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Abstract

Mephedrone (4-methylmethcathinone) is a -ketoamphetamine with close structural analogy to
substituted amphetamines and cathinone derivatives. Abuse of mephedrone has increased
dramatically in recent years and has become a significant public health problem in the US and
Europe. Unfortunately, very little information is available on the pharmacological and
neurochemical actions of mephedrone. In light of the proven abuse potential of mephedrone and
considering its similarity to methamphetamine and methcathinone, it is particularly important to
know if mephedrone shares with these agents an ability to cause damage to dopamine nerve
endings of the striatum. Accordingly, we treated mice with a binge-like regimen of mephedrone
(4X 20 or 40 mg/kg) and examined the striatum for evidence of neurotoxicity 2 or 7 days after
treatment. While mephedrone caused hyperthermia and locomotor stimulation, it did not lower
striatal levels of dopamine, tyrosine hydroxylase or the dopamine transporter under any of the
treatment conditions used presently. Furthermore, mephedrone did not cause microglial activation
in striatum nor did it increase glial fibrillary acidic protein levels. Taken together, these surprising
results suggest that mephedrone, despite its numerous mechanistic overlaps with
methamphetamine and the cathinone derivatives, does not cause neurotoxicity to dopamine nerve
endings of the striatum.
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The B-ketoamphetamines are psychostimulants and include such substances as cathinone,
methcathinone, mephedrone (4-methylmethcathinone; MEPH) and 3,4-
methylenedioxypyrovalerone. Some of these agents are psychoactive ingredients found in
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khat (Catha edulis Forsk), an evergreen shrub that has been cultivated and chewed as a
recreational and socializing drug in Africa and the Arabian peninsula for centuries (Feyissa
and Kelly 2008). B-ketoamphetamines have recently moved into western societies in the
form of so-called “bath salts”, synthetic powders that are sold legally in commercial
establishments and head-shops under such names as Ivory Wave, Red Dove or Scarface.
These compounds have been called “natural” amphetamines and their effects on humans are
quite profound and can range from increased alertness to psychoses and depression (Kelly
2011, Schifano et al. 2011, Winstock et al. 2011, Brunt et al. 2010). The B-
ketoamphetamines are inexpensive and readily synthesized in clandestine labs. They are also
being abused at an increasing rate across the US and Europe. Emergency room admissions
for treatment after intoxication with these agents have more than doubled from 2010 to 2011
according to the CDC. Emerging evidence of the high addictive potential and craving
associated with the 3-ketoamphetamines has very recently set off alarms of concern at
numerous US governmental agencies that monitor drug abuse trends to include NIDA, the
White House Office of National Drug Control Policy, and the DEA. Most of the f3-
ketoamphetamines are classified as DEA Schedule I compounds and mephedrone and
related drugs are now banned by all member states of the European Monitoring Centre for
Drugs and Drug Addiction.

