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Abstract
Understanding substance use disorders (SUDs) and the problems associated with abstinence has
grown in recent years. Nonetheless, highly efficacious treatment targeting relapse prevention has
remained elusive, and there remains no FDA-approved pharmacotherapy for psychostimulant
dependence. Preclinical and clinical investigations assessing the utility of classical
antidepressants, which block monoamine reuptake, show mixed and often contradictory results.
Mirtazapine (Remeron®) is a unique FDA-approved antidepressant, with negligible affinity for
reuptake proteins, indirectly augments monoamine transmission presumably through antagonist
activity at multiple receptors including the norepinephrine (NE)α2, and serotonin (5-HT)2A/C
receptors. Historically, mirtazapine was also considered to be a 5-HT2C antagonist, but recent
evidence indicates that mirtazapine is an inverse agonist at this receptor subtype. Suggesting a
promising role for mixed-action serotonergic drugs for addiction pharmacotherapy, mirtazapine
attenuates psychostimulant-induced behaviors in several rodent models of substance abuse, and
antagonizes methamphetamine-induced biochemical and electrophysiological alterations in rats.
Preclinical findings are confirmed through published case studies documenting successful
outcomes with mirtazapine therapy across a number of SUDs. To date, a large scale clinical trial
assessing the utility of mirtazapine in substance abuse pharmacotherapy has yet to be conducted.
However, as reviewed here, accumulating preclinical and clinical evidence argues that
mirtazapine, or compounds that emulate aspects of its pharmacological profile, may prove useful
in helping treat addictions.

© 2012 Elsevier Inc. All rights reserved

Corresponding Author: T. Celeste Napier Center for Compulsive Behavior and Addiction Department of Pharmacology Rush
University Medical Center 1735 W Harrison Street Cohn Research Building, Suite 424 Chicago, IL 60612 Phone: 312-563-2428
FAX: 312-563-2403 Celeste_Napier@rush.edu.
*Current address : Robert H. Lurie Medical Research Center, Department of Physiology, Northwestern University, 303 E. Superior
St., Chicago, IL 60611

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Financial Disclosures: TCN and SMG have nothing to disclose. RR is on the speakers' bureau and advisory boards for Eli Lilly,
Bristol Meyers Squibb, Otsuka, Astra Zeneca, Janssen, Forest, Sonovian, Pfizer, Wyeth and receives research support from Serpacor
and Janssen. JW is on the BMS Virology Speakers' Bureau.

NIH Public Access
Author Manuscript
Pharmacol Ther. Author manuscript; available in PMC 2013 December 01.

Published in final edited form as:
Pharmacol Ther. 2012 December ; 136(3): 343–353. doi:10.1016/j.pharmthera.2012.08.013.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
methamphetamine; methamphetamine-seeking; cue reactivity; atypical antidepressant; self-
administration; serotonin

1. Introduction
Despite the many advances of preclinical neurobiology, substance use disorders (SUDs)
remain prevalent with devastating effects on the drug-abusing individual and society. The
psychostimulants, cocaine, amphetamine, and methamphetamine are highly addictive with
the potential for multiorgan pathogenesis, and the abuse of these drugs continues to be
problematic world-wide (Compton and Volkow, 2006b;Compton and Volkow, 2006a).
Methamphetamine abuse resulted in a $23.4 billion socioeconomic burden in 2005 (Nicosia
et al., 2009). In 2006, cocaine caused over 500,000 emergency department visits, while
amphetamine and methamphetamine abuse resulted in over 100,000 visits (SAMHSA,
2008). The trajectory of this problem remains of concern, as can be implied from the use of
these drugs by adolescents and young adults. For example, in 2009, 2.4% of 12th grade
students tried methamphetamine and 6% tried cocaine (Johnston et al., 2010). Historically,
treatment of stimulant abuse and dependence relied almost exclusively on cognitive therapy
with advancing efforts incorporating contingency management (Stitzer and Vandrey, 2008).
Nonetheless, relapse rates remain high. As there are currently no FDA-approved
pharmacotherapeutics for the treatment of stimulant abuse, the identification of such (either
as a monotherapy or as adjunct to behavioral/cognitive therapy) remains a critical area of
intense research.

Abuse of opioids, including misuse of prescription painkillers and the use of the illicit drug,
heroin, also presents a significant burden on the abusing individuals, their families and
society. There are several FDA-approved therapies for opioid addiction that have proven
efficacy (e.g., methadone, buprenorphine, and naltrexone), but additional regimens may
improve the capacity to customize therapeutic approaches to further enhance treatment
efficacy. Thus, medication development for opioid addiction continues to be a highly
important research endeavor.

SUDs are a chronic disease state, necessitating a well-tolerated, efficacious
pharmacotherapy that can be administered for extended durations to provide palliative care
and ultimately reverse the persistent aberrant neuroplasticity associated with the disease. To
provide a backdrop for medication development, the following sections will first overview
neuroplasticity associated with SUDs, with a focus on psyshostimulants. Subsequently, the
potential utility of mixed-action serotonergic compounds to ameliorate, or compensate for,
these drug-induced states will be discussed. To help illustrate the potential for the
serotonergic compounds to provide sustained therapy, effects of both acute and chronic
administration will be presented. Finally, preclinical and clinical evidence of the prototype
for this review, i.e., mirtazapine, to provide therapeutic benefits in drug-abusing humans,
will be highlighted.

2. Monoaminergic Targets for SUD Pharmacotherapy
The dysregulation of dopamine (DA) transmission has been a focus of studies on
mechanisms of addiction (Vocci and Ling, 2005). However, capitalizing on this knowledge
has not yet produced effective pharmacotherapies. Interest has developed in recent years
regarding in the utilization of serotonergic ligands for addiction medication (for reviews see
Bubar and Cunningham, 2008;Bubar and Cunningham, 2006), potentially benefiting from
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the functional interdependence shared between DA and serotonin systems. Accordingly,
antidepressants, both tricyclics and selective serotonin reuptake inhibitors (SSRIs), have
been investigated in preclinical and clinical settings for SUDs. However, these studies have
not been sufficiently compelling so as to yield an FDA-approved treatment (Lima et al.,
2003). The “classical” antidepressants bind to serotonergic and adrenergic transporters,
which result in increased levels of these transmitters throughout the brain. As dopaminergic
transmission is largely unaltered, treatment with the classical antidepressants may further the
imbalance that exists among these transmitter systems in the addicted brain during times of
protracted withdrawal (Koob and Volkow, 2010). Thus, atypical antidepressants which have
little affinity for monoamine transporters may offer improved efficacy and therapeutic
benefit to patients with SUDs, and action at receptors that act more to modulate transmission
may present more promising therapeutic targets. One candidate with this profile is
mirtazapine.

