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Recreational users report that mephedrone has similar psychoactive effects to 3,4-methylenedioxymethamphetamine (MDMA).
MDMA induces well-characterized changes in body temperature due to complex monoaminergic effects on central
thermoregulation, peripheral blood flow and thermogenesis, but there are little preclinical data on the acute effects of

mephedrone or other synthetic cathinones.

EXPERIMENTAL APPROACH

The acute effects of cathinone, methcathinone and mephedrone on rectal and tail temperature were examined in individually
housed rats, with MDMA included for comparison. Rats were killed 2 h post-injection and brain regions were collected for
quantification of 5-HT, dopamine and major metabolites. Further studies examined the impact of selected o-adrenoceptor and
dopamine receptor antagonists on mephedrone-induced changes in rectal temperature and plasma catecholamines.

KEY RESULTS

At normal room temperature, MDMA caused sustained decreases in rectal and tail temperature. Mephedrone caused a
transient decrease in rectal temperature, which was enhanced by o4-adrenoceptor and dopamine D; receptor blockade, and a
prolonged decrease in tail temperature. Cathinone and methcathinone caused sustained increases in rectal temperature.
MDMA decreased 5-HT and/or 5-hydroxyindoleacetic acid (5-HIAA) content in several brain regions and reduced striatal
homovanillic acid (HVA) levels, whereas cathinone and methcathinone increased striatal HVA and 5-HIAA. Cathinone elevated
striatal and hypothalamic 5-HT. Mephedrone elevated plasma noradrenaline levels, an effect prevented by o-adrenoceptor

and dopamine receptor antagonists.

CONCLUSIONS AND IMPLICATIONS

MDMA and cathinones have different effects on thermoregulation, and their acute effects on brain monoamines also differ.
These findings suggest that the adverse effects of cathinones in humans cannot be extrapolated from previous observations

on MDMA.
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Abbreviations
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5-HIAA, 5-hydroxyindoleacetic acid; HPLC-ED, HPLC with electrochemical detection; HVA, homovanillic acid; MDMA,

3,4-methylenedioxymethamphetamine

Introduction

Cathinone, the -keto analogue of amphetamine, is the main
psychoactive ingredient in the leaves of the Khat shrub
(Catha edulis) which are chewed daily by over 20 million
people in the Arabian Peninsula and East Africa, and by up to
80% of Somali immigrants in the UK (Feyissa and Kelly,
2008). Although synthetic cathinone does not appear to be
used recreationally, a range of synthetic cathinone derivatives
have gained popularity in recent years (McElrath and O’Neill,
2011; Schifano et al., 2011). While methcathinone has some
history of recreational use in the former Soviet Union during
the 1970s and in the USA during the 1990s (Emerson and
Cisek, 1993), the recreational use of 4-methylmethcathinone
(mephedrone) was largely unheard of prior to 2007 when the
extensive internet marketing of this compound as a ‘legal
high’ began. This period was accompanied by decreased avail-
ability and purity of alternative illicit drugs, which is believed
to have stimulated the rapid increase in mephedrone use
(McElrath and O’Neill, 2011; Winstock et al., 2011a). Indeed,
it was estimated that, by 2009, mephedrone had become one
of the most common recreational drugs in UK, at least among
individuals associated with the dance music scene (Winstock
etal., 2011a). Despite the recent classification of synthetic
cathinones as controlled substances in many European coun-
tries (EMCDDA, 2011), there is evidence that mephedrone
remains widely available for illicit use and is still the drug of
choice among certain populations (Wood et al., 2012).
Recreational mephedrone users report that the drug
causes general stimulation, elevated mood, euphoria, en-
hanced music appreciation, decreased hostility, increased
sociability and talkativeness, feelings of closeness and mild
sexual stimulation (EMCDDA, 2011; Schifano et al., 2011).
These stimulant, euphoric and empathogenic effects
appear similar to those of cocaine, amphetamine and 3,4-
methylenedioxymethamphetamine (MDMA, ‘ecstasy’), and
some users even consider mephedrone superior to MDMA
(Vardakou et al., 2011; Winstock et al., 2011b).
Hyperthermia is arguably the major acute adverse event
that can follow ingestion of MDMA by recreational users
(Green et al., 2003; Docherty and Green, 2010; Halpern et al.,
2011; Parrott, 2012), and is particularly prevalent in young
persons who have ingested the drug at dance clubs or parties
where the ambient temperature is high. These individuals
sometimes also present with medical problems related to
hyperthermia, including rhabdomyolysis, myoglobinuria,
renal failure, liver damage and disseminated intravascular
coagulopathy. Such problems can be fatal and are identical to
those seen in persons suffering from heatstroke (Kalant,
2001). While administration of higher doses of MDMA to rats
usually causes hyperthermia, MDMA can also cause hypo-
thermia in rodents, particularly following a low dose or when
animals are housed singly or at a cool ambient temperature
(Docherty and Green, 2010). Nevertheless, both MDMA-
induced hyperthermia and hypothermia result primarily

from monoamine release in the brain (Docherty and Green,
2010).

