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Abstract

Schizophrenia is a heterogenous and severe neuropsychiatric disorder that affects nearly 1% of the
population worldwide. Antipsychotic drugs are the mainstay of treatment, but not all patients with
schizophrenia respond to treatment with these agents. Clozapine, the first atypical antipsychotic, is
a highly effective medication for patients with schizophrenia who do not respond to other
antipsychotics. Although clozapine tends not to produce extrapyramidal symptoms, other side
effects of the drug (e.g., agranulocytosis, myocarditis, seizures) limit its widespread use. This
chapter reviews clozapine’s unique clinical effects and unusual pharmacological profile. In
addition to its effects in treatment resistant schizophrenia, clozapine has been shown to decrease
suicidality, which occurs at an increased rate in patients with schizophrenia. Still preliminary, but
consistent data, also suggest that clozapine limits substance use in these patients, an important
effect since substance use disorders are common in patients with schizophrenia and are associated
with a poor outcome, including an increased risk for suicide and poor response to treatment. We
have suggested, from animal studies, that clozapine’s apparent ability to limit substance use may
occur through its actions as a weak dopamine D2 receptor antagonist, a potent norepinephrine a-2
receptor antagonist and a norepinephrine reuptake inhibitor. Using animal models, we have built
combination of agents toward creation of safer clozapine-like drugs to reduce substance use in
these patients. Future research into the mechanisms of action of clozapine toward the development
of safe clozapine-like agents is of great public health importance.

Introduction

Schizophrenia is a heterogenous and complex neuropsychiatric disorder that affects nearly
1% of the population worldwide and includes a composite of positive, negative and cognitive
symptom domains (Andreasen, 2000). The introduction of the antipsychotic drugs,
beginning with chlorpromazine in the 1950s dramatically changed the nature of treatment
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for patients with this severe disorder. Moreover, the realization that effective antipsychotics
blocked the dopamine D2 receptor contributed to the development of the dopamine
hypothesis of schizophrenia (Snyder, 1976). The seminal paper noting a correlation between
potency at the dopamine D2 receptor and clinical potency (Creese, Burt, & Snyder, 1976)
further cemented the notion that search for a potent dopamine receptor antagonist was the
holy grail for optimal treatment of schizophrenia. The major side effects of the
antipsychotics, extrapyramidal symptoms (e.g., muscle rigidity, tremor, tardive dyskinesia),
were assumed to be a necessary fellow traveler with an effect antipsychotic drug. The use of
chlorpromazine and the medications that followed, all potent dopamine D2 receptor
antagonists, allowed many patients to be discharged from asylums, and led to the
development of the community mental health center movement. Nonetheless, it was
recognized early on that while the antipsychotics were effective, many patients had only a
partial response, and for a substantial component of the population of patients with
schizophrenia, these “miracle drugs” had almost no effect. This situation seemed to change
with the (re)introduction of clozapine, an “atypical” antipsychotic, in 1989 (J. Kane,
Honigfeld, Singer, & Meltzer, 1988; J. M. Kane & Correll, 2016; Meltzer, 1997). This
chapter will trace the use of clozapine, discuss its unique clinical applicability, and address
aspects of its pharmacology that may contribute to its unusual and striking clinical effects.

History of Clozapine

Clozapine was first discovered in 1959 by scientists at Wander Laboratories, who were
screening tricyclic compounds for anti-depressant activity and were surprised to discover
drugs with a chemical structure comparable to the tricyclic anti-depressants but with
antipsychotic properties (Naheed & Green, 2001). Since the prevailing thought at the time
was that extrapyramidal side-effects were required for antipsychotic efficacy, clozapine was
considered “atypical” or “defective,” which limited initial interest in the compound (Burns,
2001). In the early 1970s, however, Stille and Hippius challenged the prevailing
extrapyramidal symptom dogma with data derived from studies in patients given clozapine
demonstrating that its antipsychotic efficacy was not dependent on the development of these
symptoms (Stille, Lauener, & Eichenberger, 1971). Moreover, they noted that this atypical
antipsychotic (which did not produce obvious extrapyramidal effects) had excellent clinical
efficacy across multiple symptom domains.

As the use of clozapine spread in Europe, a troubling side effect began to limit its popularity.
In a trial in Finland, 16 patients developed agranulocytosis, and 8 of them died from
overwhelming infections (de la Chapelle, Kari, Nurminen, & Hernberg, 1977; Idanpaan-
Heikkila, Alhava, Olkinuora, & Palva, 1975). Because of this report, use of clozapine was
dramatically reduced and research on the drug was stopped. Although it was essentially
pulled from the market, some humanitarian use of clozapine continued, especially for
patients unresponsive to other drugs, with very careful blood monitoring. Moreover, reports
surfaced that many patients that had been responsive to clozapine relapsed when the drug
was stopped, increasing the interest in determining whether there was a safe way to use the
drug while managing the risk of agranulocytosis (Naheed & Green, 2001).
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The publication by Kane et al (1988) , funded by Sandoz, which now owned clozapine,
dramatically changed the landscape for use of the drug. This careful investigation of patients
who were refractory to other antipsychotics demonstrated the superior efficacy of clozapine
over chlorpromazine for such patients — with demonstrated superiority in terms of positive
and negative symptoms of psychosis, along with the development of minimal extrapyramidal
side effects. Moreover, the frequent blood monitoring within the study demonstrated a way
to use clozapine safely.