3. Mirtazapine: Pharmacology, Physiology and Behavior
Mirtazapine (Remeron®) is an atypical antidepressant, FDA-approved for the treatment of
moderate to severe depression. Several aspects of the pharmacological profile of this
compound make it appealing for SUD/addiction therapy. These are overviewed below.

a) Pharmacokinetics
After oral administration of mirtazapine, peak plasma concentrations occur within 0.5–2
hours, and the average elimination half-life in humans is 20–40 hours (Timmer et al., 2000).
Mirtazapine is largely metabolized to inactive products by the hepatic cytochrome p450
isoenzymes, CYP2D6, CYP1A2 and CYP3A4 (Spina et al., 2008;Stormer et al., 2000).
However, once mirtazapine reaches therapeutic levels, the CYP3A4 isoenzyme is
responsible for up to 70% of metabolism and clearance (Stormer et al., 2000). These
pharmacokinetic features are particularly relevant when considering the utility of using
mirtazapine for long term treatment of SUDs when there is a comorbid condition also
managed pharmacologically. For examples, affective disorders, such as depression and/or
schizophrenia, are often dually diagnosed with SUDs. Clozapine is an atypical antipsychotic
frequently used to treat schizophrenia, and in contrast to mirtazapine, clozapine is primarily
metabolized by CYP1A2 (Eiermann et al., 1997;Urichuk et al., 2008). Analogously,
fluoxetine, a popular SSRI used to treat depression, is predominantly reliant on CYP2D6 for
hepatic metabolism (Mandrioli et al., 2006). The minimally overlapping pharmacokinetic
properties of mirtazapine with other clinically used CNS compounds, advance the possible
utility of mirtazapine as a SUD pharmacotherapy by minimizing pharmacokinetic drug-drug
interactions with medications that may be used to treat comorbid affective disorders, like
schizophrenia and depression. HIV/AIDS also frequently co-exists with SUDs. Standard
care for AIDS includes use of antiretroviral therapy (HAART), including but not limited to
zidovudine, lamivudine, abacavir, and ritonavir. Zidovudine and lumivudine can be largely
excreted unchanged in the urine (Blum et al., 1988;Yuen et al., 1995); abacavir is not
significantly metabolized by CYP enzymes (Yuen et al., 2008). While CYP3A contributes to
ritonavir metabolism, substrates/inhibitors of this enzyme do not completely impede
ritonavir metabolism, even at high concentrations (Kumar et al., 1996). Thus, by avoiding
the metabolic pathways of these other therapeutics, mirtazapine can be used as an adjunctive
treatment without interference with other needed therapeutic regimens.

b) Pharmacodynamics
Unlike classical antidepressants, mirtazapine has negligible affinity for reuptake proteins. It
exhibits high affinity antagonism at histamine (H)1, serotonin (5-HT)2A, 5-HT3, and
norepinephrine (NE)α2 receptors (Table 1) (de Boer et al., 1988;Hoyer, 1988;Kelder et al.,
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1997;Kooyman et al., 1994). Historically, also considered to be a 5-HT2C antagonist, recent
evidence expands our understanding of the complexity of mirtazapine by the inclusion of
inverse agonist properties (i.e., negative intrinsic efficacy) at constitutively active (i.e.,
agonist-independent activation) 5-HT2C receptors (Labasque et al., 2010;Chanrion et al.,
2008). With this unique pharmacological profile, mirtazapine is devoid of many of the
complications associated with classical reuptake inhibitors such as unwanted cardiovascular
side-effects (Sala et al., 2006;Thanacoody and Thomas, 2005;Stahl et al., 2005).
Additionally, mirtazapine has a much more rapid onset of clinical efficacy, with therapeutic
benefit being achieved in depressed patients in as few as ten days (Nierenberg, 2001). While
mirtazapine seems to be an improvement over classical antidepressants, it does exhibit some
side-effects, including sedation, likely resulting from H1 antagonism, (a target not thought to
contribute to the therapeutic efficacy), and weight gain, potentially due to 5-HT2C
antagonism/inverse agonism. However, with proper dosing, the side-effect profile of
mirtazapine is quite safe and well-tolerated across a variety of patient populations.

c) Neurochemistry and Physiological Consequences of Mirtazapine Treatment
With such a complex pharmacological profile, mirtazapine has numerous effects throughout
the central nervous system. For example, inhibition of 5-HT2A/C receptor activity results in
increased excitation of neurons in the dorsal raphe (Haddjeri et al., 1998). Additional
influence on the dorsal raphe results from NEα2 antagonism. This disrupts the negative
feedback mediated by pre-synaptic NEα2 receptors in the locus coeruleus, and leads to
increased adrenergic activation of NEα1 receptors in the dorsal raphe. This ability to
stimulate the key serotonergic nucleus in the brain is complemented by antagonism at NEα2
heteroreceptors on serotonergic neurons, also leading to increased activity of the dorsal
raphe and increased 5-HT efflux (Kakui et al., 2009;de Boer et al., 1996;de Boer,
1996;Westenberg, 1999;Haddjeri et al., 1998). While mirtazapine has little affinity for 5-
HT1A receptors, the result of enhanced 5-HT in the synaptic cleft through the
aforementioned mechanisms promotes stimulation of 5-HT1A receptors by endogenous 5-
HT. As this mechanism would predict, mirtazapine-dependent activation of the 5-HT1A
receptor is verified behaviorally in rodents (Kakui et al., 2009;Berendsen and Broekkamp,
1997;Nakayama et al., 2004).

