by a late prominent upward surface negative wave.
Detailed characterization of early and late components of these responses upon tetanization
during in vivo recording, providing insight into which synapses, in which layer, are being
activated during each component, has been described elsewhere [21–24]. Figure 3B shows
the time course of changes in amplitude of prefrontal cortex evoked field responses prior to
and after application of the potentiating train, applied 1 h after i.p. administration of either
10 mg/kg of MDMA, 1 or 10 mg/kg of 2-Br-4,5-MDMA, or saline. It can be observed that
neither the drugs nor saline changed the peak-to-peak amplitude of cortical field responses
prior to tetanization (between −10 and 0 min). Saline control rats exhibited about a 20%
increase in peak-to-peak amplitude of cortically evoked responses after application of the
tetanizing stimulation, which was maintained throughout the recording period, indicating
LTP induction (intragroup statistics, * p < 0.05, ** p < 0.01, two-way ANOVA followed by
Bonferroni multiple comparisons test). Intraperitoneal administration of 10 mg/kg MDMA
nearly tripled the potentiating effect of the tetanizing train (implying an increase in LTP), as
the peak-to-peak amplitude of cortically evoked responses increased by approximately 60%
10 min after the MDMA injection, an effect that was maintained throughout the recording
session (intragroup statistics, # p < 0.05, ## p < 0.01, ### p < 0.001, two-way ANOVA followed
by Bonferroni multiple comparisons test).

Injection of either 1 or 10 mg/kg 2-Br-4,5-MDMA also led to an increased potentiating
effect of the stimulating train, in a dose-independent manner (Figure 3B). Figure 3C shows
the overall effect of MDMA, 2-Br-4,5-MDMA, or saline in prefrontal cortex LTP induced by
the potentiating train, as evaluated by the area under curves of Figure 2B. Both MDMA
and 2-Br-4,5-MDMA (but not saline) similarly increased the potentiating effect of the
tetanizing stimulation upon amplitude of prefrontal cortex evoked responses (intergroup
statistics, * p < 0.05, ** p < 0.01, one-way ANOVA followed by Newman Keuls multiple
comparisons test).
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Figure 3. (A) Representative recording of the average of 12 successive basal responses (BR) and
12 successive potentiated responses (PR) evoked in the prefrontal cortex of a saline-treated control
rat by contralateral stimulation of the corpus callosum at 0.1 Hz; upward deflection potential is
negative. Calibration bars are shown. (B) Time course of the effects of either 10 mg/kg MDMA, 1
or 10 mg/kg 2-Br-4,5-MDMA, or saline, on cortical-evoked field potentials. Drugs or saline were
administered i.p. 1 h before tetanization. Ordinates: change in peak-to-peak amplitude of cortical
responses (percentage of three previous baseline averaged values, recorded between −10 and 0 min),
after application of a single tetanizing train of electrical pulses (arrow), with intensity 50% higher
than that of testing stimuli. Each point is the mean ± SEM; 30 responses were averaged per rat.
Two-way ANOVA was used to examine neuroplastic changes in cortical-evoked field potentials, i.e.,
LTP induction. Intragroup statistical analysis allowed us to test the ability of tetanizing stimulation
to develop LTP in each group, by comparing all values obtained after tetanization to the first control
value recorded at min −10; hash (#) sign indicates statistical significance (F(9, 200) = 22.58; # p < 0.05,
## p < 0.01, ### p < 0.001, Dunnett’s multiple comparisons post hoc test). Values are means ± SEM;
n = 6 rats per group. (C) Global effect of either 10 mg/kg MDMA, 1 or 10 mg/kg 2-Br-4,5-MDMA,
or saline on prefrontal cortex LTP, evaluated through quantification of area under corresponding
time-course curves. Intergroup analysis allowed us to compare the effects of drugs and saline; asterisk
(*) sign indicates statistical significance (F(3, 20) = 6.171; * p < 0.05, ** p < 0.01, Newman Keuls multiple
comparisons post hoc test,). Values are means ± SEM; n = 6 rats per group.