Sandoz used the findings of the Kane et al (1988) study to support an application to the FDA
for use of clozapine in treatment-resistant schizophrenia, with a requirement for blood
testing to monitor for the risk for agranulocytosis. With such careful use, including the
cessation of use at the first sign of possible agranulocytosis, the rate of agranulocytosis has
been reported to be 0.38% (Schulte, 2006).

The re-introduction of clozapine in 1989 dramatically changed the treatment approach for
patients with refractory psychosis—suddenly there was a medication that for many at least
seemed to decrease psychosis and allow them to be treated as outpatients. With its more
widespread use, however, many other potential side effects of clozapine were noted,
including weight gain, diabetes, myocarditis and seizures, that, combined with the
requirement for frequent blood monitoring, tended to limit the use of this most interesting
drug to a very narrow range of patients (Flanagan, 2008; Hodge & Jespersen, 2008). To this
day, clozapine is seriously under-prescribed by psychiatrists, with estimates suggesting that
only 5-20% of clozapine-eligible patients receive clozapine treatment (Olfson, Gerhard,
Crystal, & Stroup, 2016). After the introduction of clozapine, many other “atypical” agents
were developed; nonetheless, none of them have met the standard of clozapine for efficacy.
This, coupled with the decline in clozapine use over time, has emphasized the need for
revisiting the pharmacology of clozapine, and bringing attention back to a drug that may be
our best option in treating a variety of schizophrenia and schizophrenia-related disorders.

Clozapine broke the mold of the first generation antipsychotics and displayed clinical
efficacy without a potent dopamine D2 receptor blockade and thereby reduced risk for the
extrapyramidal side-effects (Fakra & Azorin, 2012). While clozapine still remains the most
effective antipsychotic, its mechanisms of action remains elusive (Wenthur & Lindsley,
2013). Attempts to create structurally related compounds have not produced agents that
match clozapine’s efficacy. Clozapine is an agent that seems to serendipitously benefit from
actions across various neurotransmitter systems. Imaging and pharmacological studies
suggest that while typical antipsychotics show high striatal dopamine receptor binding,
clozapine does not (Mamo et al., 2004) but seems to be having its effects not only through
dopamine receptors, but also at serotonergic, noradrenergic and glutamatergic receptors
(Meltzer, Matsubara, & Lee, 1989; Sur et al., 2003). The effects of clozapine have
considerably advanced our understanding of the mechanistic underpinnings of
schizophrenia, and have given rise to other atypical drugs that act, for example, at serotonin
5-HT2A as well as dopamine D2 receptors (Janssen et al., 1988). Clozapine’s blockade of
norepinephrine alpha 2 receptors has also been thought to contribute to its activity
(Baldessarini, Huston-Lyons, Campbell, Marsh, & Cohen, 1992; Breier et al., 1994) as have
its possible modulatory actions on dysfunctional glutamatergic system (Olney, Newcomer, &

Adv Pharmacol. Author manuscript; available in PMC 2020 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khokhar et al.

Page 4

Farber, 1999). In the latter half of this chapter, we will further delineate the pharmacological
actions of clozapine with the goal of reconstructing clozapine-like agents for use in
indications in which clozapine shows clear superiority over other antipsychotic medications.
Prior to that, however, we will describe three special populations of patients with
schizophrenia, in which clozapine has demonstrated a unique efficacy, those with: treatment
resistance; suicidality; and co-occurring substance use disorders.

Treatment-resistant schizophrenia

As many as 30% of patients with schizophrenia are resistant to treatment with antipsychotic
medications (Conley & Kelly, 2001), meaning they show no or partial clinical response to at
least two different antipsychotic medications. Treatment-resistant schizophrenia is
associated with an increased risk of substance use, suicidal ideation, and a poorer quality of
life (Kennedy 2014), and attempts to develop therapies for treatment-resistant schizophrenia
have been elusive. But clozapine is uniquely effective in its ability to improve clinical
outcomes in patients with treatment resistance schizophrenia. As mentioned above, Kane
and colleagues (1988) first evaluated the efficacy of clozapine for treatment resistant
schizophrenia. In this controlled clinical trial, patients with schizophrenia (who had a history
of poor response to previous trials of antipsychotics) were treated with the typical
antipsychotic haloperidol for 6 weeks, and those who failed to show a significant clinical
response were then randomly assigned to clozapine or chlorpromazine treatment for another
6 weeks (J. Kane et al., 1988). The patients treated with clozapine showed significantly
greater improvements in Brief Psychiatric Rating Scale (BPRS) and Clinical Global
Impressions (CGl) scale scores compared to those treated with chlorpromazine.