Mirtazapine also enhances DA and NE signaling, with acute administration increasing DA
levels in the prefrontal cortex (Nakayama et al., 2004), and both DA and NE in the frontal-
occipital and medial prefrontal cortices (Devoto et al., 2004). These neurochemical effects
may be of particular interest given the observed monoamine hypofunction evident during
abstinence from psychostimulant abuse, a phenomenon thought to contribute to the negative
affect experienced by psychostimulant-withdrawn individuals (Volkow et al., 2003;Volkow
et al., 2008;Volkow et al., 2006;Childress et al., 1999;Grant et al., 1996;O'Brien et al.,
1998). Moreover, as all psychostimulants excessively enhance DA, 5-HT, and NE
transmission (through reuptake inhibition and/or calcium-independent release), the ability of
mirtazapine to enhance DA (Nakayama et al., 2004;Devoto et al., 2004), NE (Devoto et al.,
2004), and 5-HT (Haddjeri et al., 1998), signaling, but to a lesser extent than do
psychostimulants, may provide a means for mirtazapine to “take the edge off” the negative
symptoms associated with withdrawal from abused stimulants.

While abstinent stimulant-dependent subjects exhibit cortical and striatal hypo-activity when
at rest (see above), these brain regions are hyper-responsive to drug-related stimuli (Volkow
et al., 2003;Volkow et al., 2008;Volkow et al., 2006;Childress et al., 1999;Grant et al.,
1996;O'Brien et al., 1998). This phenomenon is thought to reflect learned associations
between previously neutral cues and the rewarding nature of the abused drug. During drug-
taking, these associations are greatly enhanced so that the cues become highly significant to
the individual. These drug-associated memories persist long after drug-taking ceases, and re-
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exposure to cues linked to the memories can trigger craving that may contribute to drug-
seeking and relapse. Thus, a primary goal in medication development for SUDs is to provide
a therapy that can reduce the salience of the drug memory to deter drug-craving and/or drug-
seeking. There is a growing appreciation for the role of 5-HT in drug-related memories (Nic
Dhonnchadha and Cunningham, 2008), and the ability of mirtazapine to modify 5-HT
signaling in cortical and striatal regions may be useful in down regulating the salience of
drug-related cues in the withdrawn addict.

d) How the Serotonergic Pharmacology of Mirtazapine Relates to its Effects on Behavior
Induced by Abused Drugs

Of the serotonergic receptors acted upon by mirtazapine, the highest affinity is exhibited for
the 5-HT2A/C and 5-HT3 subtypes (Table 1), and several preclinical studies illustrate the
importance of these receptor subtypes in regulating monoaminergic signaling. Important
considerations involved in helping translate the outcomes of these preclinical studies to the
human condition, include the `phases' of the drug addiction profile being evaluated and the
animal model employed. Accordingly, the following sections will further explore the
functional pharmacology of the 5-HT2A/C and 5-HT3 receptor targets of mirtazapine within
the context of the drug-abuse phase, and the behavioral tasks utilized to model particular
aspects of the addiction profile.

(i) 5-HT2A/C receptors—Mirtazapine acts on 5-HT2A/C receptors and these receptors are
clearly involved in the effects of psychostimulants (Bubar and Cunningham, 2008;Bubar
and Cunningham, 2006). Responses of ventral pallidal neurons to iv administered 5-HT2A/C
receptor agonist DOI are enhanced in rats chronically treated with methamphetamine
(Napier and Istre, 2008). This outcome may reflect a functional upregulation of 5-HT2A/2C
receptors, and suggests that these receptors may be dysregulated during psychostimulant
abuse. Such observations support the potential of 5-HT2A/C receptors to serve as therapeutic
targets for psychostimulant abuse (for reviews see Bubar and Cunningham, 2008;Bubar and
Cunningham, 2006). Additional support can be drawn from studies where actions of 5-HT2A
receptors are distinguished from those evoked by 5-HT2C.

Serotonin2A receptors provide positive regulation of DA in the mesoaccumbens pathway
(De Deurwaerdere et al., 2004;De Deurwaerdere and Spampinato, 1999;Lucas and
Spampinato, 2000;Alex et al., 2005;Gobert et al., 2000;Di Matteo et al., 1999;Alex et al.,
2005). In rodents, 5-HT2A antagonism with M100907 shows promising results in blocking
stimulant-induced actions. M100907 attenuates cocaine-evoked motor activity in naïve and
sensitized animals (Filip et al., 2004) and attenuates cue-induced reinstatement of cocaine-
seeking when administered systemically (Nic Dhonnchadha et al., 2009), as well as when
site injected into the prefrontal cortex (Pentkowski et al., 2010). We have observed that
M100907 attenuated methamphetamine-seeking behavior in rats (Figure 1). For this
assessment, we used a model of drug-seeking wherein rats were trained to self-administer
methamphetamine and tested for cue reactivity (without a prior extinction training) (Graves
and Napier, 2011;Graves and Napier, 2012). Our findings are consistent with that of Nic
Dhonnadchadha et al., 2009 who show suppression of cue-induced reinstatement in rats
trained to self-administer cocaine. Taken together, these studies provide compelling
preclinical evidence indicating that 5-HT2A receptor antagonism holds promise for addiction
medication.

Serotonin2C receptors contrast the 5-HT2A receptors and have inhibitory influence over DA
systems due to extensive (but not exclusive) localization in GABAergic neurons of the
mesolimbic and mesocortical circuits (Bubar and Cunningham, 2007;Liu et al., 2007;Serrats
et al., 2005;Bubar et al., 2011). As such, 5-HT2C agonists attenuate drug-seeking in rodents
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(Grottick et al., 2000;Fletcher et al., 2008;Neisewander and Acosta, 2007;Pentkowski et al.,
2010) whereas antagonism enhances acute cocaine-evoked motor activity (Fletcher et al.,
2002;Fletcher et al., 2006;Filip et al., 2004), the interoceptive cues of cocaine (Filip et al.,
2006), and conditioned hyperactivity to cocaine (Liu and Cunningham, 2006). The ability of
5-HT2C antagonism to augment cocaine-mediated behaviors is lost with repeated
administration of cocaine (Filip et al., 2004), suggesting 5-HT2C receptors may be
dysregulated by repeated psychostimulant administration.

