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Abstract

Mephedrone (4-methymethcathinone) is a synthetic cathinone designer drug that disrupts central
nervous system (CNS) dopamine (DA) signaling. Numerous central neuropeptide systems
reciprocally interact with dopaminergic neurons to provide regulatory counterbalance, and are
altered by aberrant DA activity associated with stimulant exposure. Endogenous opioid
neuropeptides are highly concentrated within dopaminergic CNS regions and facilitate many
rewarding and aversive properties associated with drug use. Dynorphin, an opioid neuropeptide
and kappa receptor agonist, causes dysphoria and aversion to drug consumption through signaling
within the basal ganglia and limbic systems, which is affected by stimulants. This study evaluated
how mephedrone alters basal ganglia and limbic system dynorphin content, and the role of DA
signaling in these changes. Repeated mephedrone administrations (4 x 25 mg/kg/injection, 2-h
intervals) selectively increased dynorphin content throughout the dorsal striatum and globus
pallidus, decreased dynorphin content within the frontal cortex, and did not alter dynorphin
content within most limbic system structures. Pre-treatment with D4-like (SCH-23380) or D,-like
(eticlopride) antagonists blocked mephedrone-induced changes in dynorphin content in most
regions examined, indicating altered dynorphin activity is a consequence of excessive DA
signaling.
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INTRODUCTION

4-Methylmethcathinone (mephedrone) is an emerging synthetic cathinone designer drug
distributed as a primary constituent of 'bath salts' mixtures worldwide and as a substitute for
methylenedioxymethamphetamine (MDMA\) within ecstasy tablets throughout Europe (for
review, see (German et al., 2014a)). Abused for its euphoric and stimulant effects in humans
(Winstock et al., 2011), mephedrone acutely disrupts central dopamine (DA) and serotonin
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(5-HT) systems and demonstrates a high abuse liability within animal pre-clinical models
(Aarde et al., 2013; Bonano et al., 2014; Hadlock et al., 2011). The direct action of
stimulants to increase extracellular DA by blocking reuptake or driving release within the
basal ganglia and limbic systems is closely tied to many of the stimulant and rewarding
properties of these drugs (for review, see Fleckenstein et al., 2007; Nestler, 2005), which
likely occurs with mephedrone. Mephedrone is a DA transporter (DAT) substrate, reducing
DA uptake and releasing DA through transporter-mediated efflux by presumably increasing
intracellular DAT substrate concentration (Baumann et al., 2012; Hadlock et al., 2011).

Neuropeptide systems provide a regulatory counterbalance to endogenous dopaminergic
neuron activity by altering DA receptor sensitivity, neurotransmitter release, and electrical
activity (for review, see Angulo and McEwen, 1994). The interaction between the
dopaminergic and neuropeptide systems is often reciprocal in nature — DA initiates
neuropeptide activity, and neuropeptides feedback to regulate DA signaling. Excess DA
signaling, as occurs during stimulant exposure, dysregulates and decouples these feedback
interactions. For example, repeated high-doses of cocaine, methamphetamine (METH), and
mephedrone all disrupt basal ganglia and limbic system neurotensin, a neuropeptide that
inhibits dopaminergic activity within these brain regions and is involved in the escalation of
drug consumption over time (German et al., 2014b; Gygi et al., 1994).

Endogenous opioid neuropeptides - endorphins, enkephalins and dynorphins - and their
receptors - delta, mu, kappa, and opiate receptor-like - are highly concentrated within the
basal ganglia and limbic system, and reciprocally interact with dopaminergic neurons (for
review see Trigo et al., 2010). Activation of central kappa opioid receptors by dynorphin
inhibits dopaminergic firing and neurotransmitter release (Broderick, 1987; Reid et al.,
1988). Kappa receptor activation simultaneously exerts analgesic and dysphoric/aversive
effects (for review see Wee and Koob, 2010), leading to the hypothesis that dynorphin
functions as an endogenous anti-addiction system. Indeed, kappa receptor antagonists
increase cocaine self-administration (Wee et al., 2009) and dynorphin itself dose-
dependently blocks cocaine-induced rises in extracellular DA (Zhang et al., 2004). The
dynorphin system, however, is sensitive to DA signaling: dramatic increases in basal ganglia
and limbic system DA transmission lead to increased dynorphin release, increased
dynorphin tissue content, and increased feedback to dopaminergic neurons (Hanson et al.,
1987; Li et al., 1988; Quirion et al., 1985). Consequently, understanding how the dynorphin
system is altered by stimulants provides insight into the loss of endogenous dopaminergic
regulation.