Almost as alarming as the rise in abuse of the B-ketoamphetamines is the paucity of data on
their mechanisms of action and particularly their ability to damage the central nervous
system, especially in light of the structural analogy of cathinone, methcathinone and
methylone to amphetamine, methamphetamine (METH) and 3,4-
methylenedioxymethamphetamine (MDMA\), respectively (Kelly 2011). The only difference
between these drug classes is the presence of the B-keto moiety on the cathinones (Gibbons
and Zloh 2010). Wagner and colleagues (Wagner et al. 1982) first suggested the possibility
that cathinone could be neurotoxic when they showed long-lasting reductions in dopamine
(DA) and DA uptake sites in rat striatum after repeated drug administration. The -
ketoamphetamines share with the substituted amphetamines a high potency in blocking
transporters for DA and serotonin (5-HT; DAT and SERT, respectively) (Cozzi and Foley
2003, Cozzi et al. 1999, Rothman et al. 2003, Metzger et al. 1998, Fleckenstein et al. 2000,
Nagai et al. 2007, Meltzer et al. 2006) and causing monoamine release in vitro (Kalix and
Glennon 1986, Kalix 1984, Gygi et al. 1997, Rothman et al. 2003) and in vivo (Pehek et al.
1990, Banjaw and Schmidt 2006, Gygi et al. 1997, Kehr et al. 2011). Like METH, at least
cathinone is a powerful inhibitor of monoamine oxidase B (Nencini et al. 1984). Oral
administration of Catha edulis extract to rats leads to a long-term reduction in striatal DA
levels (Banjaw and Schmidt 2005). Methcathinone has been shown to cause persistent
reductions in function of both DA and 5-HT nerve endings manifested as inhibition of
tryptophan hydroxylase and tyrosine hydroxylase (TH), depletion of DA and 5-HT
neurotransmitters and inhibition of DA and 5-HT uptake into synaptosomes (Gygi et al.
1997, Gygi et al. 1996, Sparago et al. 1996). Methcathinone intoxication also leads to
significant hyperthermia (Rockhold et al. 1997). PET imaging studies in abstinent
methcathinone users have revealed reduced striatal DAT density, an effect that is highly
suggestive of a loss of DA terminals (McCann et al. 1998). The coincident stimulation of
DA release and inhibition of its uptake and breakdown, when combined with hyperthermia,
mirror the critical elements underlying the neurotoxicity associated with METH (Kuhn et al.
2008, Yamamoto et al. 1998, Yamamoto and Bankson 2005, Krasnova and Cadet 2009,
Cadet et al. 2007, Fleckenstein et al. 2007).

MEPH is now one of the most commonly abused drugs behind cannabis, MDMA and
cocaine (Morris 2010, Winstock et al. 2011). MEPH is consumed in a binge-like fashion
(i.e., “stacking”) and is often taken with other drugs such as cannabis and MDMA (Schifano
et al. 2011). MEPH is found increasingly in tablets sold as ecstasy and its use will likely
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eclipse that of MDMA as the purity of this latter drug continues to fall (Brunt et al. 2010).
What is more, MEPH induces stronger feelings of craving in humans by comparison to
MDMA (Brunt et al. 2010) and users who snort MEPH rate it as more addictive than
cocaine (Winstock et al. 2011). By comparison to substituted amphetamines and cathinone
derivatives, the neurochemical actions of MEPH have scarcely been studied. Emerging data
has shown that MEPH causes locomotor activation (Motbey et al. 2011). It also increases
synaptic levels of DA by virtue of its interaction with the DAT, resulting in increased
release and inhibition of reuptake (Kehr et al. 2011, Hadlock et al. 2011, Martinez-Clemente
et al. 2011). Surprisingly little is known about the neurotoxic potential of MEPH beyond the
recent observation that repeated treatment of rats causes persistent serotonergic deficits
(Hadlock et al. 2011). We report presently that binge-like administration of high doses of
MEPH causes significant hyperthermia and hyperactivity but does not decrease striatal
levels of DA, TH or DAT. MEPH does not cause microglial activation and glial fibrillary
acidic protein (GFAP) levels are unaltered, suggesting that it does not cause damage to DA
nerve endings of the striatum.

Materials and methods

Materials

Animals

MEPH hydrochloride, (+) METH hydrochloride, pentobarbital, horseradish peroxidase
(HRP)-conjugated Isolectin B, (ILBy4; from Griffonia simplicifolia), 3, 3’-diaminobenzidine,
paraformaldehyde, Triton X-100, Tween 20, DA, methanol, EDTA, all buffers, and HPLC
reagents were purchased from Sigma-Aldrich (St. Louis, MO). CitriSolv and Permount were
products of Fisher Scientific (Pittsburgh, PA). Bicinchoninic acid protein assay kits were
obtained from Pierce (Rockford, IL). Polyclonal antibodies against rat TH were produced as
previously described (Kuhn and Billingsley 1987). Monoclonal antibodies against rat DAT
were generously provided by Dr. Roxanne A. Vaughan (University of North Dakota, Grand
Forks, ND). Rabbit polyclonal antibodies against GFAP were purchased from Thermo
Scientific (Rockford, IL). HRP-conjugated secondary antibodies were obtained from
Amersham (Piscataway, NJ) and Jackson ImmunoResearch Laboratories (West Grove, PA).