Since this iconic study, subsequent experiments have corroborated the findings from Kane
and colleagues. For instance, in a randomized double-blind study of the efficacy of clozapine
compared to haloperidol, a typical antipsychotic, treatment resistant patients receiving
clozapine had significantly lower psychotic symptoms as measured by the Positive and
Negative Syndrome Scale (PANSS), as well as fewer days hospitalized for psychiatric
complaints, compared to those receiving haloperidol (Rosenheck et al., 1997). A meta-
analysis of 12 controlled studies also confirmed that clozapine was more efficacious in
reducing psychotic symptoms in patients with treatment resistant schizophrenia, as well as
decreasing the risk of extrapyramidal side-effects, compared to typical antipsychotic
medications (Chakos, Lieberman, Hoffman, Bradford, & Sheitman, 2001). Moreover, two
large-scale clinical trials (Clinical Antipsychotic Trials of Intervention Effectiveness
[CATIE] in the US, and Cost Utility of the Latest Antipsychotic Drugs in Schizophrenia
Study [CUtLASS] in the UK) both demonstrated that clozapine is the most effective
antipsychotic for patients with schizophrenia unresponsive to treatment with other
antipsychotic drugs (including those developed after the introduction of clozapine)(Jones et
al., 2006; Lewis et al., 2006; Lieberman et al., 2005; Naber & Lambert, 2009). Thus, based
on the available data, clozapine continues to be considered the “gold-standard” for patients
with treatment resistant schizophrenia, although it continues to be underutilized in general
clinical practice.
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There has been interest in discovering indicators of preferential response to clozapine that
might allow its use prior to multiple treatment trials with other antipsychatics, thus to
identify predictors of treatment resistance. Significant predictors of a favorable response to
clozapine treatment include younger age, more severe symptoms (as evidence by more days
hospitalized for psychiatric reasons prior to schizophrenia diagnosis), a previous suicide
attempt, affective symptoms and use of antidepressant medications (Wimberley et al., 2016).
Interestingly, treatment resistant schizophrenia has been associated with reduced cortical
thickness, including areas of the frontal, parietal, temporal, and occipital lobes (Zugman et
al., 2013), which may have clinical relevance as a neural indicator of treatment resistant
schizophrenia and minimize the delay between diagnosis and appropriate antipsychotic
treatment. Nonetheless, these imaging data have not, to this point been, directly linked to
preferential response to clozapine.

Some of the biologic characteristics of treatment resistant schizophrenia may also hint at the
possible mechanism behind the efficacy of clozapine. For instance, treatment resistant
patients have been demonstrated to have reduced dopamine synthesis (rather than
hyperactivity seen in other patients) in the striatum compared to non-resistant patients
(Demjaha, Murray, McGuire, Kapur, & Howes, 2012), suggesting that treatment resistant
patients may have a distinct form of schizophrenia that is mediated by dysregulated
neurotransmitter systems beyond dopamine. Moreover, given the wide spectrum
pharmacological action of clozapine, its relatively low affinity for the dopamine D2 receptor,
as well as its actions in glutamatergic, serotonergic and noradrenergic systems (Wenthur &
Lindsley, 2013), the capacity of clozapine to treat patients with treatment resistant
schizophrenia may be linked to the ability of clozapine to alter more than just dopamine
synthesis.