The goal of this study was to determine whether or not mephedrone alters dynorphin within
the basal ganglia and limbic systems, the role of DA signaling in any mephedrone-induced
changes, and to compare any changes to those caused by other stimulants. To do this, rats
were given repeated high-dose mephedrone injections and dynorphin tissue content was
measured by assessing dynorphin-like immunoreactivity (DLI) within basal ganglia and
limbic structures. The involvement of DA signaling in the responses of dynorphin to
mephedrone was assessed by pre-treatment with D1-like (SCH-23380) or D,-like
(eticlopride) receptor antagonists. This study establishes the first profile of the impact of
mephedrone upon the dynorphin system, providing groundwork for subsequent studies to
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investigate causal links between altered dynorphin within the basal ganglia and limbic
structures and mephedrone-related behaviors.

MATERIALS AND METHODS

Animals, Reagents and Drug Treatment

Male Sprague-Dawley rats (250-325 g; Charles River Laboratories; Raleigh, NC) were
housed with food and water ad libitum in a temperature and light-controlled environment.
All experiments were approved by the University of Utah Institutional Animal Care and Use
committee. 4-Methylmethcathinone (mephedrone) was synthesized by the Research Triangle
Institute (Research Triangle Park, NC) and was a generous gift from the National Institute
on Drug Abuse. S-(-)-eticlopride hydrochloride and R-(+)-SCH-23390 hydrochloride were
purchased from Sigma Aldrich (St. Louis, MO). Drug dosages were calculated as free base
and prepared in sterile saline solution (0.9% wt/vol NaCl, pH 7.4). All chemicals were
purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

The dynorphin A antiserum was raised in New Zealand White rabbits as previously
described (Hanson et al., 1987). This antiserum recognizes the dynorphin carboxy terminus
and is highly selective, expressing no cross-reactivity with 1000-fold excess concentrations
of other endogenous neuropeptides such as neurotensin, metenkephalin, cholecystokinin,
substance P or substance K.

Rats were administered four subcutaneous injections of saline (1.0 ml/kg/injection) or
mephedrone (25 mg/kg/injection) at 2-h intervals and sacrificed 18 h after the last injection
by decapitation. This dosage of mephedrone was chosen because it has been demonstrated to
acutely disrupt the DA and 5-HT systems within the striatum and hippocampus, respectively
(Hadlock et al., 2011), and to alter DA-related NT systems (German et al., 2014b). Animal
groups were pre-treated with a D1-like (SCH-23390; 0.5 mg/kg/injection) antagonist, Do-
like (eticlopride; 0.5 mg/kg/injection) antagonist, or saline 15 min prior to each mephedrone
injection. Dosages were based on previous studies demonstrating their effectiveness within
the basal ganglia and limbic systems (Alburges et al., 2011; Wang and McGinty, 1996).
Immediately following sacrifice brains were removed, flash-frozen on dry ice, and stored at
—80 °C until dissection. The striatum, divided into four regions according to the anterior-
posterior and medial-lateral locations (Gygi et al., 1994), globus pallidus, lateral habenula,
nucleus accumbens, substantia nigra, ventral tegmental area, and frontal cortex were
dissected according to locations defined in The Rat Brain in Stereotaxic Coordinates
(Paxinos and Watson, 1986). Specifically, the frontal cortex in this study was the dorsolateral
cortical regions between Bregma 2.2 and 3.2. All dissected areas were stored at =80 °C until
radioimmunoassays were performed.