Female C57BL/6 mice (Harlan, Indianapolis, IN) weighing 20-25 g at the time of
experimentation were housed 5 per cage in large shoe-box cages in a light (12 h light/dark)
and temperature controlled room. Female mice were used because they are known to be very
sensitive to neuronal damage by the neurotoxic amphetamines and to maintain consistency
with our previous studies of METH neurotoxicity (Thomas et al. 2010, Thomas et al. 20043,
Thomas et al. 2008a, Thomas et al. 2008b, Thomas et al. 2009, Thomas and Kuhn 2005).
Mice had free access to food and water. The Institutional Care and Use Committee of
Wayne State University approved the animal care and experimental procedures. All
procedures were also in compliance with the NIH Guide for the Care and Use of Laboratory
Animals.

Pharmacological, physiological and behavioral procedures

Mice were treated with a binge-like regimen of MEPH comprised of 4 injections of 20 or 40
mg/kg with a 2 h interval between each injection. This treatment regimen is known to cause
extensive DA nerve ending damage when used for the substituted amphetamines and
cathinone derivatives. The doses of MEPH used presently were determined empirically in
pilot experiments. Lower doses of MEPH (e.g., 4X 5-10 mg/kg) were not neurotoxic to the
DA neuronal system and did not cause changes in body temperature (data not shown).
MEPH doses higher than 4X 40 mg/kg were not tested to avoid complications associated
with cardiotoxicity (Meng et al. 2012). Mice were treated with a neurotoxic regimen of
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METH (4X 5 mg/kg with 2 h between injections) in select experiments (specified below).
Controls received injections of physiological saline on the same schedule used for MEPH.
All injections were given via the i.p. route. Mice were sacrificed 2 or 7 days after the last
MEPH treatment. Body temperature was monitored by telemetry using IPTT-300
implantable temperature transponders from Bio Medic Data Systems, Inc. (Seaford, DE).
Temperatures were recorded non-invasively every 20 min starting 60 min before the first
METH injection and continuing for 9 h thereafter using the DAS-5001 console system from
Bio Medic. Locomotor activity was measured in a locomotor activity apparatus comprised
of four transparent plastic cages (AccuScan Instruments, Columbus, OH; 21 cm x 21 cm x
30 cm) each covered by a removable perforated plastic lid. Mice were placed in the center of
the cage immediately after each injection of MEPH for 60 min and total activity, distance
traveled, movement time and stereotyped episodes were recorded automatically and
analyzed by Fusion software (AccuScan Instruments). Stereotyped episodes are
operationally defined as repeated breaks of the same infrared light beam before and after a
rest period (i.e., no stereotypy) > 1 s. Mice were returned to home cages for 60 min prior to
the next MEPH injection.

Determination of striatal DA content

Striatal tissue was dissected bilaterally from brain after treatment and stored at —80°C.
Frozen tissues were weighed and sonicated in 10 volumes of 0.16 N perchloric acid at 4°C.
Insoluble protein was removed by centrifugation and DA was determined by HPLC with
electrochemical detection as previously described for METH (Thomas et al. 2010, Thomas
et al. 2009).

