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3,4-dichloromethylphenidate (3,4-CTMP) and ethylphenidate are new psychoactive

substances and analogs of the attention deficit medication methylphenidate. Both drugs

have been reported on online user fora to induce effects similar to cocaine. In the

UK, 3,4-CTMP appeared on the drug market in 2013 and ethylphenidate has been

sold since 2010. We aimed to explore the neurochemical effects of these drugs on

brain dopamine and noradrenaline efflux. 3,4-CTMP and ethylphenidate, purchased from

online vendors, were analyzed using gas chromatography and mass spectroscopy to

confirm their identity. Drugs were then tested in adolescent male rat brain slices of

the nucleus accumbens and stria terminalis for effects on dopamine and noradrenaline

efflux respectively. Fast cyclic voltammetry was used to measure transmitter release.

Methylphenidate (10µM) increased evoked dopamine and noradrenaline efflux by

4- and 2-fold, respectively. 3,4-CTMP (0.1 and 1µM) increased evoked dopamine

and noradrenaline efflux by ∼6-fold and 2-fold, respectively. Ethylphenidate (1µM)

doubled evoked dopamine and noradrenaline efflux in both cases. 3,4-CTMP’s effect

on dopamine efflux was greater than that of methylphenidate, but ethylphenidate

appears to be a weaker dopamine transporter inhibitor. Experiments using the dopamine

D2 antagonist haloperidol, the noradrenaline α2 receptor antagonist yohimbine, the

dopamine transporter inhibitor GBR12909 and the noradrenaline transporter inhibitor

desipramine confirmed that we were measuring dopamine in the accumbens and

noradrenaline in the ventral BNST. All three psychostimulant drugs, through their effects

on dopamine efflux, may have addictive liability although the effect of 3,4-CTMP on

dopamine suggests that it might be most addictive and ethylphenidate least addictive.
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INTRODUCTION

Concern has arisen over the past few years about “legal highs” or
new psychoactive substances (NPS). Some of these NPS produce
similar effects to cocaine, amphetamine, or MDMA (Ecstasy)
and have changed the landscape of the UK drug scene by
offering drug users the opportunity to use drugs without the
risk of prosecution. The most prominent NPS is mephedrone,
which was banned in the UK in 2010. The number of legal
highs being sold on the Internet is increasing year-on-year.
Deluca et al. (1) carried out a European-wide web-mapping
project to quickly identify NPS use in Europe. By monitoring
drug fora and websites, which provide information on legal
highs between the drug communities, the authors uncovered
414 substances/products. The number of NPS discovered is now
thought to be closer to 1000 (EMCDDA).

Many of these NPS have been associated with emergency
room visits (2–4) and drug related deaths (5), it is therefore
important to learn about the pharmacology of these substances,
for which very little is known. We have recently identified 2 NPS
from samples obtained from London dance club amnesty bins
or samples purchased on the internet and examined these drugs,
3,4-CTMP and ethylphenidate, using neurochemical assays. 3,4-
CTMP is an NPS that became available for purchase on the
Internet in January 2013. Ethylphenidate is an NPS that has been
sold since 2010. Both drugs are closely related to the attention
deficit medication methylphenidate (Ritalin R©; Figure 1).

Drugs such as cocaine, amphetamine, and MDMA increase
dopamine concentration in the rodent nucleus accumbens (6,
7) making the accumbens an ideal location to investigate the
addictive liability of NPS. Imaging studies of the human brain
have also shown that increased dopamine levels in the striatum
as a result of drug use are associated with the euphoric effects of
drugs (8). The nucleus accumbens and bed nucleus of the stria
terminalis are both part of the extended amygdala (9), which is
thought to integrate brain arousal-stress systems with hedonic
processing systems. Stress induced reinstatement of some drugs
of abuse in animal models appear to be partly dependent on the
activation of noradrenaline in the BNST (10, 11). The ventral
BNST is highly innervated by noradrenergic neurons and has
very few dopamine or 5-HT terminals (12–14). This means
measured transmitter release from the ventral BNST is directly
attributable to noradrenaline. The ventral BNST is therefore ideal
for studying drug effects on the noradrenergic system ((15–19)).

Here we examined 3,4-CTMP and ethylphenidate on
dopamine and noradrenaline efflux in rat brain slices. We
examined dopamine efflux as this would help us determined the
likely abuse liability of these drugs. We examined noradrenaline
efflux, as a drug that increases noradrenaline levels will likely be
a vasoconstrictor and cause hypertension (20). Thus, these data
also give us some idea of the possible cardiotoxicity of the drug.

METHODS

The two NPS were found in samples from dance club amnesty
bins in London (October—December 2012) and also from
subsequent test purchases from internet sites. They were

FIGURE 1 | Comparison of structures of 3,4-CTMP, ethylphenidate, and

methylphenidate. The chemical structures of 3,4-CTMP (Top) and

ethylphenidate (Middle) are shown, along with that of methylphenidate

(Bottom). Their close structural relationship may be seen.

shown to be pure samples using gas chromatography with
mass spectroscopy (GCMS) and nuclear magnetic resonance
spectroscopy (NMR, data not shown). 3,4-CTMP was found
in one amnesty bin sample while ethylphenidate was found in
27 samples often in combination with other active compounds.
Three samples of each drug were purchased from different
websites and all were found to be essentially pure.