Serotonin2C receptor pharmacology is quite complex, and the tools available to manipulate
5-HT2C receptor function are not limited to simple agonist/antagonist relationships. This
metabotropic receptor undergoes mRNA editing which dramatically impacts its function
(Niswender et al., 1998;Wang et al., 2000;Werry et al., 2008). The fully unedited 5-HT2C
receptor has high levels of constitutive activity (i.e., agonist-independent signaling) and
strong coupling efficacy; as editing is increased, constitutive activity is diminished. Various
editing patterns of the 5-HT2C receptor are associated with depression (Gurevich et al.,
2002), suicide (Gurevich et al., 2002;Niswender et al., 2001;Pandey et al., 2006;Dracheva et
al., 2008b;Dracheva et al., 2008a) and schizophrenia (Sodhi et al., 2001) in humans, and
these editing patterns are modulated by chronic antidepressant administration in both
humans (Gurevich et al., 2002) and rodents (Barbon et al., 2011;Englander et al., 2005). It is
not yet known if changes in mRNA editing of the 5-HT2C receptor are involved in SUDs. As
DA signaling in the striatum and nucleus accumbens is strongly regulated by constitutively
active 5-HT2C receptors (at least in halothane-anesthetized rats) (De Deurwaerdere et al.,
2004), if editing does occur with SUDs, this mechanism may contribute to the alterations in
DA transmission that are known to occur with these disorders. Furthermore, there is
evidence for constitutively active 5-HT2C receptors to regulate accumbal DA release, both at
the level of nucleus accumbens (Navailles et al., 2006) and through the medial prefrontal
cortex (Leggio et al., 2009), but not via the ventral tegmental area (Navailles et al., 2006).
This regional specificity of 5-HT2C constitutive activity is intriguing given that local
injection of a 5-HT2C antagonist into the nucleus accumbens attenuates cocaine-mediated
behaviors (Filip and Cunningham, 2002); outcomes that contrast those obtained with
systemic administration of 5-HT2C antagonists (Fletcher et al., 2002;Fletcher et al.,
2006;Filip et al., 2004;Filip et al., 2006;Liu and Cunningham, 2006). Inverse agonists (i.e.,
ligands with negative intrinsic efficacy) at 5-HT2C receptors may provide more target-
directed action and therefore more distinct behavioral effects than antagonists. This
prediction is based on the fact that inverse agonists will display negative efficacy in brain
regions with constitutively active receptors and competitive antagonism (i.e., orthosteric
competition) occurring at receptors that are not constitutively active. This concept is
supported by evidence from our laboratory demonstrating that administration of the putative
5-HT2C inverse agonist SB 206553 dose-dependently attenuates methamphetamine-seeking
behavior and methamphetamine-evoked rearing in rats trained to self-administer (Graves
and Napier, 2012). In contrast, 5-HT2C receptor antagonism does not alter these behaviors
(Graves and Napier, 2012), nor cue-induced reinstatement of cocaine-seeking (Neisewander
and Acosta, 2007;Filip, 2005). These studies indicate that inverse agonism at 5-HT2C
receptors may contribute to the ability of mirtazapine to serve as a pharmacotherapy, and it
is of great interest to further explore the role of constitutively active 5-HT2C receptors in
SUDs.

(ii) 5-HT3 receptors—Further 5-HT influence by mirtazapine is through antagonism of
the 5-HT3 receptor. The 5-HT3 receptor is the only known 5-HT receptor not linked to G-
protein signaling. Stimulation of this ion channel results in excitation and depolarization.
While the link between 5-HT3 receptors and DA is not completely understood, this receptor
exhibits a profile that supports its utility for addiction pharmacotherapy. In rats,
methamphetamine-induced sensitization is attenuated after treatment with the DA agonist
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pergolide plus the 5-HT3 antagonist ondansetron (Davidson et al., 2007). Ondansetron, when
administered alone, also ameliorates cocaine-mediated behaviors. In cocaine self-
administration paradigms administration of ondansetron 3.5hrs after a self-administration
session decreases cocaine self-administration on the subsequent day (Davidson et al.,
2002b;Davidson et al., 2002a). When ondansetron is administered for the first five
consecutive days of withdrawal from a cocaine sensitization regimen, expression of
sensitization is decreased after 7, 10, 14, and 28 days of withdrawal (Davidson et al.,
2002b;King et al., 2000). These evidences indicate that 5-HT3 antagonism may be a means
to modulate psychostimulant-mediated behaviors.

(iii) Animal models of addiction—Several addiction models are employed to help
elucidate the neurobiology of SUDs and to served as screening tools for potential
pharmacotherapies (O'Brien and Gardner, 2005). Mirtazapine shows preclinical promise in
several models including motor sensitization (McDaid et al., 2007), conditioned place
preference (Voigt and Napier, 2011;Herrold et al., 2009;Kang et al., 2008;Voigt et al.,
2011;Graves et al., 2012), and models of drug-seeking in rats trained to self-administer
(Graves and Napier, 2011). Testing mirtazapine in multiple paradigms strengthens
confidence in interpreting outcomes; this serves as the basis of the following discussion.

Motor sensitization: Motor sensitization refers to the phenomenon wherein repeated
administration of a substance of abuse, such as psychostimlulants or opioids, leads to an
enhancement in motor activity. Motor sensitization provides a useful behavioral
manifestation of drug-induced neuronal plasticity. Acute administration of mirtazapine
(30min pretreatment) attenuates the expression of morphine-induced motor sensitization
(Graves et al., 2012), but has yet to be tested for effects on psychostimulant-induced motor
sensitization. However, in a methamphetamine sensitization paradigm, repeated mirtazapine
(15 once-daily treatments) administered during a period of withdrawal attenuates the
expression of sensitization and reverses associated electrophysiological changes in the
ventral pallidum (McDaid et al., 2007). In contrast to the above, when mirtazapine is co-
administered with pergolide, a non-selective dopamine agonist, during the last 7 days of a 14
day withdrawal period from methamphetamine, expression of sensitization is not attenuated
when tested 14 days after the combination treatment ceased (Bhatia et al., 2011). It is not
clear whether differences in these studies are a result of the distinct paradigms, number of
mirtazapine administrations during withdrawal, or a potential interference of mirtazapine
efficacy at augmenting sensitization by pergolide. Helping shed light on this dilemma are
studies with mirtazapine administration in other models of the human addiction process
(overviewed below).

