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Abstract

Harmine is a p-carboline compound that targets glutamatergic, monoaminergic, and GABAergic
pathways underlying drug addiction. We compared the efficacy of harmine against different
psychoactive drugs using an invertebrate (planarian) assay designed to quantify ‘C-shape’
responses. Harmine itself (0.01 — 10 uM) did not produce C-shapes. However, when applied over
the same concentration range, harmine significantly inhibited C-shapes elicited by cocaine, with a
concentration of 0.1 uM producing almost 90% inhibition. Consistent with its putative actions,
harmine produced a similar, though less efficacious, inhibition of C-shapes elicited by the
substituted amphetamines methamphetamine and mephedrone (4-methylmethcathinone) but was
much less effective against nicotine. When tested in the presence of the glutamate transporter
inhibitor dihydrokainate (DHK) (0.1, 1 uM), harmine (0.1 uM) efficacy against cocaine-induced
C-shapes was significantly reduced. Harmine also attenuated C-shapes elicited by N-methyl-D-
aspartate (NMDA) and by glutamate itself. The present data suggest that harmine displays
preferential efficacy against different addictive substances (cocaine > amphetamines > nicotine)
and, at least for cocaine, is dependent on the glutamate system.
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Introduction

Harmine is a member of the heterocyclic p-carboline family of indole alkaloid compounds
(consisting of a pyridine ring fused to an indole skeleton). It produces multiple biological
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effects, including glutamate transporter subtype 1 (GLT-1) activation [20], monoamine
oxidase A inhibition [17], 5-HT,a receptor activation [11], cyclin-dependent kinase
inhibition [34], imidazoline site interactions, and inverse agonist actions at the
benzodiazepine site of GABAA receptors [1,8,15,25]. Despite targeting biological systems
that underlie drug addiction, harmine has not been extensively tested for its efficacy against
different classes of abused drugs. Rat studies indicate that norharman, a related -carboline
compound, reduces cocaine intake in a U-shaped manner and that harmine reduces severity
of the naloxone-precipitated morphine withdrawal syndrome and antagonize licking induced
by apomorphine [2,5,8]. The present study used a simple invertebrate (planarian) assay to
compare the efficacy of harmine against psychostimulants. Planarians possess a simple, yet
centralized, nervous system and express mammalian-like neurotransmitter systems,
including glutamate, dopamine, 5-HT, acetylcholine, and GABA [7,22-24,26,37].
Furthermore, similar to rats and mice [19], planarians display C-shape responses during
exposure to cocaine, amphetamines, nicotine, and glutamate. C-shapes provide a
reproducible, quantifiable, and common endpoint for comparing the efficacy of a test
compound such as harmine [28,31,35]. Using the invertebrate assay, we now report that
harmine displays particular efficacy (inhibition) against cocaine-induced C-shapes (nearly
90%) through a glutamate-based (dihydrokainate (DHK)-sensitive) mechanism.

Materials and Methods

Planarians (Dugesia dorotocephala) purchased from Carolina Biological Supply (Burlington,
NC, USA) were acclimated to room temperature (21 °C) and tested within 3 days of receipt.
Cocaine and methamphetamine were provided by the National Institute on Drug Abuse.
(R,S)-mephedrone (4-methylmethcathinone or 4-MMC) was purchased from Fox Chase
Chemical Diversity Center (Doylestown, PA, USA). Dihydrokainate (DHK), N-methyl-D-
aspartate (NMDA), (-)-nicotine ditartrate, and L-Glutamic acid (glutamate) was purchased
from Tocris Biosciences (St. Louis, MO, USA). Harmine (free base) was purchased from
Sigma-Aldrich Corporation (St. Louis, MO, USA). Stock solutions of harmine (1 mM) were
prepared in 0.1% dimethylsulfoxide (DMSO) and then diluted down to desired
concentrations with distilled water containing Amquel® water conditioner. To control for
any residual effect of the organic solvent, all experimental solutions (including controls that
did not contain harmine) contained 0.1% DMSO. Group mean (x S.E.M.) comparisons were
evaluated by two-way ANOVA followed by a Dunnett's analysis or one-way ANOVA
followed by Tukey’s analysis. Values of p < 0.05 were considered statistically significant.