Nonetheless, since the precise mechanisms underlying the effectiveness of clozapine for
treatment resistant schizophrenia are still poorly understood, some research has also aimed
to identify how clozapine treatment alters neurobiological functioning in these patients.
Reduced frontal cortical metabolic activity has been consistently associated with an
increased response to clozapine treatment (Chung & Remington, 2005), suggesting the
frontal cortex may be an important region involved in clozapine’s efficacy. In an attempt to
determine the effects of clozapine on cortical metabolic activity, Molina and colleagues
(2005) evaluated resting neural metabolic activity in treatment resistant patients prior to and
6 months after clozapine treatment. Clozapine treatment was associated with reductions in
prefrontal cortical metabolic activity, as well as reduced basal ganglia metabolic activity.
Interestingly, reductions in basal ganglia metabolic activity were associated with reductions
in negative symptoms, while reductions in positive symptoms were associated with
increased in metabolic activity in the visual cortex. In a follow-up study by these authors,
clozapine treatment was associated with enhanced activity in the cingulate cortex, insula,
and hippocampus during a cognitive task compared to risperidone treatment (Molina et al.,
2008). Thus, clozapine’s unique ability to correct deficits in cortical and limbic regions
compared to other antipsychotic medications may be related to its efficacy in treatment
resistant patients, but substantially more work is required to fully understand the
mechanisms underlying clozapine’s effectiveness for this indication and others.
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Patients with schizophrenia are at a significantly high risk for suicide, as approximately 50%
of patients attempt suicide, compared to only 1% in the general population, and 10% of
patients with schizophrenia die from suicide (Meltzer et al., 2003; Meltzer & Baldessarini,
2003). In an early trial in treatment resistant patients, clozapine treatment was associated
with significantly fewer suicide attempts compared to patients treated with typical
antipsychotics (Spivak et al., 1998). Later, in the seminal InterSePT trial (International
Suicide Prevention Trial), a randomized, international study comparing suicidal behavior in
patients at risk of suicide who were treated with either clozapine or olanzapine (thought to
be the most effective agent secondary to clozapine), Meltzer and colleagues (2003) showed
that suicidal behavior was significantly reduced in patients treated with clozapine compared
to those treated with olanzapine. Specifically, fewer clozapine-treated patients attempted
suicide and clozapine patients required fewer hospitalizations and rescue interventions
related to suicide. A retrospective study looking at inpatients with schizophrenia
corroborated these findings; prior to clozapine treatment the rate of suicidal behavior among
these patients was 28%, which was reduced to 3% during clozapine treatment (Modestin,
Dal Pian, & Agarwalla, 2005). Interestingly, in a subset of patients, discontinuation of
clozapine resulted in an increase in suicidal behavior to 18%. Lastly, a small study of 3
patients with schizophrenia further demonstrated that the effects of clozapine
discontinuation on suicidal behavior; abrupt discontinuation of clozapine treatment due to
side-effects in these patients were rapidly followed by suicide (Patchan, Richardson, Vyas,
& Kelly, 2015). Thus, clozapine is exceptionally effective in reducing the risk of suicide in
patients with schizophrenia, compared to both typical and atypical antipsychotic
medications.

Depression is common in patients with schizophrenia, with up to 80% of patients
experiencing depressive symptoms, and is associated with a poorer quality of life, increased
risk of both relapse and suicide (Nakajima et al., 2015). The CATIE trial, mentioned above,
found that clozapine was more effective than quetiapine in reducing depressive symptoms in
patients (Nakajima et al., 2015). Yet, the CATIE trial also found no significant differences
between clozapine, olanzapine, and risperidone in reducing symptoms of depression in
patients with schizophrenia. Thus, the unique ability of clozapine to reduce suicidal behavior
in patients with schizophrenia may not be entirely due to its antidepressant effects.

Little is known regarding the mechanisms behind clozapine’s efficacy in reducing suicidal
behavior, but it may be related to clozapine’s effects on norepinephrine, a neurotransmitter
thought to be involved in the emergence of depression and commonly targeted by
antidepressant medications (Delgado & Moreno, 2000). Indeed, early work by our group
giving clozapine to patients with treatment refractory schizophrenia showed that clozapine
dramatically and chronically enhances peripheral norepinephrine levels (A. I. Green et al.,
1993), which is not observed with haloperidol (Green et al, 1993), or with other typical
antipsychotic medications (Spivak et al., 1998). Moreover, other atypical agents, such as
risperidone, which also block the norepinephrine a-2 receptor, do not elevate peripheral
norepinephrine levels to the extent of clozapine (See, Fido, Maurice, Ibrahim, & Salama,
1999). Moreover, Breier et al (1994) noted a relationship between elevated norepinephrine
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levels and overall response to clozapine. Thus, the ability of clozapine to alter
neurotransmitter systems other than dopamine, especially clozapine-induced increases in
norepinephrine levels, may be partly associated with clozapine’s ability to reduce depression
(and suicidal behavior) in patients with schizophrenia. Another potential mechanism for the
reduction in suicidal behavior by clozapine may be related to clozapine’s apparent ability to
reduce substance use in patients with schizophrenia, since substance use in these patients is
associated with a risk for suicide. Previous studies have suggested that limiting substance
use in dual diagnosis patients with schizophrenia may limit suicide since suicidal ideation
has been shown to be greater among patients who are currently misusing substances,
compared with past or non-substance misusers (Hunt et al., 2006; Kamali et al., 2000).
Moreover, our unpublished secondary analyses of the data from the InterSePT study,
showing that clozapine was efficacious in reducing the initiation of substance use in patients
with schizophrenia who are at a high risk for suicide, suggests another unique subpopulation
that would benefit from clozapine.