Animals and Dissection
Brain slices used in all experiments were obtained from 8 week
old male Wistar rats (Charles River Laboratories). Animals
were housed 4 per cage, kept on a 12/12-h light/dark cycle
and had food and water available ad libitum. Rats were killed
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FIGURE 2 | Voltammetric technique and voltammograms for exogenous and

endogenous amines. (A) The applied voltage to the carbon electrode (0 to −1

to +1.4 to −1 and back to 0V at 480 V/s which takes 20ms). (B) The

charging current at the electrode in the absence (thick line) and presence (thin

line) of 5µM dopamine; note the dopamine oxidation peak (ox; 0.6 V) where

dopamine releases 2 electrons, creating a Faradaic current. Note also the

reduction peak (red; −0.2 V) where dopamine-o-quinone is reduced back to

dopamine, using 2 electrons. If one subtracts the signal in the presence of

dopamine from the signal in the absence of dopamine one is left with a

voltammogram (C). Voltammograms are also shown for 5µM noradrenaline

(D), stimulated dopamine in the accumbens (E), and stimulated noradrenaline

in the BNST (F). The voltammogram from the apparent ethylphenidate (30µM)

evoked increase in basal accumbens dopamine (see Figure 3C) is shown in

(G), but the voltammogram from the calibration of the electrode in 30µM

ethylphenidate (see Figure 3D) reveals that this drug is electroactive (H). In

each case the oxidation peak is clearly seen. Note that we often get small

non-biological artifacts when the voltage changes direction. Neither

methylphenidate nor 3,4-CTMP were found to be electroactive (data not

shown).

by cervical dislocation, without anesthesia, as anesthetics are
known to affect neurotransmitter levels, particularly monoamine
neurotransmitters. Schedule 1 euthanasia procedures were done
in accordance with the relevant regulations under the UK
Animals (Scientific Procedures) Act 1986.

FIGURE 3 | Raw data from brain slice experiments. In (A,B), after 3 baseline

electrical stimulations (upward arrows), the drug is added (downward arrow)

for 60min while stimulations continue every 5min. In the lower traces (C,D)

there are no electrical stimulations. (A) Shows evoked dopamine efflux in the

nucleus accumbens (NAc) after application of 1µM ethylphenidate (EPH), note

the increase in electrically evoked dopamine. (B) Application of EPH (10µM) in

the bed nucleus of the stria terminalis (BNST), note the increase in stimulated

noradrenaline efflux and the apparent increase in background levels of

transmitter 10min after drug application. (C) Application of 30µM EPH (black

bar = 10min) in the NAc appeared to increase basal dopamine levels (there is

no electrical stimulation in this trace), but on testing 30µM EPH at the carbon

electrode in a calibration it was found that this drug is electroactive (D),

although not nearly as electroactive as dopamine or noradrenaline.

The brain was cut to ∼+3 and −5mm vs. bregma, which
left a block including the nucleus accumbens and bed nucleus
of the stria terminalis (BNST; (21)). Ice-cold aCSF was applied
to the brain throughout the dissection. The posterior surface of
the brain slice was glued to the chuck of a vibratome (Campden
Instruments, Loughborough, UK). The brain and chuck were
submerged in ice-cold aCSF and 400µm coronal slices were
taken to include the nucleus accumbens and BNST, ∼+2.2 to
−0.3 vs. bregma. Sections were then transferred to a slice saver
and suspended on a plastic mesh in aCSF at room temperature,
while continually bubbled with 95%O2/5%CO2.

Chemicals and aCSF
Salts, glucose, haloperidol, yohimbine, GBR12909, and
desipramine were bought from Sigma Aldrich (UK).
Concentrations used were based on previous studies (15, 16).
Artificial cerebrospinal fluid (aCSF) was prepared daily. The
composition of aCSF was: (mM): NaCl (126.0), KCl (2.0),
KH2PO4 (1.4), MgSO4 (2.0), NaHCO3 (26.0), CaCl2 (2.4),
(+)glucose (10.0), bubbled continually with 95% O2/5% CO2.
3,4-dichloromethylphenidate (3,4-CTMP) and ethylphenidate
were initially dissolved in deionized water to 10mM, then diluted
with aCSF.
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FIGURE 4 | Electrically evoked dopamine and noradrenaline: raw data. Each

trace shows the increase in amine level after electrical stimulation (arrow) and

its subsequent reuptake in the absence (left) and presence (right) of the three

psychostimulant drugs. (A) Baseline stimulation in accumbens and (B)

stimulation after 60min of 10µM 3,4-CTMP. (C) Baseline evoked efflux in the

BNST and (D) after 60min of 10µM 3,4-CTMP. (E) Baseline evoked efflux in

the accumbens and (F) after 60min of 10µM ethylphenidate, (G) baseline

evoked efflux in the BNST and (H) after 60min of 10µM ethylphenidate. (I)

Baseline evoked efflux in the accumbens and (J) after 60min of 10µM

methylphenidate, (K) baseline evoked efflux in the BNST and (L) after 60min

of 10µM methylphenidate. All traces are scaled such that the bars denoting

concentration and time are accurate for each trace. The 2 traces in each pair

(A and B; C and D; E and F; G and H; I and J; K and L) were taken from the

same brain slice.

Fast Cyclic Voltammetry
Fast cyclic voltammetry (FCV) is an electrochemical technique
that takes advantage of the electroactive properties of the
monoamine neurotransmitters. It can be used to quantitatively
measure neurotransmitter concentrations, and how these
concentrations differ in the presence of drugs, in real-time
(22). A triangular voltage waveform is applied to a carbon
fiber microelectrode (Figure 4A), which oxidizes dopamine
and noradrenaline at ∼600mV. Calibrations of electrodes in
a known concentration of dopamine or noradrenaline allow

the recorded Faradaic current to be converted into the relevant
neurotransmitter concentration (Figure 4).

Using a Millar Voltammetric Analyser (PD Systems, West
Molesey, UK) we sampled dopamine or noradrenaline levels
at 8Hz. Changes in the sampled signal were captured using
a CED1401 micro3 analog-to-digital converter (Cambridge
Electronic Design (CED), UK), displayed using Spike2 v7.1 data
capturing software.