A range of harmine concentrations was tested against C-shapes produced by cocaine,
methamphetamine, mephedrone, nicotine, and NMDA. The nature of the C-shape responses
has been described [26,31]. Approximately equi-effective concentrations of each substance
were chosen based on prior work [23-24, 28,30-31]. Individual planarians were placed
randomly into a petri dish (5.5 cm diameter) containing cocaine (3 mM) or a combination of
cocaine (3 mM) and harmine (0.01, 0.1, 1, 10 uM) for 5 min. The number of C-shapes
during the 5-min exposure interval was determined. Subsequent testing of harmine against
methamphetamine (3 mM), mephedrone (1 mM), nicotine (3 mM), and NMDA (5 mM)
used the identical experimental design. Harmine (0.01, 0.1, 1, 10, 100 uM) effects by itself
were also investigated. The possibility that harmine acted through a glutamatergic
mechanism to inhibit C-shapes elicited by cocaine was investigated by testing the following
groups: cocaine (3 mM); harmine (0.1 uM)/cocaine (3 mM); DHK (0.01, 0.1, 1 uM)/
harmine (0.1 uM)/cocaine (3 mM); and DHK (1 uM)/cocaine (3 mM).
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Effects of harmine on C-shapes elicited by different drugs of abuse are presented in Fig.1.
Two-way ANOVA indicated a significant drug effect [F(4, 35) = 18.8, p< 0.0001], dose
effect [F(4, 175) = 33.9, p< 0.0001], and interaction [F(16, 175) = 3.28, p < 0.0001].
Harmine (0.01, 0.1, 1, 10 uM) did not produce C-shapes or observable behaviors at the dose
range tested here. For combination experiments presented in Fig. 1, C-shapes induced by
cocaine were inhibited during co-exposure with harmine (UM harmine concentration, %
inhibition): (0.01, 59.1); (0.1, 88.6); (1, 77.2) and (10, 65.8) (p < 0.001). C-shapes induced
by mephedrone were also attenuated by harmine (UM harmine concentration, % inhibition):
(0.01, 36.3) (p<0.05); (0.1, 63.2) (1< 0.001); (1, 65.2) (p< 0.001); and (10, 34.3) (p<
0.05). For experiments with harmine and methamphetamine, C-shapes produced by
methamphetamine were reduced by 55% during co-exposure with harmine (0.1 pM) (p <
0.001). Harmine was less effecting in reducing C-shapes produced by nicotine as only a
concentration of 10 pM produced significant inhibition (29.6%) (p < 0.05). For harmine and
NMDA experiments, C-shapes induced by NMDA were inhibited during co-exposure with
harmine (UM harmine concentration, % inhibition): (1, 55) and (10, 49) (p < 0.001).

Harmine (0.1 uM) efficacy against C-shapes elicited by cocaine (3 mM) was investigated in
the presence of the glutamate uptake inhibitor DHK (Fig. 2). One-way ANOVA indicated a
significant main effect [F(5, 54) = 6.93, p< 0.0001]. Harmine inhibited C-shapes elicited by
cocaine (p< 0.001), but its efficacy was significantly reduced by co-administration with 0.1
UM (p < 0.05) and 1 uM (p < 0.01) DHK. DHK (1 uM) did not significantly affect C-shapes
produced by cocaine (o> 0.05) or cause C-shapes by itself (not shown). A role for glutamate
in the effects of harmine was further investigated by testing a range of harmine
concentrations (0, 0.01, 0.1, 1, 10 uM) against C-shapes induced by glutamate (3 mM) [31].
One-way ANOVA indicated a significant main effect [F(4, 35) = 16.9, < 0.0001]. The
mean number of C-shapes produced by glutamate (3 mM) was 21.9 + 2.3. For combination
experiments, harmine attenuated C-shapes induced by glutamate (3 mM) (UM harmine
concentration, % inhibition): (0.01, 54.9 £ 4.8); (0.1, 42.3 £ 4.9); (1, 36.6 + 2.7) and (10,
52.0 +5.3) (p< 0.001).