Mephedrone, like MDMA, has recently received intense
media interest because of its possible role in a number of
sudden fatalities and while mephedrone appears to be the
sole cause of death in very few cases (e.g. Gustavsson and
Escher, 2009; Maskell et al., 2011), its combination with other
drugs is currently implicated in at least 48 deaths in the UK
(Schifano etal., 2011). The self-reported side effects of
mephedrone include uncomfortable changes in body tem-
perature and cold or blue fingers (ACMD, 2010), but because
of uncertainties over both purity and dose in a recreational
setting, it remains unknown as to whether mephedrone and
other related synthetic cathinones produce similar tempera-
ture effects to MDMA or to each other. There are also little
preclinical data on the acute effects of these drugs on body
temperature (Hadlock et al., 2011; Baumann et al., 2012). The
first part of the present study examined the acute effects of
cathinone, methcathinone and mephedrone on core body
(rectal) temperature and peripheral (tail) temperature in the
rat, with MDMA included for comparison. These measures
were selected to examine drug-induced effects on central
thermoregulation (rectal temperature), and to provide an
indication of any change in peripheral vascular tone (tail
temperature). In the current study, rats were housed singly at
normal ambient temperature to allow comparison with pre-
vious behavioural studies (Macerola et al., 2011; Shortall
etal., 2011; 2012), and under these conditions, MDMA
induced hypothermia. We also measured brain regional levels
of 5-HT, dopamine and their major metabolites 2 h after
administration of MDMA and the cathinones. This time-
point was chosen to maximize the likelihood of detecting
acute effects of the cathinones on monoamine release and
reuptake (Pehek et al., 1990; Gygi et al., 1996).

These initial studies examined two doses of the drugs
under investigation, based in part on doses of MDMA con-
sidered to be of translational relevance. In the rat, an MDMA
dose of 4 mg kg™ produces a peak plasma concentration com-
parable to that induced by human recreational doses of the
drug (Green et al., 2012). However, the rapid metabolism of
MDMA in rats compared to humans means that the exposure
time to a pharmacologically active dose is short in rats com-
pared to humans (Green et al., 2012). In order to deal with
this problem, we also administered a 10 mg kg dose to
provide a longer duration of action (Baumann et al., 2009).
Because of the modest differences in the molecular weights of
MDMA and the selected cathinones, it was logical to compare
the same doses of all four compounds, particularly given the
paucity of comparative pharmacokinetic information on the
cathinones in rats and humans. In addition, previous studies
with mephedrone have shown that the doses selected were
high enough to elicit pharmacological and behavioural activ-
ity (Kehr et al., 2011; Meng et al., 2012) but low enough to
avoid the possibility of neurotoxicity (Hadlock et al., 2011;
Baumann et al., 2012).
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To further elucidate the pharmacological mechanisms of
10 mg kg mephedrone-induced temperature change, subse-
quent experiments examined the effect of several drugs that
have been shown to influence MDMA-induced changes in
rectal temperature. These were the o,-adrenoceptor antago-
nist prazosin, the oss-adrenoceptor antagonist BRL 44408,
the dopamine D; receptor antagonist SCH 23390 and the
dopamine D, receptor antagonist L-741626. Doses of these
compounds were selected from previous in vivo research in
this laboratory with the dopamine receptor antagonists
(Watson et al., 2012) and studies in which prazosin (Sprague
et al., 2003; Vanattou-Saifoudine et al., 2010) and SCH 23390
(Mechan et al., 2002), but not L-741626 (Shioda et al., 2008),
prevented MDMA-induced hyperthermia and BRL 44408 pro-
longed MDMA-induced hypothermia (Bexis and Docherty,
2006). Plasma catecholamine levels were also measured in
this study as an index of the effect of mephedrone on
the sympathetic regulation of peripheral vascular tone
(noradrenaline) and adrenal medullary function (adrenaline)
which could influence thermoregulation, since MDMA
increases both noradrenaline and adrenaline levels (Hysek
et al., 2012a,b,c).

Finally, we investigated the effect of group housing on
10 mg kg' mephedrone-induced changes in body tempera-
ture and plasma catecholamines, since group housing alters
the rectal temperature response of rats to MDMA (Docherty
and Green, 2010).

Methods

Animals

Adult male Lister hooded rats (190-390 g) were obtained from
Charles River (UK) or the University of Nottingham Biomedi-
cal Services Unit (derived from Charles River stock). They were
housed in groups of 3-4 on a 12 h light-dark cycle (lights on at
07:00 h) with constant environmental conditions (tempera-
ture 19-23°C, relative humidity 45-65%) and with food and
water freely available. Experiments were conducted during the
light phase, between 09:00 h and 15:00 h, at an ambient
temperature of 19-22°C. All procedures were carried out in
accordance with the UK Animals (Scientific Procedures) Act
(1986), with approval of the University of Nottingham Local
Ethical Review Committee, and conform to the ARRIVE guide-
lines (Kilkenny et al., 2010; McGrath et al., 2010).

Drugs

(-)-Cathinone HCI, (*)-2-(methylamino)propiophenone HCl
(methcathinone), (*¥)-3,4-methylenedioxymethamphetamine
HCI (MDMA), 1-(4-amino-6,7-dimethoxy-2-quinazolinyl)-4-
(2-furanylcarbonyl)piperazine HCIl (prazosin) and (+)-7-
chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-
3-benzazepine HCI (SCH 23390) were obtained from Sigma
Aldrich (Poole, UK). (*)-4-Methylmethcathinone hydrochlo-
ride (mephedrone) was purchased from Ascent Scientific
(Bristol, UK) and 2-[(4,5-dihydro-1H-imidazol-2-yl)methyl]-
2,3-dihydro-1-methyl-1H-isoindole maleate (BRL 44408) was
purchased from Tocris Bioscience (Bristol, UK). L-741626 was a
gift from Institut de Recherches Servier (Croissy sur Seine,
France). The cathinones and MDMA were dissolved in 0.154 M

968 British Journal of Pharmacology (2013) 168 966-977

saline for administration, and all other compounds were dis-
solved in lactic acid and saline then adjusted to pH 6.5 with
sodium hydroxide. The nomenclature used in this manuscript
conforms to that provided in the Guide to receptors and
channels (Alexander et al., 2011).