3. Discussion

In the present work, we assessed visuospatial learning and prefrontal cortex LTP,
in vivo, in separate experiments carried out in rats inoculated with intraperitoneal 2-Br-4,5-
MDMA, and compared the results against those found under MDMA. The results showed
that 2-Br-4,5-MDMA completely prevented the ability of MDMA to impair visuospatial
learning while maintaining the capacity of the molecule to increase prefrontal cortex
LTP. These results agree with our previous findings regarding the influence of aromatic
bromination of the MDMA template, as 2-Br-4,5-MDMA lacks almost all MDMA effects
in vivo, highlighting the relevance of this structural modification in the alteration of the
pharmacological profile of MDMA [14].

As previously mentioned, early experimental evidence has shown that administration
of repeated subtoxic doses of MDMA reduces visuospatial learning in rodents [16–18,25].
Eventually, this effect may be induced through mechanisms including 5-HT depletion
in the frontal cortex and amygdala [26], as well as the neurotoxic loss of brain 5-HT2
receptors [27]. In addition, MDMA may exert disruptive effects over LTP [28], while other
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data suggest that in vitro hippocampal LTP might be increased or diminished depending on
the drug administration method (acute or chronic) [16,29,30]. A polysynaptic mechanism
has been proposed to explain these differences, which includes dopaminergic D1/D5 and
serotonergic 5-HT2 receptors [31]. As far as we are aware, no further explanations for these
controversial data have been published, and a comprehensive description of the short-term
and/or long-term effects of MDMA on higher cognitive functions remains incomplete.
Nevertheless, it seems plausible to speculate about the possibility that an alteration in 5-HT
availability may be a key factor sustaining the occurrence of learning performance. In
this regard, despite of the fact that the mechanism of action of 2-Br-4,5-MDMA remains
unknown, a substantial difference regarding the mode of action compared to MDMA should
be expected; whereas MDMA acts as a substrate of SERT, 2-Br-4,5-MDMA seems to be able
to bind to SERT in a way similar to antidepressants, such as citalopram [14]. Consequently,
their differential effects on 5-HT availability might remain differential when extrapolated
to memory performance, as aromatic bromination at C(2) abolishes the detrimental effects
of MDMA, after chronic administration, in the Olton maze. Moreover, the presence of a
bromine seems to even improve behavioral performance, at least after the first inoculations,
and preserve a control-like performance for long term memory. Further research is required
to extend these results in the non-toxic dose rank already known for MDMA.

Transcallosal evoked LTP in the frontal cortex is mediated by the release of glutamate
from callosal axons, which acts on AMPA, NMDA, and metabotropic receptors of synapses
located mainly in the dendritic spines of pyramidal cells [22,32–34]. Despite that, our record-
ings in the prefrontal cortex reflect homosynaptic plasticity (LTP in this case), meaning that
the glutamatergic synapses tested for the LTP process are the same as those addressed by
the tetanic stimulation protocol; cortical LTP is known to be regulated through different
receptors for monoamine neurotransmitters coming from sites of the brain other than the
one tetanically stimulated. This means that the MDMA-mediated increase of prefrontal
cortex LTP found in the present study should be interpreted as generated by an increase in
the levels of any of the neurotransmitters addressed by MDMA, namely serotonin, oxytocin,
dopamine, and noradrenaline, as all these neurotransmitters can upregulate LTP in the
cerebral cortex upon 5-HT1A and 5-HT2A [35], OXT [36], D1 [37], and β2 [38] receptor
activation, respectively. This issue complicates the interpretation of the results because
(i) there are no clear data suggesting a particular role for each of the possible receptor
subtypes involved in memory processing in this cortical region, (ii) similar argumentation
may apply for the prefrontal cortex LTP process, (iii) MDMA and 2-Br-4,5-MDMA were
administered chronically during the learning paradigm, but only one time as a single dose
short before electrophysiology, and (iv) the learning paradigm involved conscious animals,
while the electrophysiological study was performed in anesthetized rats. Finally, short-term
visuospatial learning is also strongly influenced by plasticity mechanisms operating in
hippocampal neurons, which were not addressed in the present study.