Dynorphin Radioimmunoassay

Dynorphin-like immunoreactivity (DLI) within the defined brain regions was determined by
solid-phase radioimmunoassay (RIA) as previously described (Alburges et al., 2009).
Briefly, tissue was homogenized in 300 pL 10 mM HCI, boiled for 10 min, then centrifuged
at 17000 g for 30 min. Protein content was assessed by Bradford assay of the supernatant,
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the remainder of which was lyophilized and stored at —80 °C until further use. Lyophilized
samples were reconstituted in assay buffer consisting of 300 uL phosphate-buffered saline
(PBS; 137 mM NacCl, 2.7 mM KClI, 10.1 mM NayHPOy, and 1.8 mM KH,POy, in dH,0; pH
7.4), 0.1% (wt/vol) gelatin and 0.1% (wt/vol) Triton X-100. Nunc immunoplates (ISI Bio-
Express; Kaysville, UT) were prepared for the assay by incubating 50 pL protein G solution
(50 ng/100 ml in 0.1 mol/l NaHCOgs; Invitrogen; Carlsbad, CA) per well overnight at 4 °C
followed by three washes with wash buffer (150 mM Ky;HPOy4, 20 mM NayHPOy, 0.2 mM
ascorbic acid, 0.2% (vol/vol) Tween-20 and 0.1% (wt/vol) sodium azide in dH,0; pH 7.4).
Dynorphin (25 pL; 1:10,000 dilution) antiserum was diluted in assay buffer, incubated in
plate wells for 2 h at 25 °C to attach antibody to protein G surface, and then washed three
times with wash buffer. Samples or standards (25 uL) were added to wells and incubated for
3 hat 25 °C. Radiolabeled dynorphin ([12°1]dynorphin; 6500 dpm per 25 pL diluted in assay
buffer) was then added to each well and incubated for 2 h at 25 °C. Following incubation
wells were washed with wash buffer and protein G was removed from wells, placed in
polypropylene tubes, and radioactivity was counted in a five-channel Packard Cobra Il Auto-
Gamma counter (Packard Instrument Co.; Meriden, CT). Dynorphin concentration was
determined by comparing bound to free [123I]dynorphin in each sample to a standard curve
ranging from 1 to 125 pg protein per assay tube.

Data Analysis

Results are graphed as percentage differences from saline controls (mean + standard error of
the mean) with saline control absolute values reported in the figure legends. Data were
analyzed using both one-way ANOVA comparisons between all groups and two-way
ANOVA comparisons of pre-treatment (saline, eticlopride, or SCH-23390) and drug-
treatment (saline or mephedrone). Bonferroni post-hoc tests were then performed using
significance set at p < 0.05 in GraphPad Prism 5.01 (GraphPad Software; La Jolla, CA).

RESULTS

The impact of mephedrone exposure upon dynorphin A tissue content within basal ganglia
and limbic system structures was evaluated by radioimmunoassay (RIA) of dynorphin-like
immunoreactivity (DLI) in the brains of animals receiving repeated mephedrone or saline
(see Materials and Methods). This treatment paradigm was chosen based on human user
reports of repeated mephedrone binging over an 8 — 12 h period with approximate 2-h
intervals (Addiction, 2011; Winstock et al., 2011) and the dosage was based on studies
demonstrating 25 mg/kg/injection of mephedrone causes acute disruption of central DA, 5-
HT (Hadlock et al., 2011), and neurotensin (German et al., 2014b) systems in rats. The
involvement of DA signaling in mephedrone-induced DLI changes was assessed by pre-
treating animals with a D1-like receptor antagonist (SCH-23390), D,-like receptor
antagonist (eticlopride), or saline 15 min prior to each mephedrone injection.