Effect of cathinones and MDMA on rectal
and tail temperature, and brain monoamine
levels in individually housed rats

Rats were placed in individual Perspex arenas and initial
temperature measurements were made to allow habituation
to the recording procedures; animals were gently handled by
the tail, while core body temperature was measured with a
rectal probe (Portec Instrumentation, Bedfordshire, UK), and
peripheral temperature assessed by transient application of a
MicroFlo DSP Digital Laser Perfusion Monitor (Oxford Optro-
nix, Oxford, UK) against the tail. The rectal probe was
inserted approximately 6.5 cm, after allowing any visible
faeces to pass out of the rectum. Rectal and tail temperature
devices gave stable readings within 20 s. After a 40 min inter-
val baseline temperatures were obtained, and rats received a
single i.p. injection of saline vehicle (1 mL kg'), cathinone,
methcathinone, mephedrone or MDMA (4 or 10 mg kg™ of
the hydrochloride salt, which is equivalent to 3.21-3.37 or
8.04-8.41 mg kg™ of the free base; n = 5-6 per group). Tem-
peratures were measured at 20 min intervals for the next 2 h,
when rats were killed by concussion and immediately decapi-
tated. The brains were rapidly removed and the hypothala-
mus, frontal cortex, hippocampus and striatum were
dissected at 4°C on a refrigerated table (BC72: Osborne Refrig-
eration, Sussex, UK), snap frozen in liquid nitrogen and
stored at —80°C for subsequent quantification of monoamine
neurotransmitters and metabolites using HPLC with electro-
chemical detection (HPLC-ED).

HPLC-ED was performed using previously described
methods (King efal.,, 2009). In summary, samples were
thawed, weighed and sonicated (Soniprep 150: MSE Scientific
Instruments, Crawley, UK) for 30 s in 800 pL of 0.05 M per-
chloric acid containing 1 uM sodium metabisulphite, then
centrifuged (17 400x g, 4°C for 20 min; Harrier 18/80: MSE
Scientific Instruments) and the supernatant filtered through
a 0.45 um syringe tip filter (Kinesis Ltd., St Neots, UK).
Monoamines were separated using a PerkinElmer Series 200
autosampler and Targa C18 3 um column (100 mm x 2.1 mm:
Presearch, Basingstoke, UK), and detected at a potential of
+0.59 V by an Antec Intro amperometric detector (Zoeter-
woude, The Netherlands). Mobile phase was delivered at
0.2 mL min™ by an isocratic pump (Dionex P680) and con-
sisted of 50 mM citric acid, 50 mM phosphoric acid, 8 mM
potassium chloride, 0.1 mM disodium EDTA, 0.15 mM
octanesulphonic acid and 10% v/v methanol adjusted to
pH 3.8-4. Quantification was achieved using Galaxie (version
1.8) software (Agilent Technologies, Berkshire, UK).

Effect of au- and opa-adrenoceptor
antagonists, dopamine D; and D, receptor
antagonists and group housing on
mephedrone-induced changes in body
temperature and plasma catecholamine levels
For antagonist studies, rats were placed in individual test
arenas as described earlier, and for the group-housed study,



cages were transferred to the procedure room in which indi-
vidually housed experiments were performed, but rats
remained within their home-cage groups of three. In each
case, rats underwent initial temperature measurements
40 min prior to the start of the experiment to allow habitu-
ation to recording procedures. Individually housed rats then
received an i.p. injection of vehicle (1 mL kg), 0.2 mg kg!
prazosin HCI, 1 mg kg™’ BRL 44408 maleate, 2 mg kg' SCH
23390 HCI or 0.63 mg kg 'L-741626, followed 30 min later
by vehicle (1 mL kg™") or 10 mg kg™ mephedrone HCI (n =
6-7 per group). Group-housed rats received a single i.p. injec-
tion of vehicle or 10 mg kg™ mephedrone HCI (n = 6 per
group), with all rats within a cage receiving the same treat-
ment. Rectal temperature (all rats) and tail temperature
(group-housed rats only) were measured immediately prior to
injection and then at 20 min intervals for the next 2 h, when
rats were killed by concussion and immediately decapitated.
Mixed arteriovenous trunk blood was immediately collected
into lithium heparin blood tubes, on ice, each containing
7.5 uL of 250 mM EGTA, 195 mM glutathione per millilitre
of whole blood. Samples were centrifuged (1000x g, 5 min;
Centaur 2: MSE Scientific Instruments) and the plasma was
removed and stored on ice and then at —-80°C.