Determination of TH and DAT protein levels by immunoblotting

The effects of MEPH on striatal TH and DAT levels were determined by immunaoblotting as
an index of toxicity to striatal DA nerve endings. Mice were sacrificed by decapitation after
treatment and striatum was dissected bilaterally. Tissue was stored at —80°C. Frozen tissue
was disrupted by sonication in 1% SDS at 95°C and insoluble material was sedimented by
centrifugation. Protein was determined by the bicinchoninic acid method and equal amounts
of protein (70 pg/lane) were resolved by SDS-polyacrylamide gel electrophoresis and then
electroblotted to nitrocellulose. Blots were blocked in Tris buffered saline containing Tween
20 (0.1% v/v) and 5% non-fat dry milk for 1 h at room temperature. Primary antibodies were
added to blots and allowed to incubate for 16 h at 4°C. Blots were washed 3X in Tris-
buffered saline to remove unreacted antibodies and then incubated with HRP-conjugated
anti-lgG secondary antibody (1:4000) for 1 h at room temperature. Immunoreactive bands
were visualized by enhanced chemiluminescence and the relative densities of TH- and DAT-
reactive bands were determined by imaging with a Kodak Image Station (Carestream
Molecular Systems, Rochester, NY) and analyzing with ImageJ software (NIH).

Assessment of glial status in striatum—Microglial activation was assessed by
staining fixed brain sections with HRP-conjugated ILB, as developed by Streit (Streit 1990)
and as previously described in our studies with METH (Thomas et al. 2004b, Thomas et al.
2008b). At the time of sacrifice, mice were deeply anesthetized with pentobarbital (120 mg/
kg) and perfused transcardially with ice-cold 4% paraformaldehyde in phosphate buffered
saline (PBS). Brains were removed and stored overnight in fixative at 4°C. Sections of 50
pum thickness were cut through the striatum. Sections were floated into PBS containing 0.3%
H»0, for 30 min, washed once in PBS + 0.1% Triton X-100, then incubated in fresh PBS +
0.1% Triton X-100 for an additional 30 min. Microglia were labeled with HRP-conjugated
ILB4 (10 pg/ml in PBS + 0.1% Triton X-100) overnight at 4°C. Excess ILB4 was removed
by 3 washes with PBS + 0.1% Triton X-100 (5 min each) followed by a single wash in PBS
before exposure to 3,3’-diaminobenzidine substrate (0.1 mg/ml) in PBS for 25 min. After 3
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washes with PBS, all sections were transferred to glass slides, air dried and dehydrated
through a series of graded ethanol washes. Sections were incubated in Citrisolv for 5 min
then cover-slipped under Permount. Astrocytic activation was assessed by
immunohistochemistry using antibodies against GFAP (1:500 dilution) according to the
same procedures described above for ILB4 histochemical staining except that GFAP was
visualized using HRP-linked goat anti-rabbit secondary antibodies. Brain sections from
drug-treated mice were processed simultaneously with controls to normalize staining among
treatment groups. Glial reactivity was viewed under the light microscope and the number of
stained cells observed after various treatments was quantified using MicroSuite Five
Software (Olympus, Center Valley, CA). Cell counts were made by persons blinded to the
treatment conditions. Counts were taken from two non-adjacent fields (40 um?) of four
independent sections from all like-treated mice, bilaterally, generating an average count for
each treated subject.

Data analysis

Results

The effects of drug treatments on striatal DA, TH and DAT content (Figs. 1 and 2) were
tested for significance by one-way ANOVA followed by Tukey’s multiple comparison test
in GraphPad Prism 5. Tests for glial activation (Figs. 3 and 4) used a 1-way ANOVA
followed by Tukey’s for data obtained at the 2d time point (four groups) and a t-test was
used to compare data obtained at the 7d time point (two groups). Results of MEPH on core
body temperature (Fig. 5) over time were compared to controls using a two-way repeated
measures ANOVA followed by Bonferroni’s test to determine significant differences in
body temperature at individual times. MEPH effects on locomotor activity, distance
traveled, movement time and stereotyped episodes (Fig. 6) were tested for significance by
two-way ANOVA followed by Bonferroni multiple comparison test. Differences were
considered significant if p < 0.05.