Conditioned place preference: Conditioned place preference (CPP) is a behavioral task
that indirectly measures drug reward by assessing an animal's preference to spend more time
in an environment previously paired with a rewarding substance (Tzschentke, 1998). In
brief, CPP paradigms typically will use a multichamber apparatus, and the animal is
confined within a chamber with distinct cues (e.g., visual, textile, olfactory cues)
immediately following exposure to a rewarding substance such as methamphetamine. Saline
is paired with another chamber with unique cues; with repeated pairings, animals learn to
associate a particular environment with the subjective aspects of a stimulus. Preference is
determined by the amount of time the animals spend in the drug-paired chamber when given
access to the entire test apparatus in a drug-free state. When trained with a drug that is a
positive reinforcer, such as methamphetamine, subjects will spend more time in the chamber
previously associated with methamphetamine (referred to as expression of CPP). CPP as a
pharmacotherapy screening tool is best utilized when candidate compounds are tested for
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their ability to attenuate the expression of CPP, suggesting that the salience of the drug-
associated memory has been dampened.

We have tested the efficacy of mirtazapine at attenuating the expression of
methamphetamine-induced CPP (Voigt and Napier, 2011;Herrold et al., 2008;Voigt et al.,
2011). Interestingly, a 24hr pretreatment of mirtazapine is sufficient to attenuate the
expression of methamphetamine-induced place preference using a single-pairing CPP
paradigm (Herrold et al., 2008). A single administration of mirtazapine also decreases the
magnitude of methamphetamine-induced CPP when mirtazapine is paired with re-
exposurew CPP is blocked (Voigt and Napier, 2011) indicating an ability of mirtazapine to
disrupt the reconsolidation of salient memories.

These actions of mirtazapine are not limited to psychostimulants, for we (Graves et al.,
2012) and others (Kang et al., 2008) also demonstrate mirtazapine efficacy in mitigating
morphine-induced place preference. In our hands, using a 10 day paradigm with 4 pairings
of morphine, a 30min pretreatment of 5.0mg/kg mirtazapine before the expression test,
attenuates place preference (Graves et al., 2012). Similarly, Kang and colleagues reported
that 6 pairings of morphine induced place preference is attenuated by larger doses of
mirtazapine (10.0 and 30mg/kg) acutely administered before the expression test (Kang et al.,
2008). In contrast to findings wherein a 24hr pretreatment of mirtazapine attenuates
methamphetamine-induced place preference in a single-pairing CPP paradigm (Herrold et
al., 2008), a 24hr pretreatment is not sufficient to attenuate the expression of morphine-
induced CPP using a more robust four-pairing CPP paradigm (Graves et al., 2012). At this
time it is unclear whether the differences in the ability of a 24hr pretreatment to impact the
expression of CPP is a consequence of the CPP protocol used or due to pharmacological
differences between methamphetamine and morphine.

Self-administration: Mirtazapine has also been studied in a methamphetamine self-
administration paradigm. Self-administration is distinct from CPP in that self-administration
is an operant task contingent on the animals executing a particular behavior (e.g., lever
pressing, nose poking). Self-administration paradigms also result in much larger total drug
exposure over the lifetime of the task than does CPP. Self-administration protocols often
employ the use of cues presented during times of drug infusion so that each self-
administration session reinforces both contextual and explicit cues which can be used to
provoke seeking behavior once the animal is withdrawn from the primary reinforcer.

We have employed two self-administration and withdrawal protocols to assess the potential
utility of mirtazapine as a substance abuse pharmacotherapy; namely cue reactivity and cue-
induced reinstatement (Graves and Napier, 2011). Briefly, both paradigms involve a period
of self-administration in which a rat is trained to lever press to receive intravenous infusion
of methamphetamine. In cue reactivity testing, rats are subsequently evaluated for lever
pressing behavior in the presence of contingently presented cues, in the absence of
methamphetamine. In cue-induced reinstatement, lever pressing behavior is first
extinguished by repeated testing in the absence of methamphetamine and the explicit cues,
and then tested for reinstatement of lever pressing behavior precipitated by exposure to
drug-associated (explicit) cues. In both experimental protocols, a 15 minute pretreatment of
mirtazapine attenuates lever pressing behavior to approximately 50% of rates obtained
following vehicle treatment (Figure 2) (Graves and Napier, 2011). Sedation is a clinically
relevant side effect of mirtazapine, and it is important to verify that the dose of mirtazapine
used in the cue reactivity/reinstatement protocols was not sufficient to introduce this as a
potential confound. Accordingly, we determined that the dose of mirtazapine that reduced
drug-seeking had no effect on the rats' ability to execute a rotarod task, nor did it alter motor
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activity in an open field in rats with a history of methamphetamine self-administration
(Graves and Napier, 2011).

(iv) Effects of chronic mirtazapine on tasks that model addiction—The above
overviewed studies demonstrate the efficacy of acutely administered mirtazapine to
attenuate addictive-like behaviors in laboratory animals. However, its utility in the clinical
setting will likely require chronic treatments, and it is important to verify that mirtazapine
will remain efficacious with such treatments. To provide insights into the effects of chronic
mirtazapine, we revealed in a CPP protocol, that ten days of mirtazapine, administered after
methamphetamine-conditioning, attenuates the subsequent expression of CPP when the rats
are tested in a drug-free state (Voigt et al., 2011). Similarly, rats treated with a motor
sensitizing regimen of methamphetamine and subsequently administered mirtazapine for 15
days (M-F for three weeks) fail to express the typical sensitized motor responses to an acute
methamphetamine challenge (McDaid et al., 2007). To buttress the behavioral data, we also
revealed that repeated administration of mirtazapine reverses methamphetamine-induced
neuronal plasticity; i.e., in rats subjected to a motor sensitizing treatment regimen of
methamphetamine, the excitatory responses of ventral pallidal typically seen to an
intravenous challenge of methamphetamine is absent in rats that also received repeated
administration of mirtazapine (McDaid et al., 2007). In summary, behavioral and neuronal
alterations established by methamphetamine administration can be abrogated by subsequent
treatments with mirtazapine, and in preclinical studies tested thus far, this capacity does not
diminish with repeated administration of mirtazapine (Graves and Napier, 2011;Voigt et al.,
2011).