Extraction and HPLC were performed using methods
adapted from Forster and Macdonald (1999). In summary,
plasma was thawed, mixed and centrifuged (as previously)
then 100 pL of sample added to 100 uL of 0.05 uM 3,4-
dihydroxybenzylamine HCI (internal standard). This was fol-
lowed by addition of 250 pL ammonia buffer (2 M ammonium
chloride adjusted to pH 8.8 with 2 M ammonium hydroxide,
and containing 22 mM diphenylboric acid ethanolamine
complex 13 mM disodium EDTA) and 1 mL heptane mixture
(heptane containing 6 mM tetraoctylammonium bromide
and 1% v/v octanol). The resultant two-layer mixture was
vortexed then centrifuged (as previously). A volume of 750 pL
was removed from the organic top layer, to which 380 uL
octan-1-ol and 40 uL of 400 mM acetic acid were added. This
was vortexed for 3 min (Multi Tube Vortex Mixer: Labnet
International, Edison, NJ, USA) then centrifuged (as previ-
ously). A volume of 30-35 uL was removed from the acid
droplet at the base of the tube and stored at —80°C. Catecho-
lamines were separated using a Spark-Holland Triathlon auto-
sampler and HyperClone C18 3 um ODS column (100 mm x
2 mm: Phenomenex, Macclesfield, UK), and detected at a
potential of +0.65 V by an Antec Intro amperometric detector.
Mobile phase was delivered at 0.18 mL min™ (Merck Hitachi
L-7110, Tokyo, Japan) and consisted of 110 mM sodium
acetate, 110 uM disodium EDTA, 347 uM sodium dodecyl
sulphate and 20% v/v methanol adjusted to pH 5.2. Quantifi-
cation was achieved manually (ChromJet Integrator: Thermo
Separation Products, Waltham, MA, USA) using an internal
standard to establish recovery. The mean (=SEM) recovery was
80 * 1% and the estimated limit of detection for noradrena-
line and adrenaline was 1.2-1.4 nmol L™.

Statistical analysis

All data were checked for normality using Shapiro-Wilk or
Kolmogorov-Smirnov tests before parametric analyses were
applied. Temperature data exhibited homogeneous variance
and were analysed by two-way repeated measures ANOvA with
Bonferroni’s multiple comparison post hoc test. In the case of
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methcathinone, mephedrone and MDMA, the different doses
were assessed on separate days. Vehicle data for the two days
have been pooled for clarity of presentation (after confirming
the lack of any between-group difference; two-way repeated
measures ANOVA with Bonferroni’s multiple comparison post
hoc test); however, statistical comparisons relate to the rel-
evant vehicle control for each day, not the pooled values.

Monoamine levels were analysed by one-way aNova with
Bonferroni’s multiple comparison post hoc test (homogeneous
variance between groups) or Tamhane’s post hoc test (hetero-
geneous variance between groups). The highest dose of meth-
cathinone was evaluated on a separate day so changes in
monoamine levels from the relevant vehicle control group
were determined using unpaired Student’s t-tests (homogene-
ous variance between groups). These analyses were applied
separately to each neurotransmitter or metabolite in each
brain region. For clarity of presentation, vehicle data for each
brain region have been pooled (after confirming the lack of
any between-group difference; one-way anova with Bonferro-
ni’s multiple comparison post hoc test), but, again, statistical
comparisons relate to the relevant vehicle control group and
not the pooled values.

Plasma catecholamine levels exhibited homogeneous
variance and were analysed by two-way aANova with Bonfer-
roni’s multiple comparison post hoc test (antagonist studies)
or unpaired Student’s f-tests (group-housed mephedrone
study). All analyses were performed using Prism (version 5.03;
GraphPad, La Jolla, CA, USA) or SPSS (version 16; IBM, Hamp-
shire, UK). Data are presented as mean * SEM and P < 0.05
was considered significant.

Results

Immediately prior to dosing the mean (+SEM) baseline rectal
temperature across all studies was 39.6 = 0.1°C and the tail
temperature across studies was 30.4 + 0.2°C. These values are
consistent with previous findings (Green et al., 2005). There
were no significant between-group differences in either rectal
or tail temperature prior to dosing.

Effect of cathinones and MDMA on rectal
and tail temperature, and brain monoamine
levels in individually housed rats

MDMA caused a marked and sustained decrease in rectal
temperature following administration of both the lower
(4 mg kg™') and higher (10 mg kg™) dose (Figure 1A), which
was significant over the entire 2 h monitoring period (P <
0.05 to P < 0.001). Tail temperature was decreased by the
higher dose only from 20 to 60 min post-injection (Figure 1E;
P < 0.05 to P < 0.01). Although both doses of mephedrone
also produced a hypothermic response, the effect on rectal
temperature was statistically significant only at the 20 min
time-point following the lower dose and from 20 to 40 min
following the higher dose (Figure 1B; P < 0.01 to P < 0.001),
whereas the reduction in tail temperature was evident from
40 min onwards when rectal temperature had returned to
baseline (Figure 1F). In contrast, the higher dose of both
cathinone and methcathinone caused a sustained increase in
rectal temperature, with cathinone having a significant effect
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Figure 1

Effect of MDMA (A, E), mephedrone (B, F), cathinone (C, G) and methcathinone (D, H) on rectal (A-D) and tail (E-H) temperature in individually
housed male Lister hooded rats (n = 5-6 per group). Compounds (4 or 10 mg kg~' HCl salt) or saline vehicle (1 mL kg™) were injected i.p. at 0 min
and temperature assessed at 20 min intervals for the next 2 h. Data are expressed as change in temperature (°C, mean = SEM) from the baseline
reading taken at the time of injection. *P < 0.05; **P < 0.01; ***P < 0.001 versus vehicle control (two-way repeated measures ANova with
Bonferroni’s post hoc test). Where results of multiple experiments are shown on the same graph, vehicle data have been pooled for clarity of
presentation (P > 0.05 between studies; two-way repeated measures anova). However, all statistical comparisons shown relate to the original
control for each experiment (n = 5-6), not the pooled values.
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Table 1

Effects of cathinones on body temperature

Effect of MDMA, mephedrone, cathinone and methcathinone on levels of 5-HT and its metabolite 5-HIAA in the frontal cortex, hippocampus,

striatum and hypothalamus

Frontal cortex Hippocampus Striatum Hypothalamus
5-HT
MDMA 35 £ 6** 42 = 4x+* 86 =8 101 = 24
Mephedrone 76 =13 100 = 8 110 = 9 94 =15
Cathinone 96 = 17 99 =8 121 = 4* 122 + 5*
Methcathinone 131 =18 109 + 22 104 =7 64 =15
5-HIAA
MDMA 81 = 32 68 = 3*** 70 =+ 4** 55 + 9**
Mephedrone 87 =9 109 =5 96 = 3 85+ 12
Cathinone 112 =15 97 £ 6 142 + 3*** 108 * 4
Methcathinone 154 = 20 97 =16 132 = 7** 99 =7