Substance use in schizophrenia

In still preliminary studies, clozapine does seem to have the unusual ability (among
antipsychotics) of decreasing substance use in patients with schizophrenia and co-occurring
substance use disorder. The Epidemiologic Catchment Area (ECA) study in the late 1980s
made it clear that individuals with schizophrenia have a high rate of substance use disorder,
particularly alcohol, cannabis and cocaine — estimated to be 4.6 times the rate in the
background population (Regier et al., 1990). Moreover, the rate of tobacco smoking is
known to be 70 — 90% in patients with schizophrenia, in face of the decreasing rate of
tobacco smoking in the general US population (falling below 20%) (Hartz et al., 2014;
Kalman, Morissette, & George, 2005). In fact, it has been estimated that 44% of all
cigarettes in the US are smoked by less than 5% of the population — mainly those with
severe psychiatric disorders (Lasser et al., 2000). Use of alcohol, cannabis and cocaine have
a negative effect on the course of schizophrenia, as defined by increased rates of
hospitalization, decreased compliance with medication, increased violence and suicide, and
overall increased societal costs (DeQuardo, Carpenter, & Tandon, 1994; Dickey & Azeni,
1996; Henquet et al., 2010; Juckel et al., 2006; Kivlahan, Heiman, Wright, Mundt, & Shupe,
1991; Knudsen & Vilmar, 1984; Linszen, Dingemans, & Lenior, 1994; Negrete & Knapp,
1986; Peralta & Cuesta, 1992; Regier et al., 1990; Sayers et al., 2005; Smith, Barzman, &
Pristach, 1997; Swendsen et al., 2012; Treffert, 1978; van Dijk, Koeter, Hijman, Kahn, &
van den Brink, 2012).

While the typical antipsychotic drugs (e.g., haloperidol) have clear therapeutic efficacy in
treating psychosis in patients with schizophrenia, they do not appear to reduce substance use
in patients with schizophrenia and substance use disorder (A. I. Green, Noordsy, Brunette, &
O’Keefe, 2008), and may even lead to further use (Bedard, Maheux, Levesque, & Samaha,
2013). Atypical antipsychotics, on the other hand, seem to have varying effects on substance
use. While most atypical antipsychotics have modest efficacy toward reducing substance
use, we and others have shown that clozapine, unlike typical antipsychotics, appears to
substantially decrease alcohol and substance use in this population (Albanese, Khantzian,
Murphy, & Green, 1994; Buckley, Thompson, Way, & Meltzer, 1994; Drake, Xie, McHugo,
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& Green, 2000; Marcus & Snyder, 1995; Wu, Chen, & Lee, 2013; Zimmet, Strous, Burgess,
Kohnstamm, & Green, 2000) and also prevent relapse to alcohol use in those whose alcohol
use has remitted (Brunette, Drake, Xie, McHugo, & Green, 2006). The observation that
clozapine might decrease substance use was first reported in the mid-1990s, with a series of
case reports, retrospective surveys and one naturalistic study (Akerman, Brunette, Noordsy,
& Green, 2014; Albanese et al., 1994; Buckley et al., 1994; Drake et al., 2000; Marcus &
Snyder, 1995; Wu et al., 2013; Zimmet et al., 2000). The naturalistic study noted a dramatic
improvement of alcohol abuse (as well as cannabis use) in patients who had been given
clozapine vs. those remaining on a standard (typical) antipsychotic (Drake et al., 2000).
Nonetheless, only one randomized trial has been published — involving a small sample of
patients with schizophrenia and cannabis use disorder, which indicated that clozapine
treatment was associated with a decrease in cannabis use, as compared to treatment with
other antipsychotics (Brunette et al., 2011). Thus, the data on clozapine’s effects on
decreasing substance use are consistent, although a definitive study has not yet been done.

Many studies have investigated whether other atypical antipsychotics share clozapine’s
ability to limit comorbid alcohol/substance use disorders in patients with schizophrenia. (A.
I. Green et al., 2008). While some data exist regarding possible effects of quetiapine,
olanzapine and aripiprazole, the overall consensus is that none of the typical or atypical
agents also consistently limit substance use in these patients (Akerele & Levin, 2007;
Beresford et al., 2005; Brown, Jeffress, Liggin, Garza, & Beard, 2005; Brunette, Dawson,
O’Keefe, Buckley, & Green, 2009; A. I. Green et al., 2008; Warsi, Sattar, Bhatia, & Petty,
2005).

Basis of substance use disorder in schizophrenia

In the remainder of this article, we will focus on schizophrenia and co-occurring substance
use disorder to begin to delineate the potential basis of the unusual effects of this drug —
leading to the possible development of a safer clozapine-like agent. While the story is still
unfinished and much research needs to be done, the theories of the basis of the co-
occurrence of schizophrenia and substance use disorder may provide some clues. The four
main theories of comorbid schizophrenia and substance abuse are the self-medication
hypothesis; the cumulative risk factor hypothesis; the stress diathesis theory; and the primary
addiction hypothesis.