4. Clinical Evidence for Mirtazapine Therapy of SUDs
Accumulating clinical evidence supports the preclinical literature urging the consideration of
mirtazapine as a substance abuse pharmacotherapy. While a large scale double-blind
placebo-controlled study assessing the ability of mirtazapine to provide therapeutic benefit
for SUDs has not been reported, there are several ongoing clinical trials that should help fill
this knowledge gap (see ClinicalTrials.gov). The following reviews the available clinical
literature, as well as our new evidence that indicates the therapeutic potential for mirtazapine
to provide relief for patients suffering from SUDs.

One of the many factors thought to contribute to relapse is the inability to properly manage
withdrawal symptoms (Brecht et al., 2000). McGregor et al., report in an open label study
that mirtazapine can reduce symptoms of methamphetamine withdrawal (McGregor et al.,
2008). Mirtazapine decreases the severity of subjective withdrawal symptoms over 10 days
of abstinence including reductions in agitation, anxiety, fatigue, irritability, paranoid
ideation, anhedonia, vivid dreams, and suicide ideations. Mirtazapine also increases the
amount of sleep and results in a trend towards reports of general well-being (McGregor et
al., 2008). In a randomized, double-blind, placebo controlled study conducted in men who
have sex with men, Colfax and colleagues found that mirtazapine also reduces
methamphetamine use in patients receiving counseling (Colfax et al., 2011). Moreover, a
meta-analysis conducted by Rose and Grant concluded that mirtazapine has promising
potential as a methamphetamine dependence pharmacotherapy (Rose and Grant, 2008)

As can be concluded from the above overview, the current clinical literature regarding
mirtazapine and psychostimulants (and opioid) abuse is limited; the clinical use of
mirtazapine in alcoholism is better developed and this literature may provide insights into its
utility for SUDs in general. Mirtazapine treatment during alcohol detoxification significantly
improves scores on the Hamilton Anxiety Rating Scale (HARS), the Hamilton Depression
Rating Scale (HDRS) and the Global Assessment Scale (GAS) when compared to patients
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receiving psychotherapy alone (Liappas et al., 2005). Similar results are found on the HARS
and HDRS scores in patients comorbid with alcohol dependence and depression, with
additional decreases in alcohol craving as measured by the Obsessive Compulsive Drinking
Scale (OCDS) and the Visual Analogue Scale for Craving (VAS) in an open label study
(Yoon et al., 2006). Altintoprak et al., also show that mirtazapine treatment decreases HDRS
and craving scores in abstinent alcoholics comorbid with depression in an in-patient
treatment setting (Altintoprak et al., 2008). Outcomes in alcohol detoxification programs are
also improved with mirtazapine administration (Liappas et al., 2004;Liappas et al., 2005)
with greater improvement in HDRS, HARS, and GAS scores compared to patients receiving
no pharmacotherapy or venlafaxine (Liappas et al., 2004). Taken together, this literature
builds a strong case for using mirtazapine to improve outcomes in patients with alcohol
dependence, and supports preliminary reports that its use improves withdrawal from
psychostimulants as well (McGregor et al., 2008).

In conjunction with Resurrection Behavioral Health (an addiction treatment center in
Chicago, IL), a clinical team at the Center for Compulsive Behaviors and Addiction at Rush
University has documented the use of mirtazapine for relapse reduction in two case reports
of SUDs:

The first patient (36 years of age) had abused opioids for approximately seven years prior to
entering treatment and also supplemented with cocaine to counter the fatigue and opioid
withdrawal symptoms. The patient entered the inpatient chemical dependency program and
relapsed after four months of abstinence. This required a second inpatient treatment
including detoxification. Patient history indicated nonspecific depressive symptoms;
however it was unclear whether the depression was primary or secondary to the SUD. Eight
different treatment programs and several medications including sertraline, fluoxetine,
bupropion, thioridazine, naltrexone, and modafinil were used with none of the medications
successfully attenuating cravings or maintaining abstinence. After initial evaluation in
December 2000 the patient was started on 30mg of mirtazapine and enrolled in a relapse
prevention group coupled with individual therapy. Monthly follow-ups were implemented
with random urine toxicology screens. The patient was followed until June of 2005 at which
time he reported no relapses. Throughout treatment, the mirtazapine dose was titrated up to
90mg at which point the patient experienced amelioration of anxiety symptoms; however,
due to increased systolic blood pressure to 160mm/hg, dosage was reduced. The second
patient was a 32 year old male referred for continued treatment and monitoring through the
state Medical Licensing Board. His abuse began with alcohol and cannabis use in college.
Drug use increased and included cocaine and opioids throughout medical school. After
treatment based on a 12-step model without opioid replacement therapy, the patient was
abstinent for approximately two years after which a relapse required a second inpatient
treatment. During and after the second inpatient treatment he was prescribed a number of
medications including sertraline, citalopram and lithium with no appreciable reductions in
craving. At the time of referral, the patient was taking 100mg nortriptyline at bedtime and
150mg of bupropion twice/day for opioid dependence, cocaine abuse, and generalized
anxiety disorder; conditions confirmed by our diagnoses. Under our care, bupropion dosing
was decreased to 150mg every morning and nortriptyline increased to 150mg at bedtime.
With no appreciable changes in cravings or anxiety symptoms bupropion was discontinued.
The patient was started on a relapse prevention program with individual therapy during
which the patient exhibited cravings and euphoric recall. Nortriptyline was discontinued and
mirtazapine treatment commenced at 30mg at bedtime. Within four weeks the patient
reported reduced cravings for his drugs of choice and improved anxiety symptoms with
further enhanced benefit at 45mg mirtazapine. Currently the patient continues to be stable on
45mg mirtazapine at bedtime and has adhered to his relapse prevention program.
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To further advance this clinical evidence, another team at the Rush University Center for
Compulsive Behavior and Addiction, conducted a retrospective study of psychiatric records
collected from 2004–2007 at the Ruth M. Rothstein CORE Center. This retrospective
analysis focused on the use of mirtazapine in HIV+ patients with SUDs, a particularly
vulnerable population. Among 500 unduplicated HIV+ patients, 44 were maintained on
mirtazapine for a minimum of 3 months of continuous treatment. Mirtazapine was primarily
used to treat anxiety and mood disorders in these 44 patients. Over the course of the 3 years
analyzed, only a single patient discontinued use due to daytime sedation. Patients were
maintained on doses ranging from 15–60mg/day with no adverse events attributed to drug-
drug interactions indicating safe use with antiretroviral therapy such as HAART. While
usage of illicit substances was not a primary focus when data was collected, it was validated
retrospectively that 27 of the 44 patients had a diagnosis of cocaine, methamphetamine, or
polysubstance dependence including at least one stimulant. Of the 27 patients, 16 were on
antiretroviral therapy (HAART), and as previously noted (Colfax et al., 2011), mirtazapine
was well-tolerated by HIV+ individuals on antiretroviral therapy. Fifteen of the 27 patients
were able to maintain their sobriety from cocaine, methamphetamine, or both while being
maintained on mirtazapine. Upon discontinuation of care at the CORE Center,
documentation of relapse could not be validated. Nonetheless, several patients returned to
care and reported relapse on their stimulant of choice when they ceased using or had run out
of mirtazapine. Other patients anecdotally acknowledged that while taking mirtazapine, their
cravings were substantially reduced.