5-HT and 5-HIAA levels were measured 2 h after i.p. injection of test compounds (10 mg kg™ of HCI salt) or saline vehicle (1 mL kg™) to
individually housed male Lister hooded rats (n = 5-6 per group). Because different compounds were assessed in separate experiments, data
are expressed as a mean percentage (= SEM) of the 5-HT or 5-HIAA level in the relevant vehicle control group (100%) for clarity. The pooled
5-HT levels (pmol mg™" wet tissue weight) across control groups were: frontal cortex 3.7 = 0.3, hippocampus 4.5 + 0.3, striatum 3.1 = 0.2
and hypothalamus 7.3 = 0.3. The respective values for 5-HIAA were: 3.3 £ 0.3, 6.9 = 0.3, 4.6 = 0.2 and 7.6 = 0.3. *P < 0.05; **P < 0.01;
***P < 0.001 versus levels (pmol mg™ wet tissue weight) in the relevant vehicle control group (one-way anova with Bonferroni’s or Tamhane’s
post hoc tests, or unpaired Student’s t-test for occasions when a single drug dose was evaluated on a separate test day).

from 40 to 80 min (Figure 1C; P < 0.05 to P < 0.001) and
methcathinone from 40 to 120 min (Figure 1D; P < 0.01 to
P < 0.001). These alterations in rectal temperature were not
accompanied by any significant concomitant change in tail
temperature (Figure 1G,H).

At the 2 h post-injection time-point, the lower dose of
MDMA significantly decreased tissue S-hydroxyindoleacetic
acid (5-HIAA) (P < 0.05) levels in the hippocampus, by 26%
(data not shown), but did not cause any other significant
alterations in tissue monoamine levels. The higher MDMA
dose produced a marked decrease in both 5-HT and 5-HIAA
within the hippocampus, and a significant decrease in either
5-HT (frontal cortex) or S5-HIAA content (striatum and
hypothalamus) in the other brain regions examined (Table 1).
The higher dose of MDMA also produced a near significant
(P =0.08) increase in dopamine and a significant decrease in
homovanillic acid (HVA) (P < 0.01) within the striatum
(Table 2). Neither dose of mephedrone had any significant
effect on levels of 5-HT, dopamine or their major metabolites
in any brain region studied. Both cathinone and methcathi-
none increased 5-HIAA in the striatum following the higher
dose, and the higher dose of cathinone also increased 5-HT
levels in the striatum and hypothalamus (Table 1). The only
significant effects of the cathinones on striatal dopamine were
an increase in HVA levels following the lower dose of meth-
cathinone (33% increase; P < 0.05, data not shown) and the
higher dose of both cathinone and methcathinone (Table 2).

Effect of au- and ops-adrenoceptor and
dopamine D; and D, receptor antagonists

on mephedrone-induced changes in

body temperature

Pretreatment of individually housed rats with prazosin
(Figure 2A), BRL 44408 (Figure 2B) or L-741626 (Figure 2D)

Table 2

Effect of MDMA, mephedrone, cathinone and methcathinone on
levels of dopamine and its metabolites HVA and DOPAC in the
striatum

Dopamine HVA

MDMA 1337 61 = 2** 61 =3
Mephedrone 86 = 10 78 £15 70 £9
Cathinone 129 = 6 143 + 9*** 115+ 9
Methcathinone 117 =7 176 = 18** 92 =8

Dopamine, HVA and 3,4-dihydroxyphenylacetic acid (DOPAC)
levels were measured 2 h after i.p. injection of test compounds
(10 mg kg™ of HCl salt) or saline vehicle (1 mL kg™) to individu-
ally housed male Lister hooded rats (n=5-6 per group).
Because different compounds were assessed in separate experi-
ments, data are expressed as a mean percentage (*=SEM) of the
dopamine, HVA or DOPAC level in the relevant vehicle control
group (100%) for clarity. The pooled levels (pmol mg™ wet
tissue weight) across control groups were: dopamine
48.7 £ 3.0, HVA 7.6 = 0.5 and DOPAC 9.3 = 0.7. *P<0.05;
**P<0.01; ***P<0.001 versus level (pmol mg™ wet tissue
weight) in the relevant vehicle control group (one-way ANovA
with Bonferroni’s or Tamhane’s post hoc tests, or unpaired Stu-
dent’s t-test for occasions when a single drug dose was evalu-
ated on a separate test day).

had no effect on rectal temperature when followed by subse-
quent vehicle treatment (P > 0.05 vs. the vehicle + vehicle
group in each case), and the only significant effect of SCH
23390 pretreatment in vehicle-treated rats was a significant
(P < 0.05) decrease in rectal temperature at the 100 min time-
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Figure 2