Effects of MEPH on striatal DA nerve endings

Mice were treated with a binge-like regimen of MEPH and the effects on DA, TH and DAT
were determined to assess damage to striatal DA nerve endings in the same manner used for
the study of METH neurotoxicity. Fig. 1A shows that MEPH at doses (4X for each) of 20 or
40 mg/kg did not change striatal DA content 2d after treatment. It can also be seen in Fig.
1B that neither dose of MEPH changed the levels of TH. However, the high dose of MEPH
caused a slight but significant increase in DAT by comparison to the low dose while the low
dose of MEPH was not different from control DAT levels (Fig. 1C). Because MEPH can
cause damage to 5-HT nerve endings in rats when tested 7d after treatment (Hadlock et al.
2011), we extended the analysis of DA nerve ending markers to this time point in mice at
the higher MEPH dose of 40 mg/kg. The results in Fig. 2A show that MEPH actually caused
a slight but significant increase in striatal DA content 7d after treatment and it did not
change the levels of TH (Fig. 2B) or DAT (Fig. 2C) in agreement with results in Fig. 1.

Effects of MEPH on glial activation

The effects of MEPH on microglia are presented in Fig. 3. It can be seen that MEPH at
doses of 20 (Fig. 3B) or 40 mg/kg (Fig. 3C) did not result in microglial activation 2d after
treatment. Very few ILB4-positive microglia were observed in striatum from either control
(Fig. 3A and 3E) or drug-treated mice. By comparison, METH (4X 5 mg/kg) caused a
robust and significant microglial activation in striatum as shown in Figure 3D. Microglial
activation was also not observed if the time of sacrifice of MEPH-treated mice was extended
from 2d to 7d (Fig. 3F). Striatum was also analyzed for astrocytic activation via measures of
GFAP and the results are shown in Fig. 4. It is evident that GFAP stained astrocytes were
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not changed from control (Fig. 4A and 4E) after either dose of MEPH (Fig. 4B and 4C) 2d
after treatment but a large and significant increase was seen in METH-treated mice as
expected (Fig. 4D). Changes in GFAP were likewise not seen if the time of analysis was
extended to 7d after the last MEPH injection (Fig. 4F).

Effects of MEPH on core body temperature

Core temperatures of MEPH-treated mice were monitored by telemetry throughout the
period of drug treatment and the results are presented in Fig. 5. It can be seen that 20 mg/kg
MEPH caused an increase in body temperature that rose above control about 2.5 h after the
first injection and remained elevated for the duration of the treatment period (Fig. 5A). The
higher dose of 40 mg/kg MEPH caused a somewhat different body temperature response. It
can be seen in Fig. 5B that each injection of MEPH caused an immediate drop in body
temperature and the magnitude of this drop increased with successive injections. These
transient reductions in body temperature reached 2—-2.5°C after the second and third
injections and diminished to a drop of 1.5°C after the fourth injection. These drops in body
temperature returned to and then exceeded controls within 40 min and remained elevated
until the next injection. By normalizing changes in body temperature to controls, it became
clear that MEPH-treated mice were hyperthermic for ~70% of time after treatment (420
min), hypothermic for 20% of the time (120 min) and normothermic for 10% of time (60
min). The effect of MEPH on core body temperature was significant by comparison to
controls for both doses.

Effects of MEPH on locomotor activity

MEPH caused locomotor activation as shown in Fig. 6. Doses of 20 or 40 mg/kg caused
significant increases in total locomotor counts (Fig. 6A), distance traveled (Fig. 6B),
movement time (Fig. 6C) and stereotyped episodes (Fig. 6D), effects that persisted
throughout the entire treatment period. By comparison, controls showed habituation in all
measures of locomotor activity over time. The main effect of drug treatment was
significantly different from controls for all measures of activity. The main effect of drug
dose was not significant for total activity, movement time or stereotyped episodes but was
for distance traveled. Whereas mice treated with METH show more constant activity,
MEPH treated mice show cyclic bouts of explosive and stereotyped activity followed by
short periods of inactivity (defined operationally as stereotyped episode) as shown in Fig.
6D.