Discussion

Harmine displayed preferential efficacy against different psychoactive compounds. Effects
of harmine were most robust against cocaine and substituted amphetamines with lesser
efficacy detected against nicotine. Inhibition of cocaine-evoked C-shapes was notably
pronounced, with a concentration of 0.1 UM producing about 90% inhibition. The U-shaped
concentration curve for harmine against cocaine, methamphetamine, and mephedrone is
consistent with the U-shaped inhibition of cocaine intake by norharman in rats and
indicative of more than one mechanism of action [1,5,8,15,25]. A recently documented
effect of harmine is enhancement of cellular glutamate uptake [20]. /n vivo studies indicate
that harmine displays efficacy in a mouse model of amyotrophic lateral sclerosis and
increases both glutamate uptake activity and GLT-1 protein expression [20]. In the present
experiments, cocaine responses were most effectively inhibited by harmine concentrations
(0.1 -10 pM) that also induce GLT-1 gene expression in mouse and human astrocytes (3
UM) and elicit promoter activation in cultured cells (10 puM). Our results also revealed that
harmine failed to inhibit cocaine-induced C-shapes in the presence of a glutamate
transporter inhibitor (DHK), providing pharmacological evidence that the efficacy of
harmine is dependent on enhancement of glutamate uptake. Specific glutamate transporter
genes and proteins have not yet been identified in planarians, although elements of a
functionally active glutamate system, including endogenous glutamate and ionotropic
glutamate receptors, are present [6,37]. A more established glutamate uptake activator,
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ceftriaxone, displays efficacy against cocaine responses across different species [32].
Vertebrate studies indicate that ceftriaxone reduces reinforcing and drug-seeking properties
of cocaine in self-administration assays [18,38]. Planarian studies reveal that ceftriaxone
blocks C-shapes produced by acute cocaine exposure and withdrawal responses following
discontinuation of cocaine exposure [30-31]. A comparison of ceftriaxone and harmine
efficacies against cocaine-induced C-shapes indicates that ceftriaxone was less efficacious
(about a 50% inhibition) than harmine, perhaps due to the latter compound acting through at
non-glutamate substrates such as 5-HT receptors, imidazoline sites, or cyclin-dependent
kinases [15].

The substituted amphetamines, methamphetamine and mephedrone, elicited C-shapes that
were also attenuated by harmine. Compared to its effects against cocaine, harmine displayed
lesser efficacy against mephedrone and methamphetamine, a finding possibly related to
amphetamines acting through a broader range of mechanisms (/.e., monoamine release,
monoamine transporter uptake block, monoamine oxidase inhibition, efc.). The underlying
mechanism of action of harmine is unclear, but GLT-1 transporter activation is again a
possibility because ceftriaxone inhibits acute and sensitized amphetamine-induced responses
in rats [29]. Harmine inhibits monoamine oxidases [10], but this mechanism is unlikely to
have contributed significantly to results presented here because amphetamines produce
directionally similar effects on monoamine oxidase activity [12]. Furthermore, monoamine
oxidase inhibition prevents dopamine catabolism leading to increased dopamine
concentrations, and dopamine and dopamine agonists elicit behavioral responses in
planarians [36]. Other possible mechanisms of action for harmine observed here include 5-
HT,a receptor activation, cyclin-dependent kinase inhibition, imidazoline site interactions,
and inverse agonist actions at the benzodiazepine site of GABAA receptors [1, 8, 11, 15, 25,
34].

Harmine effects on mephedrone are especially interesting because mephedrone is a principal
ingredient of psychoactive bath salts, a dangerous street drug linked to fatalities and non-
fatal overdoses [39]. The American Association of Poison Control reported that mephedrone
exposures increased at least 10-fold from 2010 to 2011, and several factors associated with
mephedrone, such as its relative purity, ease of synthesis from available precursors,
widespread internet marketing, and perceived quality of high, are attractive to end users of
the drug and elements of organized crime [40]. Limited preclinical evidence suggests a
psychostimulant profile for mephedrone, including enhancement of extracellular monoamine
levels in the limbic system, augmentation of locomotor activity, reinforcing properties in
self-administration assays, and serotonergic deficits following repeated exposure [3,13-
14,16,21]. The psychostimulant-like effects of mephedrone also extend to planarians, where
it elicits dopamine-sensitive C-shapes following acute exposure, withdrawal responses
during drug absence, and place conditioning effects [28]. The present results suggest
mephedrone displays an intermediate efficacy relative to more established psychostimulants,
producing C-shapes that are greater than those produced by methamphetamine but less than
those elicited by cocaine. Furthermore, the present findings suggest that mephedrone-
induced C-shapes are not only sensitive to dopamine receptor activation [28], but also to the
actions of harmine.