Effect of the oy-adrenoceptor antagonist prazosin (A), oa-adrenoceptor antagonist BRL 44408 (B), dopamine D, receptor antagonist SCH 23390
(C) and dopamine D; receptor antagonist L-741626 (D) on the mephedrone-induced rectal temperature decrease in individually housed male
Lister hooded rats (n = 6-7 per group). Saline vehicle (1 mL kg™), prazosin HCI (0.2 mg kg™"), BRL 44408 maleate (1 mg kg™"), SCH 23390 HCI
(2 mg kg™) or L-741626 (0.63 mg kg™') were injected i.p. at =30 min, and saline vehicle (1 mL kg™") or mephedrone HCI (10 mg kg™') were
injected i.p. at 0 min. Rectal temperature was measured at —30 min and at 20 min intervals from 0 to 120 min. Data are expressed as change in
temperature (°C, mean * SEM) from the reading taken at 0 min. “P < 0.05 antagonist + vehicle versus vehicle + vehicle, *P < 0.05; ***P < 0.001
vehicle + mephedrone versus vehicle + vehicle, TP < 0.05; TP < 0.001 antagonist + mephedrone versus vehicle + vehicle, 'P < 0.05; "'P < 0.01;

P < 0.001 antagonist + mephedrone versus antagonist + vehicle, P < 0.05 vehicle + mephedrone versus antagonist + mephedrone (two-way

repeated measures ANova with Bonferroni’s post hoc test).

point (Figure 2C). In individually housed vehicle-pretreated
rats, 10 mg kg' mephedrone caused a transient significant
decrease in rectal temperature (Figure 2), consistent with that
observed in our previous experiments (Figure 1B). Of note,
the duration of the mephedrone-induced hypothermia was
prolonged in the presence of prazosin, reaching statistical
significance from 20 to 60 min post-mephedrone (P < 0.001
vs. both vehicle + vehicle and prazosin + vehicle groups),
compared to 20 min only in rats that received mephedrone
alone (P < 0.05 vs. vehicle + vehicle; Figure 2A). Pretreatment
with SCH 23390 also prolonged the mephedrone-induced
hypothermia, causing it to reach statistical significance from
20 to 80 min post-mephedrone (P < 0.001 vs. vehicle +
vehicle and vs. SCH 23390 + vehicle from 20-40 min, P < 0.05
vs. SCH 23390 + vehicle at 60 min), compared to 20-40 min
in rats that received mephedrone alone (P < 0.001). In addi-
tion, the extent of the rectal temperature decrease was poten-
tiated by the combination of SCH 23390 and mephedrone
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compared to mephedrone alone (P < 0.05). This effect was
significant from 40 to 60 min post-mephedrone (Figure 2C).
In contrast, mephedrone-induced hypothermia was unaf-
fected by pretreatment with either BRL 44408 (Figure 2B) or
L-741626 (Figure 2D).

Effect of mephedrone on plasma
noradrenaline and adrenaline levels, and the
influence of o;- and oza-adrenoceptor and
dopamine D, and D, receptor antagonists on
these changes

Mephedrone (10 mg kg™') produced a significant increase in
plasma noradrenaline levels (P < 0.05 vehicle + mephedrone
vs. vehicle + vehicle; Figure 3) which was completely abol-
ished by pretreatment with prazosin (Figure 3A), BRL 44408
(Figure 3B) and SCH 23390 (Figure 3C). The increase in
plasma noradrenaline just failed to reach significance in
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Effect of the oy-adrenoceptor antagonist prazosin (A), oa-adrenoceptor antagonist BRL 44408 (B), dopamine D, receptor antagonist SCH 23390
(C) and dopamine D, receptor antagonist L-741626 (D) on mephedrone-induced increases in plasma noradrenaline levels in individually housed
male Lister hooded rats (n = 6-7 per group). Arteriovenous trunk blood was collected 2.5 h after i.p. administration of saline vehicle (1 mL kg™),
prazosin HClI (0.2 mg kg™), BRL 44408 maleate (1 mg kg™), SCH 23390 HCl (2 mgkg™) or L-741626 (0.63 mgkg™), and 2 h after i.p.
administration of saline vehicle (1 mL kg™") or mephedrone HCI (10 mg kg™). *P < 0.05 versus vehicle + vehicle group (two-way ANOvA with

Bonferroni’s post hoc test).

L-741626 pretreated rats (Figure 3D). Mephedrone appeared
to increase plasma adrenaline in a similar manner (vehicle +
vehicle 25.6 = 3.9 nmol L, vehicle + mephedrone 39.8 +
5.4 nmol L''; P =0.044, n = 12), but this effect just failed to
reach statistical significance in each of the individual drug
studies (data not shown).

Effect of group housing on
mephedrone-induced changes in

body temperature and plasma

catecholamine concentration

Group housing (n =3 per cage) completely prevented both the
mephedrone-induced rectal and tail temperature decreases
(P> 0.05 vs. vehicle across the entire 2 h period in each case;
data not shown) and the mephedrone-induced increase in
plasma noradrenaline (vehicle 17.1 = 3.6 nmol L™, mephe-
drone 21.8 + 4.0 nmol L") and adrenaline (vehicle 19.8 =
5.7 nmol L™}, mephedrone 23.4 + 6.0 nmol L) levels.

Discussion

The major findings of this study were, firstly, that the acute
effects of cathinone and methcathinone on thermoregulation

and brain monoamine metabolism in the rat differed from
those of mephedrone and MDMA. Secondly, mephedrone-
induced hypothermia differed from MDMA-induced hypo-
thermia in both its temporal profile and sensitivity to
o-adrenoceptor and dopamine receptor antagonists and,
finally, mephedrone produced a marked elevation in plasma
noradrenaline.