Within the basal ganglia, repeated mephedrone treatments increased DLI in all dorsal
striatum regions (S/M; Fig. 1A-D). DL differed significantly as a function of drug
treatment (saline or mephedrone) and pre-treatment (saline, eticlopride, or SCH-23390)
within the lateral anterior striatum (drug treatment: p < 0.0001, F(1,42) = 32.69; pre-
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treatment: p = 0.0011, F(2, 42) = 8.084), lateral posterior striatum (drug treatment: p <
0.0001, F(1,42) = 49.37; pre-treatment: p < 0.0001, F(2,42) = 11.85), medial anterior
striatum (drug treatment: p < 0.0001, F(1,42) = 21.08; pre-treatment: p < 0.0001, F(2,42) =
12.00), and medial posterior striatum (drug treatment: p < 0.0001, F(1,42) = 33.55; pre-
treatment; p = 0.0009; F(2,42) = 8.323). Pre-treatment with either SCH-23390 or eticlopride
blocked mephedrone-induced increases in DLI within the medial anterior and medial
posterior dorsal striatum (Fig. 1C, D). Only eticlopride significantly blocked mephedrone-
induced increased DLI within the lateral anterior dorsal striatum (Fig. 1A). Within the lateral
posterior striatum, mephedrone-induced DLI increases were blocked by eticlopride and
partially blocked by SCH-23390 (Fig. 1B). DLI was significantly increased in lateral
posterior striatum in SCH-23390 plus mephedrone-treated animals when compared to saline
controls (Fig. 1B; SCH/M vs. S/S), but DLI was also significantly reduced in SCH-23390
pre-treated animals when compared to those receiving mephedrone alone (Fig. 1B; SCH/M
vs. S/M). DLI differed significantly as a function of drug treatment and pre-treatment within
both the globus pallidus (drug treatment: p < 0.0001, F(1,42) = 31.05; pre-treatment: p =
0.0162, F(2,42) = 4.556) and substantia nigra (drug treatment: p = 0.0074, F(1,42) = 7.895;
pre-treatment: p < 0.0001, F(2,42) = 13.37). Compared to saline controls (S/S), mephedrone
alone (S/M) significantly increased DLI within the globus pallidus (Fig. 2A) but not the
substantia nigra, despite a trend towards an increase (Fig. 2B). Similar to regions of the
dorsal striatum, increased globus pallidus DLI after repeated mephedrone administrations
was blocked by pre-treatment with either SCH-23390 or eticlopride (Fig. 2A).

Repeated mephedrone treatment alone had limited impact on the limbic system, leaving DLI
in the nucleus accumbens (Fig. 3B), ventral tegmental area (Fig. 3C), amygdala (Fig. 3D),
and habenula (Fig. 3E) unaffected. Mephedrone alone (S/M) significantly decreased DLI
within frontal cortex DLI (Fig. 3A), which was prevented by pre-treatment with D-like
(SCH/M) or D,-like (E/M) antagonists (Fig. 3A). DLI did not differ significantly as a
function of either drug treatment or pre-treatment when assessed by two-way ANOVA.

DISCUSSION

This study demonstrates that repeated mephedrone administrations selectively increased
dynorphin-A content within the basal ganglia in a selective D1-like and D,-like receptor-
dependent fashion. In all brain areas studied, DA signaling mediated repeated mephedrone-
induced changes in dynorphin content. Increased DLI within the medial dorsal striatum (Fig.
1C, D) and globus pallidus (Fig. 2A) as well as decreased DLI within the frontal cortex (Fig.
2A) were all blocked by D4-like (SCH-23380) and/or D,-like (eticlopride) antagonist
treatment. Increased DLI within the lateral anterior dorsal striatum (Fig. 1A, B) was blocked
by a D,-like antagonist alone and increased DLI within the lateral posterior dorsal striatum
was partially blocked by a D1-like antagonist and completely blocked by a Do-like
antagonist. DLI changes in basal ganglia and frontal cortex are likely a consequence of
mephedrone acutely increasing extracellular DA through DAT blockade and DA release
(Hadlock et al., 2011), and subsequent elevated D1-like and D,-like receptor signaling.