Electrical Stimulation Protocol
Bipolar tungsten electrodes, with their tips 400µm apart,
were used to locally stimulate either the core of the nucleus
accumbens or the ventral BNST (immediately below the anterior
commissure). In most experiments pseudo-one pulse stimulation
was used to avoid the activation of autoreceptors (23), which
occurs ∼500ms after striatal dopamine release (24, 25). A
train of 10 × 1ms 10mA pulses at 100Hz was applied every
5min using a Neurolog NL800 stimulus isolator (Warner
Instruments, Hamden, CT, USA) under computer control (Spike,
CED). In experiments examining antagonists we used longer
stimulation trains (10 pulses at 10Hz, 900ms train duration).
Longer stimulation trains are useful in examining autoreceptor
antagonists as described above. In the ventral BNST it has been
found that stimulation frequencies of 10 or 20Hz were best to see
autoreceptor antagonist effects (16).

Experimental Protocol
To begin an experiment, slices were transferred from the slice
saver to a laminar flow recording chamber that was supplied
with aCSF via gravity feed, at a rate of 100 ml/h. Slices were
left to equilibrate in the recording chamber for 30min before
starting stimulation of the slice, and the tips of both stimulating
and recording electrodes were placed in the appropriate location
in the brain to record monoamine release in eitherthe nucleus
accumbens or ventral BNST. Recording took place from the
beginning of this 30min period as large spontaneous release
events of dopamine can occur, which is indicative of poor slice
health (26), and on such occasions (5–10%) the experiments were
terminated.

Carbon Fiber Microelectrodes
Carbon fiber microelectrodes were constructed by inserting a
single carbon fiber (Goodfellow Cambridge Ltd, UK), 7µm
in diameter, into a 10 cm long borosilicate glass capillary
tube. The capillary tube was then pulled using an electrode
puller (P-30, Sutter instruments Co, USA) and the exposed
carbon fiber was cut to ∼70µm under a microscope using a
scalpel. Microelectrodes were backfilled with a saline solution
before a length of copper wire was inserted into the end
so it could be connected to the head-stage. A Ag/AgCl
reference electrode and a steel wire auxiliary electrode were
also connected to the head-stage and positioned within the
recording chamber fluid, well away from the slice. Carbon
fiber electrodes were calibrated using 5 or 10µM dopamine
or noradrenaline in aCSF. We also tested 3,4-CTMP and
ethylphenidate in calibrations, to determine whether they
would contribute to our signals (Figures 3C,D). Some drugs
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FIGURE 5 | Effect of methylphenidate, 3,4-CTMP and ethylphenidate in the nucleus accumbens (NAc) and bed nucleus of the stria terminalis (BNST) slice. After 3

baseline electrical stimulations (10 pulses at 100Hz) methylphenidate, 3,4-CTMP or ethylphenidate (EPH) was added at a single concentration (arrow). The drug was

left on for 60min and stimulations continued at 5min intervals. (A) Effect of 3,4-CTMP in the accumbens. (B) Effect of ethylphenidate in the accumbens. (C) Effect of

methylphenidate in the accumbens (D) Comparison of methylphenidate, 3,4-CTMP and ethylphenidate in the accumbens using a two-way ANOVA. Asterisks denote

difference between drugs, (E) Effect of 3,4-CTMP in the BNST. (F) Effect of ethylphenidate in the BNST. (G) Effect of methylphenidate in the BNST. (H) Comparison of

methylphenidate, 3,4-CTMP and ethylphenidate in the BNST using a two-way ANOVA; there was no significant difference between the three drugs, but there was a

significant effect of drug concentrations as denoted by the cross (+). Values are means ± SEM, n = 3–8. *p < 0.05, **p < 0.005, +p < 0.05, ++p < 0.005.

are electroactive themselves and/or can foul electrodes ((27);
Figure 4).

Data Acquisition and Analysis
The current at the carbon electrode was sampled at 50,000Hz
by the computer and stored on one channel using Spike7.
Another channel recorded changes at the dopamine or
noradrenaline oxidation potential (600mV). Peak height
of transmitter efflux was calculated. An exponential curve
was also fitted to the reuptake phase of the signal after
each stimulation, using Spike7. This calculated the time-
constants for the exponential decay phase of transmitter
reuptake. The time-constant has been shown to be an

appropriate method to accurately measure monoamine reuptake
(28).

Dopamine or noradrenaline efflux was electrically evoked
every 5min and peak height was measured. Aggregate reuptake
data are not shown as on some occasions, especially in the BNST
and most often when drugs were present, the transmitter signal
did not fall to basal levels in an exponential fashion, making
modeling of reuptake difficult. In addition, it has been shown
that peak height correlates well with reuptake effects (28) and
so we only show peak height effects here. Baseline (before drug
application) reuptake time-constants are given in the results
section (Baseline Efflux Data). Once three steady baseline efflux
events had been obtained, the drug was added for 60min. See
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FIGURE 6 | Characterization of amine released in the BNST and NAc. The

dopamine D2 receptor antagonist, haloperidol (1µM) increased electrically

evoked amine efflux in the accumbens (A) but not the BNST. Similarly, the

noradrenergic α2 receptor antagonist, yohimbine (1µM), increased amine

efflux in the BNST (B) but not the accumbens. The selective dopamine

transporter inhibitor GBR12909 (200 nM) increased amine efflux in the

accumbens (C) but not the BNST while the selective noradrenaline transporter

inhibitor desipramine (50 nM) increased amine levels in the BNST (D) but not

the accumbens. Taken together these data suggest that the amine we are

measuring in the accumbens is dopamine, while that in the ventral BNST is

noradrenaline. Values are means SEM taken at peak drug effect. Data were

analyzed by one-way ANOVA. ***p < 0.001 vs. control; **p < 0.01 vs. control;

*p < 0.05 vs. control. CON, control; HALD, haloperidol; YOH, yohimbine;

GBR, GBR12909; DMI, desipramine. N = 2–8.