Simmler et al. (2012) have recently performed a detailed
pharmacological characterization of the cathinones and clas-
sified them into three separate groups on the basis of their
relative potencies for inhibition of monoamine reuptake and
stimulation of monoamine release. Mephedrone and MDMA
both have a substituted phenyl ring and, consistent with this
structural homology (Carvalho etal., 2012), mephedrone
was found to be a non-selective monoamine reuptake inhibi-
tor which also stimulates 5-HT release, whereas cathinone
and methcathinone (which lack the phenyl ring substitu-
tion) were selective catecholamine reuptake inhibitors and
releasers. This subdivision matches our observation during
the first part of the current study that the effects of cathi-
none and methcathinone on body temperature differed
qualitatively from those of mephedrone and MDMA. The
temperature response of rats to MDMA is complex, involving
both central monoamine-mediated effects and also changes
in peripheral blood flow and thermogenesis (Docherty and
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Green, 2010). While the majority of studies have reported a
hyperthermic response to MDMA administration in the rat,
there are also several reports of hypothermia, particularly
when administered to individually housed rats under normal
ambient temperatures, and importantly at doses that
produce plasma levels akin to those reported with illicit use
in man (Docherty and Green, 2010; Green et al., 2012). The
current study again found that acute MDMA administration
(4 or 10 mg kg™') under these conditions induced hypother-
mia, as indicated by the sustained decrease in rectal tempera-
ture. The accompanying decrease in tail temperature, which
is indicative of peripheral vasoconstriction and should aid
heat conservation, may be mediated via a direct effect on
ozs-adrenoceptors (Bexis and Docherty, 2006; Simmler et al.,
2012) known to regulate tail blood flow and heat loss in the
rat (Redfern et al., 1995). However, the fact that the MDMA-
induced decrease in tail temperature was both short in dura-
tion and modest in size compared to the long lasting and
major decrease in rectal temperature demonstrates that heat
conservation mechanisms appear to be disrupted after this
single dose of MDMA.

Under the same conditions of individual housing and
normal ambient temperature, mephedrone also produced
hypothermia, but the small and short lasting decrease in
rectal temperature was followed by a prolonged decrease in
tail temperature which therefore differed from the temporal
profile of MDMA-induced hypothermia. The rapid onset and
short duration of the mephedrone-induced rectal tempera-
ture change following a single acute injection matched the
time course of locomotor hyperactivity we observed in sepa-
rate experiments (Shortall et al., 2011; 2012). The speed of
onset is consistent with very high brain permeability
(Simmler et al., 2012) and the duration may indicate a short
plasma half-life, especially since one recent study revealed
peak plasma levels (of 1206 ng mL™) within 15 min of a
5.6 mg kg™ s.c. dose in the rat with the majority of the drug
cleared within 2 h (Miller et al., 2012). Interestingly, mephe-
drone is a more potent inhibitor of both the dopamine trans-
porter and dopamine release and a less potent inhibitor of the
serotonin transporter than MDMA (Simmler efal., 2012),
which may contribute to the different pharmacodynamic
effects. The decrease in tail temperature following mephe-
drone is consistent with its affinity for both oy- and o;a-
adrenoceptors (Simmler et al., 2012), the recently reported
hypertension produced in rats (Meng et al., 2012), and the
side effects of cold or blue fingers that feature among the
adverse events experienced by recreational users (ACMD,
2010; Schifano et al., 2011; Winstock et al., 2011a). However,
the mismatch between the transient core and prolonged tail
temperature changes in the current study suggests that a
metabolite, rather than the parent compound, may be
responsible for these peripheral vascular effects. Mephedrone
metabolites include nor-mephedrone, nor-dihydro mephe-
drone, hydroxytolyl mephedrone and nor-hydroxytolyl
mephedrone (Meyer et al., 2010), but, at present, there is no
information on their pharmacological activity.

Two recent studies report that binge dosing of mephe-
drone induces hyperthermia, both in individually housed
rats at normal ambient temperatures (three doses of
3-10 mg kg' s.c.; Baumann et al., 2012) and in group-housed
rats in a warm (=27°C) environment (four doses of

974 British Journal of Pharmacology (2013) 168 966-977

1-25 mg kg s.c.; Hadlock et al., 2011). This conversion from
hypothermic effects of a single dose to hyperthermia after
binge doses matches our recent observations with MDMA
in individually housed rats, where acute administration
(6 mg kg™') at normal ambient temperature induced hypo-
thermia, with hyperthermia only appearing after binge
dosing (total administered dose: 18 mg kg™'; Rodsiri et al.,
2011). However, a third recent study found that an elevated
ambient temperature (30°C) prevented the hypothermia pro-
duced by mephedrone (1-5.6 mg kg' s.c.) at 20°C, but failed
to convert this to the hyperthermic effect seen with an
equivalent dose of MDMA under these conditions (Miller
et al., 2012). Similarly, the current study revealed that group
housing (n = 3 per cage) prevented the mephedrone-induced
hypothermia but failed to convert this to the hyperthermia
seen in group-housed MDMA-treated (3-20 mg kg i.p.) rats
at normal ambient temperature (Nash et al., 1988; Colado
et al., 1993; Mechan et al., 2002). Taken together, these find-
ings suggest that elevated ambient temperature and group
housing, which predispose to hyperthermic effects of MDMA,
do not appear to precipitate a hyperthermic response to
mephedrone. The reasons for this apparent difference are yet
to be elucidated, but crucially mephedrone-related adverse
events reported in humans to date do not appear to include
hyperpyrexia (Wood et al., 2010; 2011; Dargan et al., 2011)
and this contrasts strongly with MDMA where hyperthermia
can be a fatal event (Kalant, 2001).