The main objective of this study was to compare the profile of mephedrone-induced changes
in dynorphin content throughout the basal ganglia and limbic systems to those observed
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following exposure to other stimulants such as cocaine, METH, and methylphenidate
(MPD). Mephedrone significantly increased DLI within all regions of the striatum and the
globus pallidus in a manner similar to repeated cocaine, METH, and MPD administrations
(Figs. 1 & 2) (Alburges et al., 2011; Hanson et al., 1987; Hanson et al., 1988; Smiley et al.,
1990). Mephedrone caused a trend towards increased nigral DLI, although this did not reach
significance likely due to variability in the saline control group (Fig 2B). Even though
dynorphin is localized to D1-like receptor-expressing efferent neurons in the striatum,
increased D,-like receptor activity is necessary for mephedrone to increase striatal
dynorphin content, suggesting that indirect dopaminergic signaling influences striatal
dynorphin activity. D,-like receptors are prominent on striatal GABAergic interneurons that
provide regulatory feedback to D4 receptor-containing efferent striatal neurons. Thus, Do-
mediated GABAergic receptor activation by excess DA following mephedrone
administration would reduce inhibitory GABAergic feedback onto D4 receptor-containing
striatal neurons, increase activity within D receptor-containing striatal neurons, and
presumably increase dynorphin content. Such indirect signaling has been observed in other
neuropeptide systems. Neurotensin, for example, inhibits striatal dopaminergic function
through the modulation of striatal GABAergic activity (for review, see (Binder et al., 2001)).
Dynorphin regulates basal ganglia DA signaling and many of the subsequent stimulant
behaviors of these drugs, such as increased stereotypy and locomotion (Trigo et al., 2010).
Increased basal ganglia dynorphin content is likely involved in the locomotor, stereotypy and
drug consumption behaviors observed with mephedrone administration.

A major difference between the effects of mephedrone and other stimulants exists within the
limbic system. Repeated cocaine, METH, and MPD treatments all increase dynorphin
content within the nucleus accumbens (Alburges et al., 2011; Singh et al., 1991; Smiley et
al., 1990). In contrast, mephedrone did not change dynorphin content within most limbic
structures examined, including the nucleus accumbens, ventral tegmental area, and lateral
habenula (Fig. 3B-E). Increased limbic system dynorphin signaling following acute and
chronic stimulant use has been tied to dysphoria, aversion, and anhedonia in both humans
and animal models (Butelman et al., 2012). Consequently, the absence of altered limbic
system dynorphin content suggests mephedrone may not cause the same dysphoric effects
associated with the acute use of other stimulants.

Unlike other limbic regions, mephedrone decreased frontal cortex DLI, which was blocked
by both D1-like and D,-like receptor antagonists, indicating excess DA signaling is a
primary driver of this response (Fig. 3A). Since kappa opioid receptor activation inhibits DA
release within the frontal cortex (Tejeda et al., 2013), reduced dynorphin content (Fig. 3A)
suggests kappa receptor oversight of the frontal cortex DA system is likely impaired by
mephedrone. Because the frontal cortex is responsible for oversight of executive function -
selecting behaviors, assigning value, responding to reward-related cues - and working
memory, changes in frontal cortex dynorphin content are likely related to mephedrone-
linked alterations in cognitive functions such as reduced working memory and enhanced
impulsivity, schizotypy, and depression (den Hollander et al., 2013; Freeman et al., 2012).

Mephedrone-induced changes in basal ganglia and frontal cortex DLI paralleled other DA-
linked neuropeptide systems, such as neurotensin. Neurotensin provides inhibitory feedback
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to basal ganglia and limbic DA systems - mitigating DA receptor signaling, reducing DA
release, and limiting drug consumption behavior. Mephedrone treatment similar to that used
within this study substantially increases striatal, nigral and pallidal neurotensin levels in a
D;-like and D»-like receptor-dependent fashion (German et al., 2014b). The relationship
between behavioral consequences of changes in the dynorphin and neurotensin systems by
mephedrone is currently unknown.