As mentioned earlier, previous findings in rat behavioral models of spontaneous
psychomotor activity showed that 2-Br-4,5-MDMA may disrupt the classical effects of
MDMA on spontaneous locomotion, consistently restoring control values [14]. In contrast,
the results of the present study indicate that both MDMA and 2-Br-4,5-MDMA equally
increase LTP in the prefrontal cortex, implying that C(2) bromination does not affect their
ability to induce neuroplastic effects in that cortical area. This dissociation between the
neuroplastic effects associated with cognition (in the prefrontal cortex) and the behavioral
effects associated with locomotion (presumably exerted at the level of the gait pattern
generator in the spinal cord) implies that this structural modification of MDMA differ-
entially affects the ability of this molecule to exert effects on brain regions involved in
such functions. This means that at least two different mechanisms of action of MDMA
would coexist, one sensitive, and the other insensitive, to bromination. Future studies of
the binding of MDMA and 2-Br-4,5-MDMA to monoamine transporters may shed light on
the molecular mechanisms underlying these effects.
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4. Materials and Methods
4.1. Animals

The experimental protocols and animal management followed the NIH Guide for the
Care and Use of Laboratory Animals [39] and were approved by the Institutional Ethics
Committee of the University of Santiago de Chile (protocol 193/2020). Young, healthy male
Sprague Dawley rats (180–220 g body weight) were purchased from the rearing facility
of the Pontifical Catholic University of Chile and separated in shelter boxes in groups of
3–4 animals in a temperature-controlled vivarium under an inverted 12:12 h light–dark
cycle (lights off from 0800 to 2000 h), with free access to standard rodent pellet diet and
tap water.

4.2. Visuospatial Memory Performance

To separate groups of rats for the study (8 rats per group), animals were selected
by a double-blind procedure and given i.p. injections of 10 mg/kg MDMA, 1 mg/kg or
10 mg/kg 2-Br-4,5-MDMA, or saline. Visuospatial memory was evaluated by employing
an eight-arm radial Olton maze (from Noldus, Wageningen, the Netherlands), utilized as
an Olton 4 × 4 maze according to methodology described elsewhere [40]. It consisted of
eight equally spaced plexiglass arms of standard size extending from a central octagonal
hub. The maze was placed on the floor level of a room with white walls. During the
adaptation sessions, all arms of the maze were baited with rice puffs. Spatial cues external
to the maze were provided by the experimenter themself, together with figures of different
forms and tones fixed around the maze; the position of these figures and the position of
the experimenter never changed during the 12 days of maze testing in each group of rats.
To test animals in this maze, food motivation is required. Food motivation was induced
by keeping animals on a restricted diet (8 g/day/rat) until a 10% body weight deficit was
obtained (which took about 1 week). Thereafter, each animal was submitted to a 3-day
adaptation period, which consisted of placing the rat in the center of the maze to explore
and run to the end of the arms and consume the bait. The animals were then submitted to
the visuospatial memory test (one assay daily, 12 days of testing). In each daily assay, at
10:00 h, 4 h after lights off and 30 min before beginning memory testing, rats received a
single i.p. dose (1 mL/kg body weight) of either 10 mg/kg MDMA (n = 8 rats) or 10 mg/kg
or 1 mg/kg 2-Br-4,5-MDMA (n = 8 rats) dissolved in saline, or saline alone (n = 8 rats). In
the Olton 4 × 4 maze, each daily assay consisted of a training phase and a test phase. In the
training phase, the eight arms of the maze were loaded with the bait, but four arms were
blocked. The arms to be blocked were selected at random, the arrangement of blocked arms
remaining constant throughout the 12 days of testing. The rats were required to enter the
four unblocked arms and retrieve the bait in a period of no more than 5 min. During the
subsequent test phase of each daily trial, the four blocked arms containing food were open.
Rats were allowed a maximum of 5 min to retrieve the bait during the test phase. Errors
were scored as entries into non baited arms during the test phase, and further subdivided
into two error subtypes: (i) entry to an arm that had been entered (and the bait eaten)
previously during the training phase (across-phase error) was scored as a reference memory
error, this being a measure of long-term memory; (ii) re-entry into an arm from which the
bait had already been retrieved during the test phase (within-phase error) was scored as a
working memory error, this being a measure of short-term memory.