A common clinical explanation for the use of alcohol and other substances in patients with
schizophrenia invokes the “self-medication hypothesis”, where the alcohol/substance abuse
relates to an attempt by the patient to self-medicate negative symptoms or the
extrapyramidal side effects of antipsychotics (Khantzian, 1997; Siris, 1990). While the self-
medication hypothesis has some intuitive appeal, the available data do not provide evidence
to support this as a causal explanation for the use of alcohol/substances in patients with
schizophrenia (Buchanan, Strauss, Breier, Kirkpatrick, & Carpenter, 1997; Cantwell et al.,
1999; Hambrecht & Hafner, 1996; Kovasznay et al., 1997; Linszen et al., 1994; Lysaker,
Bell, Beam-Goulet, & Milstein, 1994). Substance use, actually, tends to be less common in
patients with primarily negative symptoms, and even first episode patients, including those
not treated with antipsychotic medications, frequently use substances (Batki, Leontieva,
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Dimmock, & Ploutz-Snyder, 2008; Brunette et al., 2017; Buchanan et al., 1997; Tomassi et
al., 2017).

The cumulative risk factor hypothesis posits that patients with schizophrenia are more likely
to have a substance use problem when combined with certain environmental factors such as
socioeconomic status and accessibility to drugs (Mueser et al., 1990). Rosenthal (1970)
proposed a similar concept, the stress diathesis theory or the “two-hit” model. Schizophrenia
is widely accepted to have an important genetic component, and Rosenthal theorized that
genetic factors predicted a risk for disease, but when combined with an environmental
stressor (including substance use), could manifest into schizophrenia (Fowles, 1992;
Pruessner, Cullen, Aas, & Walker, 2017). Some studies support the diathesis-stress theory
with interactions observed between substance (especially cannabis) use and an earlier age of
onset of schizophrenia and psychosis (I. W. Green & Glausier, 2016; Linszen et al., 1994).

The fourth hypothesis is the primary addiction hypothesis (Chambers et al., 2001) also
known as reward deficiency syndrome hypothesis (Green et al., 1999). Both animal and
human studies (in an animal model of schizophrenia and in patients with schizophrenia) find
dysfunction in the dopamine-mediated brain reward circuit (Chambers, 2007; Chambers,
Krystal, & Self, 2001; Chambers et al., 2013; Fischer, Whitfield-Gabrieli, Roth, Brunette, &
Green, 2014; Thompson et al., 2013), which could underlie both schizophrenia and
substance abuse (Khokhar, Dwiel, Henricks, Doucette, & Green, 2017).

Our theoretical neurobiologic formulation (A.l. Green, Zimmet, Strous, & Schildkraut,
1999), consistent with Chambers et al., (Chambers et al., 2001) and others (Nisell, Nomikos,
& Svensson, 1995) suggests that a high rate of substance use disorders in patients with
schizophrenia may be secondary to biological dysfunctions within the dopamine—mediated
mesocorticolimbic “brain reward” pathways. Many studies suggest that negative symptoms
in patients with schizophrenia are related to reduced activity in dopamine neurons projecting
from the ventral tegmental area into the prefrontal cortex (i.e., mesocortical neurons) (Grace,
1991; Moghaddam & Sesack, 1996; Weinberger, 1987). At the same time, other midbrain
DA neurons projecting from the ventral tegmental area to the nucleus accumbens (i.e.,
mesolimbic neurons), which are themselves regulated by neural projections from the
prefrontal cortex (Au-Young, Shen, & Yang, 1999; Moghaddam & Sesack, 1996; Pycock,
Kerwin, & Carter, 1980), are thought to be hyperactive, leading to the positive symptoms of
psychosis (Grace, 1991). Both of these dopaminergic pathways (particularly the mesolimbic)
are key elements in the brain reward circuit that is thought both to mediate pleasure,
contentment and motivation within everyday life (Fibiger & Phillips, 1988; Gardner, 1997)
and to be the locus for the reward-based effects of substances of abuse (Hyman, Malenka, &
Nestler, 2006). Interestingly, our group and others have shown in behavioral studies that
patients with schizophrenia have impaired olfactory hedonic processing (Folley & Park,
2010; Mesholam-Gately, Gibson, Seidman, & Green, 2014) and we (Fischer et al., 2014)
and others have demonstrated a brain reward circuit deficit (including decreased functional
connectivity between the nucleus accumbens and the prefrontal cortex) in fMRI studies of
such patients.(Fischer et al., 2014; Juckel et al., 2006; Moran, Sampath, Kochunov, & Hong,
2013; Moran, Sampath, Stein, & Hong, 2012; Nielsen, Rostrup, Wulff, Bak, Broberg, et al.,
2012; Nielsen, Rostrup, Wulff, Bak, Lublin, et al., 2012; Wint et al., 2005).
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This theory (A.l. Green et al., 1999) also proposed that the substances themselves, due to
their common action of potentiating dopamine activity, might normalize the brain reward
circuit dysfunction while at the same time exacerbating symptoms in the patients. Pilot data
has shown that individuals with comorbid cannabis use disorder and schizophrenia have
significantly lower resting-state functional activity between the nucleus accumbens and
prefrontal cortical brain reward circuit regions when compared to a control group, and that
either smoked cannabis or A%-tetrahydrocannabinol (THC) substantially ameliorates the
abnormal connectivity. (Fischer et al., 2014).