This study demonstrates mephedrone selectively alters dynorphin content through increased
DA signaling and activation of D1-like and D,-like receptors within most basal ganglia
structures and the frontal cortex, but not in other limbic system structures, in a pattern
distinct from that caused by cocaine, METH, and MPD. Though only the dynorphin
responses to investigator-administered mephedrone were evaluated, work with other
mechanistically similar stimulants suggests a similar dynorphin response profile would
occur in animals self-administering mephedrone. Similar dynorphin responses in basal
ganglia and limbic systems were observed after both investigator-administered and self-
administered METH, a stimulant similar to mephedrone (Frankel et al., 2011). Additional
studies are necessary in order to determine why basal ganglia and limbic regions respond
differently to mephedrone when compared to the other stimulants, and whether causal links
exist between dynorphin changes in different brain regions. Reward and consumptive
behaviors of stimulants are closely linked to DA signaling within the basal ganglia and
limbic systems, and dynorphin feedback on related dopaminergic pathways shapes many of
these behaviors. Consequently, differences in reward and behavior between stimulants are
likely linked to drug-related shifts in basal ganglia and limbic dynorphin activity. These
possibilities merit further study.
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Figure 1.

Effects of repeated mephedrone administrations and the role of D-like and D,-like receptors
on dynorphin-like immunoreactivity (DLI) within the dorsal striatum. Rats received either
saline (S; 1 ml/kg/injection, s.c.) four injections (2-h intervals) of either the D,-like
antagonist eticlopride (E; 0.5 mg/kg/injection, i.p.) or the D1-like antagonist SCH-23390
(SCH; 0.5 mg/kg/injection, i.p.) 15 min prior to each of 4 injections (2-h intervals) of either
saline (S; 1 ml/kg/injection, s.c.) or mephedrone (M; 25 mg/kg/injection, s.c.) and were
sacrificed 18 h following the last injection. DLI was assessed within the lateral anterior
striatum (A; S/S = 139.6 + 8.9 pg/mg protein), medial anterior striatum (B; S/S = 231.7

+ 36.6 pg/mg protein), lateral posterior striatum (C; S/S = 118.5 + 6.0 pg/mg protein), and
medial posterior striatum (D; 208.7 £ 8.6 pg/mg protein). Results are expressed as
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percentages of the saline control group (S/S) and represent the mean + SEM. S/S = saline/
saline, S/M = saline/mephedrone, E/S = eticlopride/saline, E/M = eticlopride/mephedrone,
SCH/S = SCH-23390/saline, SCH/M = SCH-23390/mephedrone. * p < 0.05 vs. S/S within
each group. N = 8 rats per treatment group. # = p < 0.05 vs S/M.
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Figure 2.

Effects of repeated mephedrone administrations and the role of D-like and D,-like receptors
on basal ganglia dynorphin-like immunoreactivity (DLI). Rats were treated as described in
Fig. 1 and DLI was assessed in the globus pallidus (A; S/S = 438.3 £ 36.4 pg/mg protein)
and substantia nigra (B; S/S = 2739.0 £ 741.6 pg/mg protein). * p < 0.05 vs. S/S within each
group. N = 8 rats per treatment group.
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Figure 3.

Effects of repeated mephedrone administration and the role of D1-like and D2-like receptors
on limbic system DLI. Animals were treated as described in Fig. 1 and DLI was assessed
within the frontal cortex (A; S/S = 138.2 + 17.1 pg/mg protein), nucleus accumbens (B; S/S
= 1819.0 + 56.8 pg/mg protein), ventral tegmental area (C; VTA; SIS = 796.0 £ 49.5 pg/mg
protein), amygdala (D; S/S = 1452.0 £+ 165.3 pg/mg protein), and habenula (E; S/S = 434.9
+ 43.2 pg/mg protein). Results are expressed as percentages of the saline control group (S/S)
and represent the mean + SEM. * p < 0.05 vs. S/S within each group. N = 8 rats per
treatment group.
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