Such positive outcomes were not reported by Cruickshank et al., who performed a placebo
controlled study assessing the use of mirtazapine for the management of acute
methamphetamine withdrawal and found no significant differences between mirtazapine and
placebo groups in study retention and an increase in anxiety and sleep duration with
mirtazapine (Cruickshank et al., 2008). However, this study used a small sample size (13
patients on mirtazapine) with a focus on acute withdrawal states, which are often
characterized by anxiety and hypersomnolence. Similarly, a more recent double-blind
placebo-controlled study found that mirtazapine is not superior to placebo at decreasing
cocaine use in cocaine-dependent subjects comorbid with depression (Afshar et al., 2012);
although, similar to the study by Cruickshank et al., the sample size was small with only 11
patients on mirtazapine. Thus, despite two reports where mirtazapine fails to perform as a
substance abuse pharmacotherapy, the bulk of the clinical observations suggest that
mirtazapine therapy may improve outcomes across a number of SUDs as well as benefit
patients with comorbid conditions, including depression, anxiety and/or HIV/AIDS.

Another aspect of mirtazapine treatment that may provide therapeutic benefit for patients
with SUDs pertains to cognitive function. There is an extensive literature on neurocognitive
dysfunction by those suffering from SUDs (Bowden et al., 2001;Bechara, 2005;Yucel and
Lubman, 2007;Nath, 2010). A meta-analysis of studies on the neurocognitive effects of
cocaine abuse reported largest effect sizes for measures with attentional and executive
components, which included the WAIS-R Arithmetic and Digit Span subtests, the Stroop,
the Trail Making Test-B, Symbol Digit Modalities and the Paced Auditory Serial Addition
Test (Jovanovski et al., 2005). Cognitive deficits in patients with SUDs are also seen in
decision-making processes using delayed discounting paradigms. Delayed discounting
paradigms offer the option of choosing an immediate reward or a reward that is delayed and
given in the future; future rewards are devalued but are robustly affected by drugs of abuse
which promote the devaluation of future rewards (Setlow et al., 2009;Bickel et al.,
2007;Bickel and Marsch, 2001). In opioid-dependent humans, a future monetary reward is
much more rapidly devalued compared to non-dependent controls (Madden et al., 1997).
Additionally, opioid-dependent patients rapidly devalue heroin indicating the importance of
the immediacy of the reward (Madden et al., 1997), i.e. no amount of heroin in the future is
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worth a smaller amount now. Similarly, monetary rewards are more rapidly devalued in
current cigarette smokers compared to both smokers who have successfully quit and in
controls who did not have a history of smoking (Bickel et al., 1999). The decision of an
immediate, smaller reward versus a larger reward in the future is regulated by competing
neuronal systems, namely the nucleus accumbens and cortical regions such as the prefrontal
cortex (McClure et al., 2004;Bickel et al., 2009) and these reports are complemented by
imaging studies revealing altered function in both cortical and accumbal regions at various
stages of addiction (Kalivas and Volkow, 2005;Koob and Volkow, 2010;Goldstein and
Volkow, 2011). Collectively, the available data suggest a dominance of the accumbal
pathway guiding immediate reward choices over cortical function. This leads to impaired
decision making and increased devaluation of future rewards. Potential effects of
mirtazapine have not been tested in delayed discounting paradigms nor have there been
reports assessing potential cognitive enhancing effects of mirtazapine in patients with SUDs.
However, a number of clinical studies find significant improvements in cognitive
performance in other patient populations.

In patients with major depression, mirtazapine improves measures of executive function
after 3 and 6 months of treatment (Borkowska et al., 2007). Cognitive performance is also
improved in patients with schizophrenia; in an 8-week, open-label trial in schizophrenic
patients mirtazapine improved immediate and delayed verbal memory (Delle et al., 2007). In
contrast, a 6-week, randomized, double-blind, placebo-controlled trial of adjunctive
mirtazapine in patients with schizophrenia being treated with clozapine finds no effect on
digit span, word learning, trail making or verbal fluency (Berk et al., 2009). However,
improvements are seen in memory and vocabulary with an 8-week, randomized, double-
blind, placebo-controlled trial of mirtazapine in patients with schizophrenia who were
treated with risperidone (Cho et al., 2011). Overall, these studies provide evidence of
improved cognitive function with mirtazapine in patients with psychiatric illnesses. These
studies also indicate the importance of treatment duration for cognitive enhancements.
Further efforts are needed to determine if the above findings extend to patients with SUDs as
well as in patients with comorbidities, a common occurrence with SUDs.