4.3. Determination of Prefrontal Cortex LTP

Experiments were carried out in three groups of six rats each, which were given
i.p. injections of 10 mg/kg MDMA, 10 mg/kg or 1 mg/kg 2-Br-4,5-MDMA, or saline.
Rats were weighed, anesthetized with 1.5 g/kg i.p. urethane, and placed in a stereotaxic
apparatus; adequate ventilation was maintained by means of a respirator pump. LTP was
induced in the rat prefrontal cortex according to a method reported elsewhere [23,24,41].
For this purpose, field cortical responses evoked by electrical stimulation of the corpus
callosum (CC) were recorded by means of an electrode placed on the cortical surface (active
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electrode) in reference to another electrode located on the excised muscles over the frontal
bone (reference electrode). Reinforcement of anesthesia during the experiments was not
necessary, since surgical procedures and recordings lasted no longer than 2.5 h, and, in
our experience, 1.5 g/kg i.p. urethane induces profound anesthesia lasting more than
4 h. Animals never regained consciousness and no changes in heart rate in response to
stimulation were detected throughout the experiments.

After partial exposure of the frontal lobe of both cerebral hemispheres (two sym-
metrical holes of 2 mm diameter, each bilaterally drilled in the frontal bone), electrical
stimulation of the CC was carried out by means of a bipolar electrode that penetrated
through the right frontal cortex at the de Groot coordinates A = 6.8 mm, L = 2.0 mm,
according to the atlas of Pellegrino and Cushman [42]. The stimulating electrode consisted
of two side-by-side glued 50 µm diameter insulated tungsten wires with a 0.5 mm tip
separation; one tip of the electrode was located over the CC and the other tip penetrated the
CC until the de Groot coordinate V = 2.5 mm, with respect to the cortical surface. Cortical
evoked responses were recorded from the left frontal cortex with a 20 µm tip diameter
tungsten semi-microelectrode inserted 0.5 mm depth into the contralateral prefrontal cortex
at similar surface de Groot coordinates to those utilized for transcortical stimulation of
the CC. Test stimuli consisted of 100 µs duration square-wave pulses generated by means
of a Grass S11 stimulator in conjunction with a Grass SIU-5 stimulus isolation unit and
a Grass CCU 1A constant current unit (all Grass equipment from Astro-Med Inc., West
Warwick, RI, USA). Before beginning each experiment, a full input–output series was per-
formed at a stimulus intensity of 300–1100 µA, and test stimuli with a stimulation intensity
yielding responses with peak-to-peak amplitude of 50% of the maximum were used for
the remainder of the experiment. After a 30 min stabilization period, a 10 min control
period of 30 averaged basal responses was recorded. Thereafter, a tetanizing stimulus
consisting of a single train of 100 µs duration square-wave pulses at 312 Hz and 500 ms
duration, with intensity 50% higher than the test stimuli, was applied. Recordings were
amplified by a Grass P-511 preamplifier (0.8–1000 Hz bandwidth), displayed on a Philips
PM 3365A digital oscilloscope, digitized at a rate of 10,000/s by an A/D converter inter-
faced to a computer, and stored for retrieval and off-line analysis. In all experiments body
temperature and expired CO2 were monitored and remained within normal limits. Basal
responses evoked in the rat cerebral cortex by contralateral stimulation of the CC begin
with an early downward surface positive deflection (P), followed by a late upward surface
negative wave (N). P–N latency and P–N peak-to-peak amplitude were measured using
time and voltage cursors provided in the digital oscilloscope. Slope was determined as the
amplitude/time ratio on the nearest sample to the 10% and the 90% level between cursors
set on peaks P and N. The efficacy of the tetanizing train to potentiate cortical evoked
responses was evaluated by measuring both the peak-to-peak amplitude and the maximal
slope increase. The amplitudes were used for analyses of the experiments, according to
a procedure reported elsewhere [43]. Either 10 mg/kg MDMA, 1 or 10 mg/kg 2-Br-4,5-
MDMA, or saline were injected i.p. 1 h before tetanization, and changes (in percentage) of
the peak-to-peak amplitude were plotted as time-course curves. To appreciate the overall
effect of 2Br-4,5-MDMA and MDMA over the total period of LTP testing (1 h), the area
under the curves (AUC) was determined as the integral from 0 to 60 min after tetanization
using Origin 6.0 software (Microcal Software, Inc., Northampton, MA, USA) and plotted as
a bar graph. At the end of the electrophysiological experiments, the animals were sacrificed
with an overdose of urethane.