Figures 3A,B for example experiments. Data was converted to a
percentage of mean baseline data for statistical analysis.

Statistical analysis of differences between the two drugs
on evoked transmitter release was carried out using two-
way ANOVA with Tukey’s post-hoc multiple comparisons
test (drug X concentration). The data using antagonists or
GBR12909/desipramine were analyzed by one-way AONOVA.
For all analysis we used the peak effect of the drugs at each
concentration. Data is presented as mean± standard error of the
mean (SEM), with a significance level set at p < 0.05.

RESULTS

Baseline Efflux Data
We used local electrical stimulation to evoke both dopamine and
noradrenaline efflux in the accumbens and BNST respectively.
Baseline (non-drug) dopamine efflux had a peak height of 419 ±
50 nM with decay phase time-constant of 1.23 ± 0.08 s (n = 66).
Baseline noradrenaline efflux had a peak height of 169 ± 19 nM
with decay phase time-constant of 1.84 ± 0.16 s (n = 43). See
Figure 2 for example efflux events.

Effect of Methylphenidate, 3,4-CTMP, and
Ethylphenidate on Amine Efflux in the
Accumbens
Using a two-way ANOVA we compared the effects of
methylphenidate, 3.4-CTMP and ethylphenidate on electrically
evoked dopamine efflux in the accumbens (Figures 5A–D).
There was a main effect of drug [F(2, 62) = 38.929, p < 0.001]
a main effect of drug concentration [F(3, 62) = 43.756, P <

0.001] and a drug X concentration interaction [F(6, 62) = 8.67,
p < 0.01]. Within the methylphenidate treated slices both 1
and 10µM caused a significant increase in dopamine efflux (p
< 0.05). Within the 3,4-CTMP treated slices, 100 nM caused
an increase in evoked dopamine levels vs. controls (p < 0.05)
while both 1 and 10µM 3,4-CTMP increased evoked dopamine
levels vs. both control and 100 nM (p < 0.05). Ethylphenidate
did not significantly increase evoked dopamine levels at any
concentration (all p > 0.1).

3,4-CTMP increased dopamine levels to a greater extent than
both methylphenidate and ethylphenidate at 100 nM (p < 0.05
vs. both), 1µM (p < 0.001 vs. both), and 10µM (p < 0.001
vs. ethylphenidate and p < 0.05 vs. methylphenidate) while
methylphenidate increased dopamine levels to a greater extent
than ethylphenidate at 10µM (p < 0.001).

Effect of Methylphenidate, 3,4-CTMP, and
Ethylphenidate on Amine Efflux in the
BNST
Using a two-way ANOVA we compared the effects of
methylphenidate, 3.4-CTMP and ethylphenidate on electrically
evoked noradrenaline efflux in the BNST (Figures 5E–H). There
was no main effect of drug [F(2, 54) = 0.0781, p = 0.925] and no
drug X concentration interaction [F(6, 54) = 0.926, p= 0.486] but
there was a main effect of drug concentration [F(3, 54) = 13.933,
P < 0.001, 10µM (p < 0.001), 1µM (p < 0.001), and 0.1µM (p
< 0.05)] all increased evoked noradrenaline efflux vs. controls.

Characterization of Amine Efflux in
Accumbens and BNST
Using a one-way ANOVA we compared the effects of haloperidol
and yohimbine in the accumbens and BNST. In the accumbens
there was a significant effect of drug [F(2, 18) = 10.598, p < 0.001;
Figure 6A]. Tukey’s test revealed that amine efflux was greater in
the accumbens after haloperidol vs. control (p < 0.001) and was
nearly greater after haloperidol vs. yohimbine (p= 0.056). There
was no significant effect of yohimbine vs. control (p= 0.659).

In the BNST there was also a significant effect of drug [F(2, 9) =
12.477, p < 0.005; Figure 6B]. Yohimbine increased amine efflux
vs. haloperidol (p < 0.05) and control (p < 0.01). There was no
significant difference in the effect of haloperidol vs. control (p =
0.999).

Again using a one-way ANOVA we tested the effects of
GBR12909 and desipramine on amine efflux in the accumbens
and BNST. In the accumbens there was a significant effect of
drug [F(2, 12) = 20.073, p < 0.001; Figure 6C]. Tukey’s test
revealed that GBR12909 had a significant effect on amine efflux
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vs. control (p < 0.001) and desipramine (p < 0.005). There was
no significant effect of desipramine vs. control (p= 876).

In the BNST there was also a significant effect of drug
[F(2, 13) = 6.26, p < 0.005; Figure 6D]. Tukey’s test showed that
desipramine had a greater effect on amine efflux vs. control (p <

0.05) and GBR12909 (p < 0.05). There was no effect on amine
efflux of GBR12909 vs. control (p= 0.813).

DISCUSSION

The majority of drugs of abuse increase dopamine efflux in
the nucleus accumbens (6) by either directly acting on the
dopaminergic terminals or indirectly at the ventral tegmental
area. Both of the NPS studied here are structurally related
to methylphenidate (Ritalin), a treatment for attention deficit
hyperactivity disorder (ADHD). Methylphenidate increases
dopamine levels by blocking the dopamine transporter (DAT)
(29). This potential for abuse has been exploited by legal
high vendors, with methylphenidate’s analogs 3,4-CTMP and
ethylphenidate being offered for sale on many websites.