5. Future Directions
Mirtazapine has a complex pharmacological profile, and many of the direct and indirect
targets impacted by mirtazapine may contribute to decreasing opioid– and psychostimulant-
mediated behaviors. However, we contend that inverse agonism at the 5-HT2C receptor may
provide an efficacious target with should not exhibit some of the unwanted side effects that
result from the other receptors engaged by mirtazapine. In brief, inverse agonism may be a
particularly important and intriguing component that needs to be more fully explored.

Spampinato et al., (De Deurwaerdere et al., 2004) show that regulation of DA efflux in the
nucleus accumbens and striatum is heavily influenced by constitutively active 5-HT2C
receptors. We recently assessed the ability of a 5-HT2C inverse agonist (SB 206553) to
augment methamphetamine-seeking behavior in rats and found a robust, dose-dependent
inhibition of seeking behavior (Graves and Napier, 2012). In contrast to the above,
administration of two chemically distinct 5-HT2C antagonists (SDZ Ser 082 and SB 242084)
had no effect on methamphetamine-seeking (Graves and Napier, 2012). These findings are
supported by cocaine studies wherein SDZ Ser 082 and SB 2420 84 also have no effect on
cue-induced reinstatement of cocaine-seeking (Filip, 2005;Neisewander and Acosta, 2007).

To better understand the mechanism(s) resulting in SB 20653 effects on psychostimulant-
mediated behaviors we recently explored the effects of SB 206553 on neuronal function in
the nucleus accumbens shell. Whole-cell current clamp recordings were conducted in brain
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slices from rats trained to self-administer methamphetamine (after 1–4 days withdrawal
from operant procedures) and compared to saline-yoked rats. Similar to the results found
with cocaine sensitization (Kourrich and Thomas, 2009;Zhang et al., 1998) and self-
administration (Mu et al., 2010;Schramm-Sapyta et al., 2006), excitability of neurons in the
accumbens shell is decreased (i.e. fewer action potentials generated in response to
depolarizing current injection) after 1–4 days withdrawal from methamphetamine self-
administration (unpublished data). In contrast, bath application of the putative inverse
agonist SB 206553 increased neuronal excitability (unpublished data) with no evidence of
functional dysregulation of 5-HT2C receptors by methamphetamine self-administration.
Additional studies are needed to determine potential psychostimulant-induced plasticity in
other regions such as the medial prefrontal cortex.

The aforementioned studies were the first to assess the effect of the putative 5-HT2C
receptor inverse agonist, SB 206553, on methamphetamine-induced behaviors and find a
dramatic decrease in seeking (Graves and Napier, 2012). Moreover, in the accumbens shell,
neuronal excitability was decreased by methamphetamine self-administration, an effect that
was abrogated by acute bath application of SB 206553. Further study is needed to determine
signaling mechanisms, potential plasticity, and ability to maintain efficacy with chronic
therapy. Nonetheless, inverse agonism at 5-HT2C receptors has provided impressive initial
results and is an exciting avenue for continued medications development.

6. Conclusions
In summary, mirtazapine has multiple targets likely contributing either additively or
synergistically to its ability to serve as pharmacotherapy to SUDs including 5-HT3 and
5HT2A antagonism, indirect 5-HT1A agonism, and 5-HT2C inverse agonism. While
mirtazapine appears to be very promising both preclinically and clinically, large double-
blind placebo-controlled trials are needed to validate the summarized data. Finally,
additional investigations that utilize the knowledge gained from mirtazapine and engage in
de novo synthesis of novel compounds may aid in the discovery of medications with
enhanced efficacy and improved side-effect profiles.
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Figure 1. Serotonin2A antagonism attenuates methamphetamine-seeking in a rodent model of
substance abuse
Rats were trained to self-administer methamphetamine and repeatedly tested for “seeking”-
like behavior via cue reactivity (CR) assessments using the identical protocol previously
described (Graves and Napier, 2011;Graves and Napier, 2012). Prior to CR assessments rats
were administered a pretreatment of the 5-HT2A receptor antagonist M100907 (0.05, 0.1, or
1.0mg/kg) or vehicle. Two-way repeated measures ANOVA reveals did not reveal
significant Treatment effect (F(3,28)=1.37), a significant Time effect (F(3,84) =71.8), and no
Treatment × Time interaction (F(9,84)=1.65); however, a preplanned Newman-Keuls post-
hoc assessment indicated that 0.05mg/kg significantly decreased active lever pressing (i.e.
index of methamphetamine-seeking) in the first 15 minutes of the CR test (*p<0.05). This
effect was lost at higher doses, possibly reflecting a loss of specificity
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Figure 2. Mirtazapine attenuates methamphetamine-seeking in rodent models of substance
abuse
Rats were trained to self-administer methamphetamine and repeatedly tested for “seeking”-
like behavior in the presence of cues using two paradigms, a repeated measures cue
reactivity (CR) paradigm (A) and a between measures cue-induced reinstatement protocol
(B); detailed methods can be found in Graves & Napier 2011. A. During CR testing, cues
are contingently presented on a fixed ratio (FR) 1 schedule for 1hr. Two-way rmANOVA
reveals significant Treatment effect (F(3,52)=3.80), Time effect (F(3,156)=116.23), and
Treatment × Time interaction (F(9,156)=5.09) with 5.0mg/kg mirtazapine attenuating active
lever pressing (index of seeking) (***p<0.001 comparing vehicle vs. 5.0 mg/kg mirtazapine
pretreatment; Newman-Keuls post-hoc) B. Each reinstatement session consisted of a single,
non-contingent presentation of the cue light followed by contingent cue presentations on a
fixed ratio FR1 schedule for 1hr. Similar to results seen with CR assessments, twoway
rmANOVA reveals a significant Treatment effect (F(3,9)=3.67), Time effect (F(3,124)=45.49),
and no Treatment × Time interaction (F(9,124)=1.24) and again, acute pretreatment with
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5.0mg/kg mirtazapine decreases active lever pressing in the first 15min (***p<0.001
comparing vehicle vs. 5.0 mg/kg mirtazapine pretreatment; Newman-Keuls post-hoc).
Reprinted from Graves & Napier, 2011 with permission from Elsevier.
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