4.4. Statistical Analysis

Time course experiments (memory errors in the radial maze, LTP development, and
maintenance in the prefrontal cortex) were analyzed by two-way ANOVA followed by
a post hoc test for multiple comparisons. For intragroup statistical analysis of data, the
Dunnett’s post hoc test was used to compare post-drug data against pre-drug baseline. For
intergroup statistical analysis of data, the Bonferroni’s post hoc test was used to compare
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groups across different treatments. A 95% confidence interval was chosen for statistical
significance. All analyses were performed using the software GraphPad Prism version 8.1.

5. Conclusions

Taken together, the results obtained in the present work support the notion that the
modulatory effects induced by aromatic bromination at C(2) over the effects of MDMA
may be extended to higher cognitive functions, such as visuospatial memory. These effects
seem to be unrelated to alterations in the occurrence of LTP, at least in the prefrontal cortex.
The latter indicates that 2-Br-4,5-MDMA might possess a safer pharmacological profile
compared to a typical entactogen such as MDMA.
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5. Szafoni, S.; Więckiewicz, G.; Pudlo, R.; Gorczyca, P.; Piegza, M. Will MDMA-assisted psychotherapy become a breakthrough in
treatment-resistant post-traumatic stress disorder? A critical narrative review. Psychiatr. Pol. 2022, 56, 823–836. [CrossRef]

6. Bouso, J.C.; Doblin, R.; Farré, M.; Alcázar, M.A.; Gómez-Jarabo, G. MDMA-assisted psychotherapy using low doses in a small
sample of women with chronic posttraumatic stress disorder. J. Psychoactive Drugs 2008, 40, 225–236. [CrossRef]

7. Danforth, A.L.; Struble, C.M.; Yazar-Klosinski, B.; Grob, C.S. MDMA-assisted therapy: A new treatment model for social anxiety
in autistic adults. Prog. Neuropsychopharmacol. Biol. Psychiatry 2016, 64, 237–249. [CrossRef]

8. Sessa, B. Why MDMA therapy for alcohol use disorder? And why now? Neuropharmacology 2018, 142, 83–88. [CrossRef]
9. Sáez-Briones, P.; Hernández, A. MDMA (3,4-Methylenedioxymethamphetamine) Analogues as Tools to Characterize MDMA-Like

Effects: An Approach to Understand Entactogen Pharmacology. Curr. Neuropharmacol. 2013, 11, 521–534. [CrossRef]
10. Sitte, H.H.; Freissmuth, M. The reverse operation of Na+/Cl−-coupled neurotransmitter transporters–why amphetamines take

two to tango. J. Neurochem. 2010, 112, 340–355. [CrossRef]
11. Shulgin, A.; Shulgin, A. Pihkal: A Chemical History; Transform Press: Berkeley, CA, USA, 1991; pp. 1–978, ISBN o-9630096-0-5.
12. Oeri, H.E. Beyond ecstasy: Alternative entactogens to 3,4-methylenedioxymethamphetamine with potential applications in

psychotherapy. J. Psychopharmacol. 2021, 35, 512–536. [CrossRef]
13. Hardegger, L.A.; Kuhn, B.; Spinnler, B.; Anselm, L.; Ecabert, R.; Stihle, M.; Gsell, B.; Thoma, R.; Diez, J.; Benz, J.; et al. Systematic

investigation of halogen bonding in protein-ligand interactions. Angew. Chem. Int. Ed. Engl. 2011, 50, 314–318. [CrossRef]

http://doi.org/10.3389/fpsyt.2022.863088
http://www.ncbi.nlm.nih.gov/pubmed/35401275
http://doi.org/10.1177/0269881110378371
http://www.ncbi.nlm.nih.gov/pubmed/20643699
http://doi.org/10.1177/0269881112456611
http://www.ncbi.nlm.nih.gov/pubmed/23172889
http://doi.org/10.1016/j.pnpbp.2018.03.003
http://doi.org/10.12740/PP/OnlineFirst/133919
http://doi.org/10.1080/02791072.2008.10400637
http://doi.org/10.1016/j.pnpbp.2015.03.011
http://doi.org/10.1016/j.neuropharm.2017.11.004
http://doi.org/10.2174/1570159X11311050007
http://doi.org/10.1111/j.1471-4159.2009.06474.x
http://doi.org/10.1177/0269881120920420
http://doi.org/10.1002/anie.201006781