There is a paucity of published research surrounding 3,4-
CTMP, which was developed and tested in the 1990’s as a
potential treatment for cocaine abuse (30). It was suggested
that some methylphenidate analogs could be used as a potential
substitution therapy in the treatment of cocaine abuse, but
3,4-CTMP did not fall into this category. We have found
3,4-CTMP to dose-dependently increases electrically evoked
dopamine release; 1 and 10µM increased stimulated efflux ∼6-
fold. The most likely mechanism of action, through which
3,4-CTMP increases dopamine efflux, is by DAT inhibition.
Methylphenidate has been shown to partially block the DAT
(29), and a study using rotating disk electrode voltammetry
in rat striatal suspensions proposed that halogenation of the
aromatic ring of methylphenidate with chlorine increases a
compounds affinity to the DAT (31). In the case of 3,4-
CTMP, this halogenation has occurred twice (at the 3′ and 4′

positions).
Previous work from this lab has examined the effects of

cocaine on accumbens dopamine efflux (32, 33). The present data
suggest that 3,4-CTMP is slightly more potent than cocaine at
increasing peak dopamine efflux in the rat accumbens slice. The
potential increased potency of 3,4-CTMP vs. cocaine is supported
by the findings of Deutsch et al. (30),who carried out ligand
binding studies in rat striatal preparations to determine 3,4-
CTMP’s ability to inhibit [3H]WIN 35,428, a DAT inhibitor, as
well as to look at the uptake of [3H]dopamine into rat striatal
synaptosomes. They found that 3,4-CTMP was eight times more
potent than methylphenidate at inhibiting WIN,35428 binding.
Drug discrimination studies also suggest that 3,4-CTMP is
much more potent than methylphenidate (34). We have found
3,4-CTMP to increase dopamine levels more potently than
methylphenidate (Figure 5D).

We also found 3,4-CTMP to increase electrically evoked
noradrenaline efflux, with 10µMresulting in an∼2-fold increase
in the BNST. We have been unable to find any published data
relating to the effect of 3,4-CTMP on noradrenaline levels,

but methylphenidate does block the noradrenaline transporter
(NET; (35)). Our data suggest that 3,4-CTMP may be have
abuse liability, and that its effects are “cocaine-like” rather than
“amphetamine-like,” as it increases stimulated dopamine release,
but not basal (unstimulated) dopamine levels (36). Similarly,
we found no evidence for methylphenidate or ethylphendiate to
cause reverse transport of dopamine (data not shown).

There is a lack of published research on the effects of
ethylphenidate on monoamine release. Ethylphenidate was first
identified in two overdose victims who had co-administered large
quantities of methylphenidate and ethanol (37), which resulted
in the formation of the previously unknown metabolite of these
two substances, ethylphenidate. The formation of ethylphenidate,
in rat liver preparations incubated with methylphenidate and
ethanol, showed a carboxylase- dependant trans-esterification
process (38) that is thought to be analogous to the formation of
cocaethylene; the metabolite produced with co- administration
of cocaine and ethanol (39). The augmented effects of co-
administration of methylphenidate and ethanol on mouse
locomotion and brain levels of ethylphenidate have been
examined (40, 41). Co-administration of these drugs has also
been tested in humans where ethylphenidate was shown to be
produced along with increased subjective highs (42).

Internet drug fora have provided some useful information
on the effects of ethylphenidate, with some reports suggesting
that it produces a less jittery, more euphoric high than
methylphenidate1,2. Additionally, multiple user reports confirm
euphoria associated with ethylphenidate, as well as less locomotor
stimulation, increased music appreciation and abstract thinking.

We found ethylphenidate to increases electrically evoked
dopamine efflux by ∼2-fold. The likely mechanism of
action is by blocking the DAT; the same mechanism of
action as methylphenidate (43). In previous ligand binding
studies, ethylphenidate has been shown to bind to the
dopamine transporter with ∼50% less binding potency than
methylphenidate (29). Ethylphenidate also increased locomotor
activity in mice by 20% less than methylphenidate (44, 45). Taken
together these studies suggest that ethylphenidate is not as potent
as methylphenidate at increasing dopamine levels, consistent
with the present study (Figure 5D).

CONCLUSION

This study explored the neurochemical profile of the NPS
methylphenidate analogs 3,4-CTMP and ethylphenidate as well
as the parent compound methylphenidate. 3,4-CTMP was more
potent than methylphenidate, increasing dopamine release ∼6-
fold, presumably caused by blockade of the DAT. Ethylphenidate
has a weaker effect, modestly increasing stimulated dopamine
release by ∼2-fold. All 3 drugs increased noradrenaline efflux
∼2-fold. At the concentrations tested, no drug increased
basal levels of dopamine or noradrenaline, that is, they did

1Drugs Forum – legal high user blog. Available online at: http://www.drugs-forum.

com/forum/showthread.php?t=137752 (Accessed July, 16 2013)
2Drugs Forum: Ethylphenidate. Available at: http://www.drugs-forum.com/

forum/showthread.php?t=134578&page=2 (Accessed June, 05 2013)
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not cause reverse transport as one might expect with an
amphetamine-like drug. The effects of each drug on dopamine
indicate that they have the potential to be addictive, especially
3,4-CTMP.

ETHICS STATEMENT

This work was approved by the ethics committee at St
George’s University of London. Because only in vitro work
was carried out and animals were killed by schedule 1
methods, no UK Home Office License was needed. Thus this
work was done in accordance with the UK animal scientific
procedures act.

AUTHOR CONTRIBUTIONS

CD conceived of the work, undertook some experiments, did
the statistics and wrote most of the manuscript. CR and VB
undertook most of the experiments and helped analyse data. JR
helped write the manuscript and conceived some of the work and
analysed the NPS structures using mass spec.