Pharmacology of Clozapine: Building a safer clozapine?

Why does clozapine limit substance use in patients with schizophrenia — and does it lead to
clues about building a safer clozapine-like agent? Clozapine’s unique clinical effects
(secondary to its broad pharmacological profile that includes a relatively weak blockade at
dopamine D2 receptors) may in part involve release of dopamine in the prefrontal cortex
(Devoto et al., 2003; A.l. Green et al., 1999). Moreover, because of the apparent modulation
of the subcortical mesolimbic dopamine system by the prefrontal cortex (A.l. Green et al.,
1999; Moghaddam & Sesack, 1996) the release of dopamine by clozapine in the prefrontal
cortex may also result in a decrease of dopamine release in the mesolimbic system, which,
when added to its (albeit weak) D2 receptor blocking effects, may contribute to its
antipsychotic potential and its ability to reduce substance use (A.l. Green et al., 1999;
Moghaddam & Sesack, 1996; Pycock et al., 1980). This combined with our original work on
clozapine, where we were struck by the dramatic elevation of plasma norepinephrine in
patients treated with the drug, as compared to those treated with haloperidol (A. I. Green et
al., 1993), and based on the original work from Svensson et al., (2003), we hypothesized that
clozapine might improve the reward dysfunction and thereby making patients less likely to
use substances (A. I. Green, Burgess, Dawson, Zimmet, & Strous, 2003; A.l. Green et al.,
1999). Thus far, two sets of data seem to suggest this is the case. Machielsen and colleagues
recently demonstrated that clozapine (as compared to risperidone) reduces craving for
cannabis and decreases insula activation during a cannabis attentional bias task (Machielsen,
Veltman, van den Brink, & de Haan, 2014, 2017). Moreover, we showed that clozapine
improves olfactory hedonic tone, as compared to typical antipsychotics, in patients with
schizophrenia and co-occurring substance use disorder (Mesholam-Gately et al., 2014).

Our group has attempted to deconstruct the pharmacological actions of clozapine related to
its effect on substance use in patients with schizophrenia, following up on our theoretical
paper suggesting the importance of the ratio of norepinephrine a2 to dopamine D2 receptor
blockade (A.l. Green et al., 1999). To do this, we developed a series of studies in rodents,
primarily using the Syrian golden hamster and the alcohol preferring P rat. In these studies,
we focused most directly on clozapine’s weak dopamine D2 receptor blockade, its potent
norepinephrine a2 receptor blockade and the ability of clozapine to dramatically increase
norepinephrine levels in plasma and brain (Chau, Gulick, Xie, Dawson, & Green, 2010; A. .
Green etal., 1993; A. I. Green et al., 2004; Khokhar, Chau, Dawson, & Green, 2015) to
understand its ability to reduce alcohol drinking in patients and in our rodent models.
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We first showed that like patients with schizophrenia, acute and chronic treatment with
clozapine (and not haloperidol) could reduce alcohol drinking in the Syrian golden hamster
and the alcohol preferring P rat (Chau et al., 2010; Chau et al., 2013; A. I. Green et al.,
2004). These early studies established the predictive validity for these models in testing the
effects of antipsychotic agents since clozapine reduced alcohol drinking whereas haloperidol
did not. Moreover, discontinuation of clozapine treatment resulted in a gradual increase in
alcohol drinking toward baseline levels (A. I. Green et al., 2004). Lastly, the reductions in
alcohol drinking were not accompanied by decreases of sucrose, water or food consumption
suggesting that the effects of clozapine were specific to alcohol drinking (Chau et al., 2010).
Our subsequent work showed that it was the weak antagonism of dopamine D2 receptors by
clozapine that contributed to its ability to reduce alcohol drinking in the hamster (Chau et
al., 2011). This was done by adding raclopride (a potent dopamine D2 receptor antagonist)
to clozapine; the addition of raclopride significantly blunted clozapine’s ability to reduce
alcohol drinking in the Syrian golden hamster (Chau et al., 2011).

Beyond its actions on dopamine receptors, however, it may be clozapine’s actions on the
noradrenergic system, which, when added to (or related to) its ability to release dopamine in
the prefrontal cortex, may be of greatest importance in understanding its unique clinical
profile, including its effects on alcohol/substance use in patients with schizophrenia. As
noted above, clozapine produces striking elevations of NE in the plasma (Breier et al., 1994;
A. 1. Green et al., 1993) and CSF (Leiberman et al., 1991) in patients, and our findings
suggest that this may be explained both by its a-2 receptor antagonism (Ashby & Wang,
1996) as well as its ability to block the reuptake of norepinephrine following synaptic
release (Khokhar et al., 2015; Yoshimura et al., 2000). Clozapine’s actions on
norepinephrine may be particularly relevant given the suggestions that norepinephrine may
potentiate functioning of the dopamine-mediated “reward system” by decreasing the “noise”
of basal firing patterns (i.e., by slowing and deregularizing firing) in ventral tegmental area
dopamine neurons (with resultant increase in signal detection) (Grenhoff & Svensson, 1989;
Nisell et al., 1995). Even as we began to understand the effects of clozapine related to its
ability to reduce substance use, however, we were still not able to use this information to
inform treatment. This led to a line of translational research in our laboratory related to
designing improved medications for use in this difficult to treat population.