Int. J. Mol. Sci. 2023, 24, 3724 10 of 11

14. Sáez-Briones, P.; Castro-Castillo, V.; Díaz-Véliz, G.; Valladares, L.; Barra, R.; Hernández, A.; Cassels, B.K. Aromatic Bromination
Abolishes the Psychomotor Features and Pro-social Responses of MDMA (“Ecstasy”) in Rats and Preserves Affinity for the
Serotonin Transporter (SERT). Front. Pharmacol. 2019, 10, 157. [CrossRef]

15. Ghaderi, M.; Rezayof, A.; Vousooghi, N.; Zarrindast, M.R. Dorsal hippocampal NMDA receptors mediate the interactive effects
of arachidonylcyclopropylamide and MDMA/ecstasy on memory retrieval in rats. Prog. Neuropsychopharmacol. Biol. Psychiatry
2016, 66, 41–47. [CrossRef] [PubMed]

16. Arias-Cavieres, A.; Rozas, C.; Reyes-Parada, M.; Barrera, N.; Pancetti, F.; Loyola, S.; Lorca, R.A.; Zeise, M.L.; Morales, B. MDMA
(“ecstasy”) impairs learning in the Morris Water Maze and reduces hippocampal LTP in young rats. Neurosci. Lett. 2010, 469,
375–379. [CrossRef] [PubMed]

17. Taghizadeh, G.; Mehdizadeh, H.; Lavasani, H.; Hosseinzadeh Ardakani, Y.; Foroumadi, A.; Halvaei Khankahdani, Z.;
Moshtagh, A.; Pourahmad, J.; Sharifzadeh, M.; Rouini, M.R. Dose concentration and spatial memory and brain mitochondrial
function association after 3,4-methylenedioxymethamphetamine (MDMA) administration in rats. Arch. Toxicol. 2020, 94, 911–925.
[CrossRef] [PubMed]

18. Eslami, S.M.; Khorshidi, L.; Ghasemi, M.; Rashidian, A.; Mirghazanfari, M.; Nezhadi, A.; Chamanara, M.; Mirjani, R. Protective
effects of atorvastatin and rosuvastatin on 3,4-methylenedioxymethamphetamine (MDMA)-induced spatial learning and memory
impairment. Inflammopharmacology 2021, 29, 1807–1818. [CrossRef]

19. Pantoni, M.M.; Anagnostaras, S.G. Cognitive Effects of MDMA in Laboratory Animals: A Systematic Review Focusing on Dose.
Pharmacol. Rev. 2019, 71, 413–449. [CrossRef]

20. Blumenfeld, R.S.; Ranganath, C. The lateral prefrontal cortex and human long-term memory. Handb. Clin. Neurol. 2019, 163,
221–235. [CrossRef]

21. Chapman, C.A.; Trepel, C.; Ivanco, T.L.; Froc, D.J.; Wilson, K.; Racine, R.J. Changes in field potentials and membrane currents in
rat sensorimotor cortex following repeated tetanization of the corpus callosum in vivo. Cereb. Cortex 1998, 8, 730–742. [CrossRef]

22. Trepel, C.; Racine, R.J. Long-term potentiation in the neocortex of the adult, freely moving rat. Cereb. Cortex 1998, 8, 719–729.
[CrossRef]

23. Barra, R.; Soto-Moyano, R.; Valladares, L.; Morgan, C.; Pérez, H.; Burgos, H.; Olivares, R.; Sáez-Briones, P.; Laurido, C.;
Hernández, A. Knockdown of α2C-adrenoceptors in the occipital cortex rescued long-term potentiation in hidden prenatally
malnourished rats. Neurobiol. Learn. Mem. 2012, 98, 228–234. [CrossRef]