Discussion

MEPH abuse is increasing at an alarming rate (Winstock et al. 2011, Brunt et al. 2010)
justifying the acute need for additional research into its mechanisms of action. MEPH has
numerous elements in common with substituted amphetamines and cathinone derivatives to
include the following: 1) MEPH is a B-ketoamphetamine with a structure very similar to
methcathinone and, by extension, to METH (Kelly 2011, Gibbons and Zloh 2010, Schifano
et al. 2011, Maurer 2010); 2) MEPH can increase the synaptic levels of DA by
simultaneously stimulating release (Kehr et al. 2011) and blocking reuptake (Kehr et al.
2011, Hadlock et al. 2011, Martinez-Clemente et al. 2011) probably by direct binding to the
DAT (Martinez-Clemente et al. 2011); and 3) it is a psychostimulant that increases motility
(Motbey et al. 2011) and it sustains self-administration by rats to an extent that exceeds
METH (Hadlock et al. 2011). In light of these similarities and considering in addition that
the substituted amphetamines and cathinone derivatives cause damage to DA nerve endings
of the striatum, we predicted that MEPH would share this property as well.
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Persistent reductions in DA nerve ending-specific markers such as DA itself, TH and DAT
are well accepted indicators of damage caused by drugs such as METH and MPTP. Testing
these same markers presently to assess the neurotoxic potential of MEPH revealed a
surprising lack of effect of this drug on the DA nerve ending. Administration of high doses
of MEPH consistent with those ingested by human abusers of this drug (Schifano et al.
2011), in a binge-like regimen used to study both METH and MPTP neurotoxicity, failed to
uncover evidence of even mild toxicity. These markers were assessed 2d after the last
injection of MEPH, a time at which the neurotoxic effects of METH have reached their
maximum in mice (Thomas et al. 2004b, Thomas et al. 2008b, Thomas et al. 2009). To
ensure that a toxic response in the striatum to MEPH was not delayed, we tested mice 7d
after the highest dose of MEPH used presently (i.e., 40 mg/kg) and again did not observe
any evidence of striatal DA nerve ending damage.

Regional markers of damage to the striatum, such as activation of microglia and astrocytes,
were also assessed after treatment of mice with MEPH. In agreement with results obtained
for DA, TH and DAT, results for MEPH indicated that microglia and astrocytes were not
activated 2d or 7d after drug treatment. Glial activation is pronounced 2d after treatment of
animals with METH (Thomas et al. 2004b, LaVoie et al. 2004) but the present results were
clear in that striatal microglia were not activated and GFAP expression was not changed by
MEPH, even after treatment with very high doses. Increased GFAP expression is a robust
and reliable indicator of METH-induced damage to the striatum (O'Callaghan and Miller
1993, O'Callaghan and Miller 1994). These observations point to the conclusion that MEPH,
despite its numerous similarities to the neurotoxic amphetamines and cathinone derivatives,
does not cause damage to DA nerve endings of the striatum.

The failure to see neurotoxicity after MEPH is all the more surprising in light of the fact that
it caused a significant hyperthermia in mice, as is seen after treatment of animals with
METH (Bowyer et al. 1994, Albers and Sonsalla 1995, Cadet et al. 2007, Johnson-Davis et
al. 2003, Miller and O'Callaghan 1994, Miller and O'Callaghan 1995). Each injection of
MEPH at the lower dose of 20 mg/kg led to a gradual increase in body temperature which
reached maximum about 2.5 h after the initial injection and remained elevated through the
rest of the recording session. The response to the higher dose of MEPH was interesting in
that after the second injection, body temperatures fell dramatically (2-2.5°C) and then
quickly reversed to levels that were hyperthermic. This cycle of hypothermia-hyperthermia
was repeated after the third and fourth injections of MEPH. In total, body temperatures were
elevated above control for much longer than they were reduced (420 min vs 120 min,
respectfully) after the binge treatment regimen of MEPH. Finally, we observed that MEPH
caused a significant locomotor hyperactivity at both 20 and 40 mg/kg. This increase in
activity was seen in all facets of hypermotility to include number of beam breaks in the
activity meter, distance traveled and time spent moving. While we did not compare MEPH
to METH presently, and despite the fact that both drugs are psychostimulants, the effect of
MEPH was qualitatively different from METH. MEPH-treated mice showed bursts of
running around the cage perimeter with little traversing of the cage interior space. The
running bouts were interspersed with periods of relative inactivity. We also noted when
giving the 4 injections of either dose of the binge-like regimen, mice became harder to
handle with each injection and the handling associated with the injections seemed to
provoke the running bursts. These results agree well with the observations of Motbey and
colleagues (Motbey et al. 2011) showing that MEPH causes locomotor activation in rats.