ACKNOWLEDGMENTS

This study was funded by the European Commission
Drug prevention and Information Program 2014-16,
JUST/2013/DPIP/AG/4823, EU MADNESS project.

REFERENCES

1. Deluca P, Davey Z, Corazza O, Di Furia L, Farre M, Flesland LH, et al.

Identifying emerging trends in recreational drug use; outcomes from the

Psychonaut Web Mapping Project. Prog Neuropsychopharmacol Biol Psychol.

(2012) 39:221–6. doi: 10.1016/j.pnpbp.2012.07.011

2. Corkery JM, Elliott S, Schifano F, Corazza O, Ghodse AH. 2-DPMP

(desoxypipradrol, 2-benzhydrylpiperidine, 2-phenylmethylpiperidine)

and D2PM (diphenyl-2-pyrrolidin-2-yl-methanol, diphenylprolinol): a

preliminary review. Prog Neuropsychopharmacol Biol Psychiatry (2012)

39:253–8. doi: 10.1016/j.pnpbp.2012.05.021

3. Corkery JM, Elliott S, Schifano F, Corazza O, Ghodse AH.

MDAI (5,6- methylenedioxy-2-aminoindane; 6,7-dihydro-5H-

cyclopenta[f][1,3]benzodioxol-6- amine; “sparkle”; “mindy”) toxicity: a

brief overview and update. Hum Psychopharmacol. (2013) 28:345–55.

doi: 10.1002/hup.2298

4. Davidson C, Opacka-Juffry J, Arevalo-Martin A, Garcia-Ovejero D, Molina-

Holgado E, Molina-Holgado F. Spicing up pharmacology: a review of

synthetic cannabinoids from structure to adverse events. Adv Pharmacol.

(2017).80:135–68. doi: 10.1016/bs.apha.2017.05.001

5. Schifano F, Corkery J, Ghodse AH. Suspected and confirmed fatalities

associated with mephedrone (4-methylmethcathinone, “meow meow”)

in the United Kingdom. J Clin Psychopharmacol. (2012) 32:710–4.

doi: 10.1097/JCP.0b013e318266c70c

6. DiChiara G, Imperato A. Drugs abused by humans preferentially increase

synaptic dopamine concentrations in the mesolimbic system of freely moving

rats. Proc Nat Acad Sci USA. (1988) 85:5274–8.

7. Baumann MH, Ayestas MAJr, Partilla JS, Sink JR, Shulgin AT, Daley

PF, et al. The designer methcathinone analogs, mephedrone and

methylone, are substrates for monoamine transporters in brain tissue.

Neuropsychopharmacology (2012) 37:1192–203. doi: 10.1038/npp.

2011.304

8. Volkow ND, Wang GJ, Fowler JS, Gatley SJ, Ding YS, Logan J. Relationship

between psychostimulant-induced “high” and dopamine transporter

occupancy. Proc Natl Acad Sci USA. (1996) 93:10388–92.

9. Heimer L, Alheid G. Piecing together the puzzle of basal forebrain anatomy.

In: Napier TC, Kalivas PW, Hanin I, editors. The Basal Forebrain: Anatomy

to Function: Advances in Experimental Medicine and Biology. Vol. 295. New

York, NY: Plenum Press (1991). p. 1–42.

10. Shalev U, Grimm JW, Shaham Y. Neurobiology of relapse to heroin

and cocaine seeking: a review. Pharmacol Rev. (2002) 54:1–42.

doi: 10.1124/pr.54.1.1

11. Stamatakis AM, Sparta DR, Jennings JH, McElligott ZA, Decot H,

Stuber GD. Amygdala and bed nucleus of the stria terminalis circuitry:

implications for addiction-related behaviors. Neuropharmacology (2014)

76:320–8. doi: 10.1016/j.neuropharm.2013.05.046

12. Brownstein M, Saavedra JM, Palkovits M. Norepinephrine and

dopamine in the limbic system of the rat. Brain Res. (1974) 79:451–6.

doi: 10.1016/0006-8993(74)90440-5

13. Saavedra JM, Brownstein M, Palkovits M. Serotonin distribution

in the limbic system of the rat. Brain Res. (1974) 79:437–41.

doi: 10.1016/0006-8993(74)90441-7

14. Woulfe JM, Fluerfelt BA, Hrycyshyn AW. Efferent connections of

the A1 noradrenergic cell group: a DBH immunohistocheical and

PHA-L anterograde tracing study. Exp Neurol. (1990) 109:308–22.

doi: 10.1016/S0014-4886(05)80022-6

15. Palij P, Stamford JA. Real-time monitoring of endogenous noradrenaline

release in rat brain slices using fast cyclic voltammetry: 1. Characterisation

of evoked noradrenaline efflux and uptake from nerve terminals in the bed

nucleus of stria terminalis, pars ventralis. Brain Res. (1992) 587:137–46.

doi: 10.1016/0006-8993(92)91438-K

16. Palij P, Stamford JA. Real-time monitoring of endogenous noradrenaline

release in rat brain slices using fast cyclic voltammetry: 2. Operational

characteristics of α2 autoreceptor in the bed nucleus of stria terminalis, pars

ventralis. Brain Res. (1993) 607:134–40. doi: 10.1016/0006-8993(93)91498-H

17. Howell LL, Kimmel HL. Monoamine transporters and

psychostimulant addiction. Biochem Pharmacol. (2008) 75:196–217.

doi: 10.1016/j.bcp.2007.08.003

18. Herr NR, Park J, McElligott ZA, Belle AM, Carelli RM,Wightman RM. In vivo

voltammetry monitoring of electrically evoked extracellular norepinephrine

in subregions of the bed nucleus of the stria terminalis. J Neurophysiol. (2011)

107:1731–7. doi: 10.1152/jn.00620.2011

19. Jorm CM, Stamford JA. Early age-dependent changes in noradrenaline efflux

in the bed nucleus of stria terminalis: voltammetric data in rat brain slices.