Specifically, we have attempted to reconstruct some of the actions of clozapine, using other
antipsychotics currently available on the market. In the first of these studies, we showed that
the addition of the norepinephrine reuptake inhibitor desipramine to risperidone (an atypical
antipsychotic that is a potent dopamine D2 receptor antagonist, as well as a potent
norepinephrine a-2 receptor antagonist but does not reduce substance use in patients or in
our animal models) significantly improved risperidone’s ability to reduce alcohol drinking in
the Syrian golden hamster (Gulick, Chau, Khokhar, Dawson, & Green, 2014). In this study,
low doses of risperidone were used to approximate the weak dopamine D2 blockade seen
with clozapine. Following up on these findings with another related atypical antipsychotic,
paliperidone, the primary metabolite of risperidone, with similar effects on dopamine and
noradrenergic systems, we showed that the addition of desipramine to paliperidone resulted
in significant decreases in alcohol drinking in the Syrian golden hamster; consistent with
this, the combination of paliperidone and desipramine also markedly reduced alcohol
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drinking in the alcohol preferring rat, resulting in almost a complete inhibition of initiation
of alcohol drinking in the P rat (Chau, Khokhar, Gulick, Dawson, & Green, 2015). In these
studies, neither the desipramine, nor the low doses of paliperidone alone, were sufficient to
reduce alcohol drinking significantly, but the combination of the two drugs was able to do
S0, suggesting that modulation through both the dopaminergic and noradrenergic
mechanisms is required for this effect. Lastly, our recently published findings with
iloperidone, an antipsychotic with an a-2/D2 receptor antagonism ratio similar to that of
clozapine (Kalkman & Loetscher, 2003), shows remarkable efficacy for reducing alcohol
drinking in the hamster (almost to the same extent as clozapine), and this effect can be
enhanced by the addition of desipramine, but not idazoxan (an a-2 antagonist) (Khokhar &
Green, 2016). The lack of additional effect of idazoxan suggests that since iloperidone acts
as a potent norepinephrine a-2 receptor antagonist, the further addition of another a-2
antagonist does not enhance iloperidone’s ability to reduce alcohol drinking. Lastly, this
reconstruction approach has also shown that even a typical antipsychotic that lacks any
ability to reduce alcohol drinking by itself, haloperidol, can be converted to an agent that
does so by the addition of desipramine and idazoxan (Khokhar et al., 2015). In this study, a
low dose of haloperidol was combined with norepinephrine reuptake inhibition as well as
alpha-2 antagonism, and this combination resulted in significant decreases in alcohol
drinking in the hamster.

Based on these findings, we have begun to translate the theoretical clozapine reconstruction
approach to clinical trials, where we have recently shown that a combination of quetiapine (a
weak dopamine D2 receptor antagonist, whose primary metabolite, desalkylquetiapine, is a
norepinephrine reuptake inhibitor) and mirtazapine (a norephinephrine a-2 receptor
antagonist) significantly reduced alcohol in heavy drinkers (Brunette, Akerman, Dawson,
O’Keefe, & Green, 2016). Planned studies by our group will test the effects of other
clozapine-like combinations on alcohol and substance use in patients with schizophrenia,
while further animal research is aiming to identify the exact neural underpinnings of
substance use in this population toward new treatment development to improve outcomes for
these patients.

Conclusion

Given the disturbing side effect profile of clozapine, however, even with its superior efficacy
for treatment resistant schizophrenia, for suicidality in patients with schizophrenia and its
apparent ability to decrease substance use in these patients, its use is limited (only around
5% of patients with schizophrenia use clozapine). Many post clozapine agents that have
been introduced since the mid-1990s provide little evidence that any of them are as effective
as clozapine for refractory psychosis, for dealing with suicidality or for decreasing substance
use in patients with schizophrenia. Our focus on the “balance” of noradrenergic and
dopaminergic actions of clozapine appears to give clues to its unusual effect in decreasing
substance use. Whether this research, enabled by the availability of animal models of alcohol
drinking, applies as well to clozapine’s unique effects on treatment refractory patients or in
those at risk of suicide is not clear. Our own research program is beginning to move into
study of animal models of schizophrenia to provide further clues (Khokhar & Todd, 2017).
Without question, though, given the unique clinical effects of clozapine, as well as its
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continued underutilization, future research aimed at creating clozapine-like agents as well as
studying the neurobiological underpinnings of clozapine’s efficacy are of great public health
importance.
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