While our manuscript was in preparation, it was reported that MEPH causes long-term
deficiencies in 5-HT neurochemical function of rats (Hadlock et al. 2011) suggesting the
possibility that MEPH is like MDMA in specifically targeting the 5-HT neuronal system for
damage. This is an interesting possibility that requires more investigation because MDMA
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can also cause damage to DA nerve endings of the striatum (Yamamoto and Bankson 2005,
Steele et al. 1994, Green et al. 2003, Cadet et al. 2007), it causes hyperthermia (\Vorhees et
al. 2010, Sprague et al. 2003, O'Shea et al. 2002) and it also increases glial activation
(Thomas et al. 2004a, Torres et al. 2010, Orio et al. 2009, O'Callaghan and Miller 1994, Pu
et al. 1996). It is known that rats are more sensitive than mice to 5-HT nerve ending damage
after treatment with METH or MDMA but it is clear that mice, like humans, readily show
DA neuronal deficits after intoxication with the substituted amphetamines or cathinone
derivatives (Fleckenstein et al. 2007, Yamamoto et al. 2010, Cadet et al. 2007, Fleckenstein
et al. 2000). Thus, MEPH may be even more selective than MDMA in that its neurotoxicity
is directed solely at the 5-HT neuronal system.

In summary, the results of the present experiments were contrary to our expectation that
MEPH would cause neurotoxicity to DA nerve endings of the striatum. This expectation was
prompted by the fact that MEPH exerts the same effects that are thought to be essential for
METH-induced damage to the DA neuronal system to include increased release of DA,
inhibition of reuptake and increases in locomotor activity and core body temperature.
Several factors could explain why MEPH is not neurotoxic to the DA neuronal system. First,
it may be possible that it’s DAT blocking properties make its neurochemical actions more
like those of nomifensine or cocaine. These drugs increase the synaptic levels of DA but
they do not cause neurotoxicity. Second, MEPH may not cause reactive oxygen stress
(YYamamoto and Bankson 2005, Yamamoto et al. 1998, Krasnova and Cadet 2009, Cadet
and Krasnova 2009, Gibb et al. 1990, Fleckenstein et al. 2007) and mitochondrial
dysfunction (Yamamoto and Bankson 2005, Brown et al. 2005, Burrows et al. 2000), two
factors that are important components of the METH neurotoxic cascade. Third, MEPH may
not induce excitotoxicity in striatum via increased efflux of glutamate as is seen after METH
treatment (Yamamoto et al. 2010, Tata and Yamamoto 2008, Mark et al. 2007, Stephans and
Yamamoto 1995, Yamamoto et al. 1998). Fourth, the hypothermic periods seen after MEPH
may act to diminish the contribution of hyperthermia to neurotoxicity. If indeed MEPH does
not cause oxidative stress, microglial activation, mitochondrial dysfunction or excitotoxicity,
it may well be the case that it would actually protect against METH toxicity as do other
DAT blockers (Pu et al. 1994, Schmidt and Gibb 1985, Marek et al. 1990). These
possibilities are currently under examination and will not only yield important information
on the actions of MEPH but they may also offer clues into the neurotoxic mechanisms
associated with METH.

Abbreviations used

5-HT serotonin

AUC area under the curve

DA dopamine

DAT dopamine transporter
GFAP glial fibrillary acidic protein
HRP horseradish peroxidase
ILB4 Isolectin B4

MDMA 3,4-methylenedioxymethamphetamine
MEPH mephedrone

METH methamphetamine

PBS phosphate-buffered saline
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SERT serotonin transporter
TH tyrosine hydroxylase
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Fig. 2.