24. Sáez-Briones, P.; Soto-Moyano, R.; Burgos, H.; Castillo, A.; Valladares, L.; Morgan, C.; Pérez, H.; Barra, R.; Constandil, L.;
Laurido, C.; et al. β2-adrenoceptor stimulation restores frontal cortex plasticity and improves visuospatial performance in
hidden-prenatally-malnourished young-adult rats. Neurobiol. Learn. Mem. 2015, 119, 1–9. [CrossRef] [PubMed]

25. Kay, C.; Harper, D.N.; Hunt, M. Differential effects of MDMA and scopolamine on working versus reference memory in the radial
arm maze task. Neurobiol. Learn Mem. 2010, 93, 151–156. [CrossRef] [PubMed]

26. McNamara, M.G.; Kelly, J.P.; Leonard, B.E. Some behavioural and neurochemical aspects of subacute ±3,4-methylenedioxymetham-
phetamine administration in rats. Pharmacol. Biochem. Behav. 1995, 52, 479–484. [CrossRef]

27. Rodsiri, R.; Spicer, C.; Green, A.R.; Marsden, C.A.; Fone, K.C. Acute concomitant effects of MDMA binge dosing on extracellular
5-HT, locomotion and body temperature and the long-term effect on novel object discrimination in rats. Psychopharmacology 2011,
213, 365–376. [CrossRef]

28. Sajadi, A.; Amiri, I.; Gharebaghi, A.; Komaki, A.; Asadbegi, M.; Shahidi, S.; Mehdizadeh, M.; Soleimani Asl, S. Treadmill exercise
alters ecstasy- induced long- term potentiation disruption in the hippocampus of male rats. Metab. Brain Dis. 2017, 32, 1603–1607.
[CrossRef] [PubMed]

29. Morini, R.; Mlinar, B.; Baccini, G.; Corradetti, R. Enhanced hippocampal long-term potentiation following repeated MDMA
treatment in Dark-Agouti rats. Eur. Neuropsychopharmacol. 2011, 21, 80–91. [CrossRef]

30. Mlinar, B.; Stocca, G.; Corradetti, R. Endogenous serotonin facilitates hippocampal long-term potentiation at CA3/CA1 synapses.
J. Neural. Transm. 2015, 122, 177–185. [CrossRef]

31. Rozas, C.; Loyola, S.; Ugarte, G.; Zeise, M.L.; Reyes-Parada, M.; Pancetti, F.; Rojas, P.; Morales, B. Acutely applied MDMA
enhances long-term potentiation in rat hippocampus involving D1/D5 and 5-HT2 receptors through a polysynaptic mechanism.
Eur. Neuropsychopharmacol. 2012, 22, 584–595. [CrossRef]

32. Wilson, D.A.; Racine, R.J. The postnatal development of post-activation potentiation in the rat neocortex. Brain Res. 1983, 283,
271–276. [CrossRef] [PubMed]

33. Conti, F.; Manzoni, T. The neurotransmitters and postsynaptic actions of callosally projecting neurons. Behav. Brain Res. 1994, 64,
37–53. [CrossRef]

34. Eckert, M.J.; Racine, R.J. Metabotropic glutamate receptors contribute to neocortical synaptic plasticity in vivo. Neuroreport 2004,
15, 2685–2689. [CrossRef]

35. Andrade, R. Serotonergic regulation of neuronal excitability in the prefrontal cortex. Neuropharmacology 2011, 61, 382–386.
[CrossRef] [PubMed]