In complete contrast to mephedrone and MDMA, both
cathinone and methcathinone induced hyperthermia at the
higher dose without any effect on tail temperature. The same
dose of cathinone has been reported to induce hyperthermia
and thermogenesis in urethane-anaesthetized rats (Tariq
et al., 1989), and one study describes hyperthermia following
intravenous infusion of high doses of methcathinone to indi-
vidually restrained rats (Rockhold efal., 1997), but the
current study is the first to demonstrate similar effects in
awake freely-moving rats. The lack of any alteration in tail
temperature during this study indicates that these com-
pounds produced a centrally mediated increase in body
temperature without causing accompanying peripheral
vasoconstriction. This contrasts with MDMA where, when
hyperthermia does occur, its extent appears to be further
exacerbated by the combination of thermogenesis (Blessing
et al., 2006) and peripheral vasoconstriction (Gordon et al.,
1991; Pedersen and Blessing, 2001). The lack of peripheral
vasoconstriction following cathinone is surprising given that
it is metabolized to the sympathomimetic amines norephe-
drine and norpseudoephedrine (Brenneisen et al., 1986) and
has slightly higher affinity than MDMA for human o;a-
adrenoceptors, while methcathinone has almost identical
affinity to mephedrone for human o;- and o,s-adrenoceptors
(Simmler et al., 2012). It is noteworthy that cathinone causes
coronary vasoconstriction in vitro through mechanisms other
than indirect sympathomimetic and o,-adrenoceptor agonist
activity, which may involve trace amine receptors (Broadley,
2010; Simmler et al., 2012). It is also possible that the con-
centrations of cathinone used herein were too low to induce
these effects in vivo, but because of the magnitude of rectal
temperature increase produced by cathinone and methcathi-
none, we did not feel able to examine higher doses of these
compounds.



Consistent with previous reports (Green efal.,, 2003),
MDMA administration at the higher dose produced an acute
decrease in tissue 5-HT and/or 5-HIAA at the 2 h post-
injection time-point in each brain region studied, presum-
ably reflecting monoamine release and/or inhibition of
reuptake. The effects of MDMA on striatal dopamine metabo-
lism were also entirely consistent with previous reports of
increased neurotransmitter and decreased metabolite levels
in the first few hours after administration (Green et al.,
2003). In marked contrast, cathinone actually increased
tissue 5-HT in the striatum and hypothalamus, and both
cathinone and methcathinone increased 5-HIAA and HVA
levels in the striatum alone. The increase in tissue HVA is
consistent with previous findings at the same time-point
(Gygi et al., 1996), although it is unclear at present how these
effects are mediated, especially since the cathinones inhibit
monoamine oxidase B (Osorio-Olivares et al., 2004), the
isoenzyme primarily responsible for dopamine metabolism.
There are several possible reasons why the changes in
monoamine metabolism observed following administration
of the cathinone compounds did not mimic those seen after
MDMA, despite reports that the cathinones do enhance 5-HT
and dopamine release during in vivo microdialysis studies
(Pehek et al., 1990; Gygi etal., 1997; Hadlock etal., 2011;
Kehr et al., 2011; Baumann et al., 2012). Firstly, tissue levels
are a ‘snapshot’ at a single time-point of a dynamic situation
involving changes in neurotransmitter release, synthesis,
metabolism and elimination. Secondly, the short half-life of
mephedrone, for example when compared to MDMA, will
influence what change is seen 2 h after drug administration.
Finally, and perhaps most importantly, cathinone and meth-
cathinone have recently been reported to preferentially affect
release and reuptake of catecholamines and not S5-HT
(Simmler et al., 2012).

Further studies herein to elucidate the pharmacological
mechanisms of mephedrone-induced hypothermia revealed
several differences from those reported for the MDMA-
induced temperature change. Thus, mephedrone-induced
hypothermia was prolonged by the oy-adrenoceptor
antagonist prazosin, but unaffected by the o,s-adrenoceptor
antagonist BRL 44408 (which potentiates and prolongs
MDMA-induced hypothermia; Bexis and Docherty, 2006).
Furthermore, mephedrone-induced hypothermia was pro-
longed and potentiated by the dopamine D, receptor antago-
nist SCH 23390 (which fails to affect MDMA-induced
hypothermia in a cool environment (Green et al., 2005), but
unaffected by dopamine D, receptor blockade (which pre-
vents MDMA-induced hypothermia; Green et al., 2005). This
differential pharmacological sensitivity is surprising given
that mephedrone and MDMA share similar affinities for the
human os-adrenoceptor (K; 11 and 15 uM, respectively) and
possibly also the human D, (K; > 13.6 uM in each case) and D,
(K; 25.2 and >30 pM, respectively) receptors (Simmler et al.,
2012), although binding and functional activity at the rat
receptors are unknown. Interestingly mephedrone, like
MDMA (Hysek etal.,, 2012a,b,c), also increased plasma
noradrenaline levels and, in the case of mephedrone, this
effect was sensitive to o,-adrenoceptor, ozs-adrenoceptor and
dopamine D, receptor blockade.

The functional and neurochemical differences between
the cathinones and MDMA do not appear to correlate with

Effects of cathinones on body temperature

the modest differences in their molar doses. We have recently
pointed out that there are problems in translating preclinical
data on MDMA to functional effects of the drug in human
recreational users (Green et al., 2012). This is primarily due to
the very different pharmacokinetics of the drug in animals
and humans. On the basis of information on plasma levels of
MDMA in rats and humans, we can state that the doses
chosen in this study are not excessive; it is the half-life of the
drug in humans versus rats that differs markedly. This allows
the conclusion that mephedrone and the other cathinones
have a pharmacodynamic profile that is distinct from that of
MDMA, and that the adverse effects of the cathinones in
humans cannot be extrapolated from previous observations
on MDMA.
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