Neurobiol Aging (1993) 14:499–501. doi: 10.1016/0197-4580(93)90108-N

20. Tella SR, Schindler CW, Goldberg SR. Cocaine: cardiovascular effects in

relation to inhibition of peripheral neuronal monoamine uptake and central

stimulation of the sympathoadrenal system. J Pharmacol Exp Ther. (1993)

267:153–62.

21. Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. 5th edn.

Amsterdam: Elsevier Academic Press (2005).

22. Michael DJ, Wightman RM. Electrochemical monitoring of biogenic amine

neurotransmission in real time. J. Pharmaceut Biomed Anal. (1999) 19:33–46.

doi: 10.1016/S0731-7085(98)00145-9

23. Singer EA. Transmitter release from brain slices elicited by a single pulse: a

powerful method to study presynaptic mechanisms. Trends Pharmacol Sci.

(1988) 9:274–6. doi: 10.1016/0165-6147(88)90004-1

24. Lee TH, Gee KR, Davidson C, Ellinwood EH. Direct, real-time assessment

of dopamine release autoinhibition in the rat caudate–putamen. Neuroscience

(2002) 112:647–54. doi: 10.1016/S0306-4522(02)00102-1

25. Phillips PEM, Hancock PJ, Stamford JA. Time window of autoreceptor-

mediated inhibition of limbic and striatal dopamine release. Synapse (2002)

44:15–22. doi: 10.1002/syn.10049

26. Davidson C, Chauchan N, Knight S, Gibson CL, Young AMJ.

Modelling ischaemia in vitro: effects of temperature and glucose

concentration on dopamine release evoked by oxygen and glucose

depletion in a mouse brain slice. J Neurosci Methods (2011) 202:165–72.

doi: 10.1016/j.jneumeth.2011.05.019

Frontiers in Psychiatry | www.frontiersin.org 8 May 2018 | Volume 9 | Article 149

https://doi.org/10.1016/j.pnpbp.2012.07.011
https://doi.org/10.1016/j.pnpbp.2012.05.021
https://doi.org/10.1002/hup.2298
https://doi.org/10.1016/bs.apha.2017.05.001
https://doi.org/10.1097/JCP.0b013e318266c70c
https://doi.org/10.1038/npp.2011.304
https://doi.org/10.1124/pr.54.1.1
https://doi.org/10.1016/j.neuropharm.2013.05.046
https://doi.org/10.1016/0006-8993(74)90440-5
https://doi.org/10.1016/0006-8993(74)90441-7
https://doi.org/10.1016/S0014-4886(05)80022-6
https://doi.org/10.1016/0006-8993(92)91438-K
https://doi.org/10.1016/0006-8993(93)91498-H
https://doi.org/10.1016/j.bcp.2007.08.003
https://doi.org/10.1152/jn.00620.2011
https://doi.org/10.1016/0197-4580(93)90108-N
https://doi.org/10.1016/S0731-7085(98)00145-9
https://doi.org/10.1016/0165-6147(88)90004-1
https://doi.org/10.1016/S0306-4522(02)00102-1
https://doi.org/10.1002/syn.10049
https://doi.org/10.1016/j.jneumeth.2011.05.019
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Davidson et al. Methylphenidate Analog Legal Highs

27. Davidson C, Ellinwood EH, Douglas SB, Lee TH. Effect of cocaine,

nomifensine, GBR 12909 and WIN 35428 on carbon fiber microelectrode

sensitivity for voltammetric recording of dopamine. J Neurosci Methods

(2000) 101:75–83. doi: 10.1016/S0165-0270(00)00264-8

28. Yorgason JT, España RA, Jones SR. Demon voltammetry and analysis

software: analysis of cocaine-induced alterations in dopamine signaling

using multiple kinetic measures. J Neurosci Methods (2011) 202:158–64.

doi: 10.1016/j.jneumeth.2011.03.001

29. Schweri MM, Skolnick P, Rafferty MF, Rice KC, Janowsky AJ, Paul

SM. [3H]Threo-(+/–)-methylphenidate binding to 3,4-di- hydroxyphenyl

ethylamine uptake sites in corpus striatum: correlation with the stimulant

properties of ritalinic acid esters. J Neurochem. (1985) 45:1062–70.

doi: 10.1111/j.1471-4159.1985.tb05524.x

30. Deutsch HM, Shi Q, Gruszecka-Kowalik E, Schweri MM. Synthesis

and pharmacology of potential cocaine antagonists. 2. Structure-activity

relationship studies of aromatic ring-substituted methylphenidate analogs. J

Med Chem. (1996) 39:1201–9. doi: 10.1021/jm950697c

31. Wayment HK, Deutsch H, Schweri MM, Schenk JO. Effects of

methylphenidate analogues on phenethylamine substrates for the striatal

dopamine transporter: potential as amphetamine antagonists? J Neurochem.