36. Joushi, S.; Esmaeilpour, K.; Masoumi-Ardakani, Y.; Esmaeili-Mahani, S.; Sheibani, V. Intranasal oxytocin administration facilitates
the induction of long-term potentiation and promotes cognitive performance of maternally separated rats. Psychoneuroendocrinol-
ogy 2021, 123, 105044. [CrossRef]

http://doi.org/10.3389/fphar.2019.00157
http://doi.org/10.1016/j.pnpbp.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26612394
http://doi.org/10.1016/j.neulet.2009.12.031
http://www.ncbi.nlm.nih.gov/pubmed/20026184
http://doi.org/10.1007/s00204-020-02673-x
http://www.ncbi.nlm.nih.gov/pubmed/32067070
http://doi.org/10.1007/s10787-021-00891-y
http://doi.org/10.1124/pr.118.017087
http://doi.org/10.1016/B978-0-12-804281-6.00012-4
http://doi.org/10.1093/cercor/8.8.730
http://doi.org/10.1093/cercor/8.8.719
http://doi.org/10.1016/j.nlm.2012.07.006
http://doi.org/10.1016/j.nlm.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25464009
http://doi.org/10.1016/j.nlm.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19766200
http://doi.org/10.1016/0091-3057(95)00206-C
http://doi.org/10.1007/s00213-010-1921-9
http://doi.org/10.1007/s11011-017-0046-9
http://www.ncbi.nlm.nih.gov/pubmed/28612273
http://doi.org/10.1016/j.euroneuro.2010.07.007
http://doi.org/10.1007/s00702-014-1246-7
http://doi.org/10.1016/j.euroneuro.2011.11.010
http://doi.org/10.1016/0165-3806(83)90183-9
http://www.ncbi.nlm.nih.gov/pubmed/6303519
http://doi.org/10.1016/0166-4328(94)90117-1
http://doi.org/10.1097/00001756-200412030-00027
http://doi.org/10.1016/j.neuropharm.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21251917
http://doi.org/10.1016/j.psyneuen.2020.105044


Int. J. Mol. Sci. 2023, 24, 3724 11 of 11

37. Chen, G.; Greengard, P.; Yan, Z. Potentiation of NMDA receptor currents by dopamine D1 receptors in prefrontal cortex. Proc.
Natl. Acad. Sci. USA 2004, 101, 2596–2600. [CrossRef]

38. Zhou, H.C.; Sun, Y.Y.; Cai, W.; He, X.T.; Yi, F.; Li, B.M.; Zhang, X.H. Activation of β2-adrenoceptor enhances synaptic potentiation
and behavioral memory via cAMP-PKA signaling in the medial prefrontal cortex of rats. Learn. Mem. 2013, 20, 274–284. [CrossRef]

39. National Research Council. Guide for the Care and Use of Laboratory Animals, 8th ed.; The National Academies Press: Washington,
DC, USA, 2011; pp. 1–120. ISBN 978-0-309-38629-6.

40. Burgos, H.; Castillo, A.; Flores, O.; Puentes, G.; Morgan, C.; Gatica, A.; Cofré, C.; Hernández, A.; Laurido, C.; Constandil, L. Effect
of modafinil on learning performance and neocortical long-term potentiation in rats. Brain Res. Bull. 2010, 83, 238–244. [CrossRef]

41. Flores, O.; Pérez, H.; Valladares, L.; Morgan, C.; Gatica, A.; Burgos, H.; Olivares, R.; Hernández, A. Hidden prenatal malnutrition
in the rat: Role of β1-adrenoceptors on synaptic plasticity in the frontal cortex. J. Neurochem. 2011, 119, 314–323. [CrossRef]

42. Pellegrino, L.J.; Cushman, A.J. A Stereotaxic Atlas of the Rat Brain; Appleton-Century Crofts: New York, NY, USA, 1967;
ISBN 0306500639.

43. Soto-Moyano, R.; Valladares, L.; Sierralta, W.; Pérez, H.; Mondaca, M.; Fernández, V.; Burgos, H.; Hernández, A. Mild prenatal
protein malnutrition increases alpha2C-adrenoceptor density in the cerebral cortex during postnatal life and impairs neocortical
long-term potentiation and visuo-spatial performance in rats. J. Neurochem. 2005, 93, 1099–1109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1073/pnas.0308618100
http://doi.org/10.1101/lm.030411.113
http://doi.org/10.1016/j.brainresbull.2010.08.010
http://doi.org/10.1111/j.1471-4159.2011.07429.x
http://doi.org/10.1111/j.1471-4159.2005.03094.x

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Animals 
	Visuospatial Memory Performance 
	Determination of Prefrontal Cortex LTP 
	Statistical Analysis 

	Conclusions 
	References