Effect of MEPH on DA nerve endings of the striatum 7d after treatment. Mice (n = 6 per
group) were treated with MEPH (4X 40 mg/kg) and the levels of DA (A), TH (B) and DAT
(C) were determined at 7 days after the last injection of MEPH. Immunaoblots show only 3
representative samples for each treatment group. All immunoblots were scanned and
presented as means + SEM relative to controls. The effects of MEPH on TH or DAT were
not significantly different from control but DA levels were increased significantly (p < 0.05.
one-way ANOVA followed by Tukey’s test).
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Fig. 3.

Effect of MEPH on striatal microglia. Mice (n = 4 per group) were treated with 4X 20 mg/
kg or 4X 40 mg/kg MEPH and striatum was analyzed for microglial activation by
histochemical staining of sections with ILB4. Microglia counts were obtained as described in
Materials and Methods and are presented as means + SEM within each panel. Treatment
conditions and time of sacrifice after treatments are (A) control 2d, (B) 4X 20 mg/kg MEPH
2d, (C) 4X 40 mg/kg MEPH 2d, (D) 4X 5 mg/kg METH 2d, (E) control 7d, and (F) 4X 40
MEPH 7d. None of the MEPH treatment conditions were significantly different from control
but the effect of METH on microglial activation was (p < 0.0001, one-way ANOVA
followed by Tukey’s test). The scale bars represent 50 pm.
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Fig. 4.

Effect of MEPH on striatal astrocyte expression of GFAP. Mice (n = 4 per group) were
treated with 4X 20 mg/kg or 4X 40 mg/kg MEPH and striatum was analyzed for GFAP
expression by immunohistochemistry. Counts of GFAP-positive astrocytes were obtained as
described in the Materials and Methods and are presented as means + SEM within each
panel. Treatment conditions and time of sacrifice after treatments are (A) control 2d, (B) 4X
20 mg/kg MEPH 2d, (C) 4X 40 mg/kg MEPH 2d, (D) 4X 5 mg/kg METH 2d, (E) control
7d, and (F) 4X 40 MEPH 7d. None of the MEPH treatment conditions were significantly
different from control. but the effect of METH was (p < 0.0001, one-way ANOVA followed
by Tukey’s test). The scale bars represent 50 pum.
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Fig. 5.

Effects of MEPH on core body temperature. Mice (n = 6 per group) were treated with 4X 20
mg/kg (A) or 4X 40 mg/kg (B) and core body temperatures were recorded by telemetry at 20
min intervals for 9 h after the first injection. Results are presented as group means. SEMs
are omitted for the sake of clarity and were always < 10% of the respective mean values.
Injections of MEPH are indicated by arrows. Areas under the curve (AUC) for MEPH
treatment groups were calculated using GraphPad Prism 5 with respect to an arbitrary
baseline set to 35°C for each group and are presented in parenthesis after each treatment
condition. The main effects of 4X 20 mg/kg MEPH (A) and 4X 40 mg/kg MEPH (B) and
their interaction were significantly different (p < 0.0001 for each; two-way repeated
measures ANOVA). Significant differences between drug and controls at individual time
points (p < 0.05, Bonferroni’s test) are indicated by open red symbols ((J) whereas those that
do not differ are closed red symbols (H).
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Fig. 6.

Effect of MEPH on locomotor activity. Mice (n= 6 per group) were treated with 4X 20 mg/
kg or 4X 40 mg/mg MEPH and placed in locomotor activity monitors. Total activity counts
(A), distance traveled (B), movement time (C) and stereotyped episodes (D) were recorded
automatically for 60 min after each of the 4 MEPH injections. Data are presented as means +
SEM. The main effect of drug treatment was significantly different from controls for total
activity, distance traveled and movement time (p < 0.0001 for all, two-way ANOVA). The
main effect of drug dose was not significant for total activity, movement time and
stereotyped episodes but was for distance traveled (p < 0.0001, two-way ANOVA followed
by Bonferroni’s test).
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