(1999) 72:1266–74. doi: 10.1046/j.1471-4159.1999.0721266.x

32. Davidson C, Ramsey J. Desoxypipradrol is more potent than cocaine on

evoked dopamine efflux in the nucleus accumbens. J Psychopharmacol. (2011)

26:1036–41. doi: 10.1177/0269881111430733

33. Opacka-Juffry J, Pinnell T, Patel N, Bevan M, Meintel M, Davidson C.

Stimulant mechanisms of cathinones - Effects of mephedrone and other

cathinones on basal and electrically evoked dopamine efflux in rat accumbens

brain slices. Prog Neuropsychopharmacol Biol Psychiatry (2014) 54:122–30.

doi: 10.1016/j.pnpbp.2014.04.009

34. Schweri MM, Deutsch HM, Massey AT, Holtzman SG. Biochemical and

behavioral characterization of novel methylphenidate analogs. J Pharmacol

Exp Ther. (2002) 301:527–35. doi: 10.1124/jpet.301.2.527

35. Easton N, Steward C, Marshall F, Fone K, Marsden C. Effects of amphetamine

isomers, methylphenidate and atomoxetine on synaptosomal and synaptic

vesicle accumulation and release of dopamine and noradrenaline

in vitro in the rat brain. Neuropharmacology (2007) 52:405–14.

doi: 10.1016/j.neuropharm.2006.07.035

36. Sulzer D, Sonders MS, Poulsen NW, Galli A. Mechanisms of neurotransmitter

release by amphetamines: a review. Prog Neurobiol. (2005) 75:406–33.

doi: 10.1016/j.pneurobio.2005.04.003

37. Markowitz JS, Logan BK, Diamond F, Patrick KS. Detection of the

novel metabolite ethylphenidate after methylphenidate overdose

with alcohol coingestion. J Clin Psychopharmacol. (1999) 19:362–6.

doi: 10.1097/00004714-199908000-00013

38. Bourland JA, Martin DK, Mayersohn M. Carboxylesterase-mediated

transesterification of meperidine (Demerol) and methylphenidate (Ritalin)

in the presence of [2H6]ethanol: preliminary in vitro findings using a

rat liver preparation. J Pharmaceut Sci. (1997) 8:1494–6. doi: 10.1021/js

970072x

39. Jatlow P, Elsworth JD, Bradberry CW, Winger G, Taylor JR, Russell R,

et al. Cocaethylene: a neuropharmacologically active metabolite associated

with concurrent cocaine-ethanol ingestion. Life Sci. (1991) 48:1787–94.

doi: 10.1016/0024-3205(91)90217-Y

40. Bell GH, Griffin WCIII, Patrick KS. Oral and transdermal DL-

methylphenidate-ethanol interactions in C57BL/6J mice: potentiation of

locomotor activity with oral delivery. Pharmacol Biochem Behav. (2011)

100:264–70. doi: 10.1016/j.pbb.2011.08.026

41. Griffin WCIII, Noval AJ, Middaugh LD, Patrick KS. The interactive

effects of methylphenidate and ethanol on ethanol consumption and

locomotor activity in mice. Pharmacol Biochem Behav. (2013) 95:267–72.

doi: 10.1016/j.pbb.2010.01.009

42. Patrick KS, Straughn AB, Reeves OTIII, Bernstein H, Bell GH, Anderson

ER, et al. Differential influences of ethanol on early exposure to racemic

methylphenidate compared with dexmethylphenidate in humans.DrugMetab

Disp. (2013) 41:197–205. doi: 10.1124/dmd.112.048595

43. Kuczenski R, Segal DS. J Neurochem. (1997) 68:2032–47.

44. Portoghese PS, Malspeis L. Relative hydrolytic rates of certain alkyl (b)

dl- alpha-(2-piperidyl)-phenylacetates. J Pharmaceut Sci. (1961) 50:494–501.

doi: 10.1002/jps.2600500611

45. Williard RL, Middaugh LD, Zhu HJ, Patrick KS. Methylphenidate and

its ethanol transesterification metabolite ethylphenidate: brain disposition,

monoamine transporters and motor activity. Behav Pharmacol. (2007) 18:39–

51. doi: 10.1097/FBP.0b013e3280143226

Conflict of Interest Statement: JR was employed by company TICTAC

Communications Ltd.

The other authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2018 Davidson, Raby, Barrese and Ramsey. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 9 May 2018 | Volume 9 | Article 149

https://doi.org/10.1016/S0165-0270(00)00264-8
https://doi.org/10.1016/j.jneumeth.2011.03.001
https://doi.org/10.1111/j.1471-4159.1985.tb05524.x
https://doi.org/10.1021/jm950697c
https://doi.org/10.1046/j.1471-4159.1999.0721266.x
https://doi.org/10.1177/0269881111430733
https://doi.org/10.1016/j.pnpbp.2014.04.009
https://doi.org/10.1124/jpet.301.2.527
https://doi.org/10.1016/j.neuropharm.2006.07.035
https://doi.org/10.1016/j.pneurobio.2005.04.003
https://doi.org/10.1097/00004714-199908000-00013
https://doi.org/10.1021/js970072x
https://doi.org/10.1016/0024-3205(91)90217-Y
https://doi.org/10.1016/j.pbb.2011.08.026
https://doi.org/10.1016/j.pbb.2010.01.009
https://doi.org/10.1124/dmd.112.048595
https://doi.org/10.1002/jps.2600500611
https://doi.org/10.1097/FBP.0b013e3280143226
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	In Vitro Neurochemical Assessment of Methylphenidate and Its ``Legal High'' Analogs 3,4-CTMP and Ethylphenidate in Rat Nucleus Accumbens and Bed Nucleus of the Stria Terminalis
	Introduction
	Methods
	Animals and Dissection
	Chemicals and aCSF
	Fast Cyclic Voltammetry
	Electrical Stimulation Protocol
	Experimental Protocol
	Carbon Fiber Microelectrodes
	Data Acquisition and Analysis

	Results
	Baseline Efflux Data
	Effect of Methylphenidate, 3,4-CTMP, and Ethylphenidate on Amine Efflux in the Accumbens
	Effect of Methylphenidate, 3,4-CTMP, and Ethylphenidate on Amine Efflux in the BNST
	Characterization of Amine Efflux in Accumbens and BNST

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