Harmine inhibited NMDA-evoked C-shapes by approximately 55%. Prior work indicates
that planarians display C-shapes following exposure to NMDA that are antagonized by
topiramate and carbamazepine [26-27]. Although NMDA can activate its receptors
independent of glutamate release, /n vivo microdialysis experiments indicate that it does
increase extracellular glutamate levels in the rat brain [41]. Thus, NMDA may have
produced C-shapes in planarians through overlapping mechanisms that include direct
receptor activation and enhanced glutamate release. In this case, it is possible that harmine,
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by increasing glutamate uptake activity, inhibited the component of NMDA-evoked C-
shapes that is dependent on enhanced glutamate release. The interpretation is supported by
our finding that harmine also inhibits C-shapes induced by administration of glutamate
itself. Future behavioral and neurochemical studies using rats are planned to test this
hypothesis.

Although pharmacological evidence presented here suggests a glutamate-based mechanism
underlies the efficacy of harmine against cocaine, pharmacokinetic factors and alternative
mechanisms of action may have contributed. One consideration regarding planarian assays
is that the entire organism is exposed to the drug(s). Thus, in the present study, one could
speculate that the efficacy of harmine was related to occlusion of substances across the
planarian tegument. However, in the case in which a glutamate transporter inhibitor (DHK)
was added to a solution containing cocaine and harmine, the cocaine-induced response was
completely restored even in the presence of harmine. This finding indicates that simple
occlusion of diffusion across the tegument by harmine could not have been responsible for
its efficacy against cocaine. It should also be noted that in order for compounds to display
efficacy in planarian assays, higher concentrations are often required relative to those
needed for rodent brain studies. The rate of uptake of compounds into planarians has not
been determined, but at least two possibilities may account for the concentration differences
between planarians and rodents that we and others have reported [26—28, 30-31], neither of
which alter the conclusions of the present results. The first possibility is that there is not
“free diffusion’ in planarians and the diffusion barrier is greater than that in rodents’ brain,
which seems unlikely but would not affect the results with harmine. A second possibility is
that the affinity of compounds for mammalian targets of drugs (receptors, uptake sites, etc.),
or second messenger transduction efficacy of compounds, is lower in planarians than in
higher-order animals, thus requiring higher concentrations to achieve the same level of
receptor/uptake site occupancy or signal transduction (level of effect). Finally, the presence
of glutamatergic and cholinergic receptors on muscles and the body surface of flatworms
raises the possibility that C-shapes elicited by stimulants were muscle contractions [33].
While conducting contraction assays is beyond our capability, any effect on contraction is
unlikely to be phasic in nature and simultaneously caused by all six of the substances tested
viz., cocaine, methamphetamine, mephedrone, nicotine, NMDA, and glutamate.

In conclusion, harmine displayed selective efficacy against drugs of abuse that was
dependent on the class of compound (cocaine > substituted amphetamines > nicotine). The
experiments utilized an invertebrate assay that quantifies C-shape responses [23-24,26,27].
With the information obtained in the present study, future studies will investigate more
detailed aspects of the mechanisms of action of B-carboline compounds in mammals [20].
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Fig. 1.

Harmine (0.01 — 100 uM) effects on C-shapes elicited by cocaine (COC, 3 mM),
methamphetamine (METH, 3 mM), mephedrone (MEPH, 1 mM), glutamate (3 mM),
nicotine (NIC, 3 mM), and NMDA (5 mM) during a 5-min exposure. Mean number of C-
shapes ( S.E.M.) for the respective control groups (i.e., 0 UM harmine) were: COC (18.6 +
2.9); METH (22.5 £ 2.5); MEPH (25.5 + 1.9); NIC (33.4 £+ 2.3); and NMDA (36.0 + 3.7).
Data are presented as percentage of control C-shapes + S.E.M. in respective harmine-naive
group. N = 8 planarians/ group. " p < 0.001, **p< 0.01, *p < 0.05 compared to control
group (0 UM harmine).

Neurosci Lett. Author manuscript; available in PMC 2013 September 06.

NMDA



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Owaisat et al.

254

)
T

C-shapes + S.E.M.
o

-
o
1

COC
HAR
DHK

Fig. 2.

Page 11

++
+
*%
k%% ‘

Fo+ o+ o+ 4+
- + o+ + + -
- — 0.01 01 1 1

Dihydrokainate (DHK, 0.01 — 10 uM) effects on C-shapes elicited by cocaine (COC, 3 mM)
in the absence and presence of harmine (HAR, 0.1 uM) during a 5-min exposure. Data are
presented as C-shapes + S.E.M. N = 8 planarians/ group. ™ p < 0.001, ™ p < 0.01 compared
to COC group and *p < 0.05, **p< 0.05 compared to COC + HAR group.
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