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ABSTRACT: Ever since clozapine was first synthesized and tested, it showed the unique
property of having antipsychotic action but no Parkinson-like motor side effects. The
antipsychotic basis of clozapine is to transiently occupy dopamine D2 receptors in the human
striatum, in contrast to haloperidol and chlorpromazine, which have a prolonged occupation of
D2 receptors. The chemical structure of clozapine facilitates a relatively rapid dissociation from
D2 receptors. After short-term occupation of D2 receptors, peak neural activity raises synaptic
dopamine, which then displaces clozapine. While clozapine also occupies other types of
receptors, they may not have a significant role in preventing parkinsonism. Clozapine’s transient
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occupation of D2 receptors permits patients to move easily and comfortably.
KEYWORDS: Dopamine, psychosis, SHT2A receptor, dopamine D2 receptor

1. BACKGROUND

The synthesis of clozapine by Schmutz and colleagues"? in the
1960s led to a vast number of related compounds.” This intense
interest in preparing many clozapine-related drugs was based
on the striking observation that clozapine was an effective
antipsychotic medication but did not cause the Parkinson-like
signs of tremor, akinesia, and rigidity, as did the traditional
antipsychotics chlorpromazine and haloperidol.*

Since those early days, additional advantages and disadvan-
tages of clozapine have become widely known (as reviewed by
Wenthur and Lindsley”). In particular, the major disadvantages
include a risk of a low number of blood neutrophil
granulocytes, the nuisance of blood testing for agranulocytosis,
major weight gain6 (10 pounds or more), metabolic syndrome
and diabetes, severe constipation, and bowel obstruction.

Nevertheless, despite these clinical risks of clozapine, the
absence of Parkinson-like motor side effects is a major
advantage of clozapine. As pointed out by Meltzer,” “the near
complete absence of motor side effects contributes to the low
rate of discontinuation with clozapine”. In addition, clozagine is
effective in treating treatment-resistant schizophrenia® and
lowering the risk of suicide.”

The objective of this overview is to review briefly the basis of
clozapine’s unique feature of exerting antipsychotic action while
avoiding Parkinson-like side effects.

2. ANTIPSYCHOTIC BASIS OF CLOZAPINE ACTION

Ever since the discovery of the antipsychotic/dopamine
receptor,” "' now known as the dopamine D2 receptor, it
continues to hold that all antipsychotics act on this receptor to
alleviate psychosis. It has been noted that “no drug has yet been
identified with antipsychotic action without a significant affinity
for the D2 receptor”,'>'® and “all approved antipsychotics share
an affinity for the D2 receptor”.'* New drugs designed to
produce antipsychotic action without D2 blockade have not
succeeded. This includes drugs that are selective for SHT2A
receptors (MDL100907 and pimavanserin [Acadia 103],"* D4
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receptors (L745,850), SHT2A and D4 receptors (fananserin),
and DI receptors (SCH23390)."

For example, the data in Table 1 for a set of seven
antipsychotics, including clozapine, show a clear relation
between the antipsychotic dissociation constants at the D2
receptor and the therapeutic free antipsychotic concentrations
in the treated patients’ plasma (extensive data are provided in
Seeman'®'”). This relation is not found for the serotonin
SHT2A receptor (Table 1) or for any other receptor. These
data support the principle that clozapine acts on D2 receptors,
which appears to be a necessary minimum for clinical
antipsychotic action. However, it still needs to be explained
why clozapine has a unique property of avoiding Parkinson-like
motor side effects.

3. CLOZAPINE DISSOCIATION CONSTANT

It is essential to recognize the precise value for the clozapine
dissociation constant in order to consider clozapine’s unique
mechanism of clinical action. Table 1 clearly shows that the
inhibition dissociation constant (K;) for each antipsychotic
depends on the dissociation constant (K) of the radioligand
used.'” > For example, clozapine has a K; of 75 nM at the D2
receptor when the loosely bound ligand [*H]raclopride (K4 =
1.9 nM) is used. However, when the tightly bound ligand
[*H]nemonapride (K4 = 0.068 nM) is used, the clozapine K is
much higher (385 nM).

Which of these several K; values is clinically relevant? Because
the antipsychotic clinically normally competes for the water-
soluble dopamine neurotransmitter, it is reasonable to use the
lowest K; value for clozapine, 75 nM, which was obtained using
the most water-soluble radioligand ([*H]raclopride). It should
also be noted that the K; value of a drug artifactually increases
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Table 1. Antipsychotic Dissociation Constants, K;, at Dopamine Receptors®

K; (nM) at receptor ([*H]ligand, Ky (nM))”

antipsychotic Cyin (nM)€ D2L (Raclo., 1.9)
haloperidol 1-3 0.74
risperidone 2-3 1.09
chlorpromazine 4-8 12
raclopride 2-5 17
amisulpride-S - 1.8
isoclozapine - 15
remoxipride ~198 67
clozapine 40—126 75
quetiapine 130—154 140

D2L (Spip., 0.065) D2L (Nem., 0.068) SHT2A (Ket., —)

2.7 8.4 74

4 19 0.2
4.6 14 2
7.1 22 4400
4.6 8 -

60 130 22
800 900 6600
180 385 4
680 1400 135

“Adapted from refs 16 and 17. bK; values (3—14 replicates) were measured at ligand concentrations equal to 2 X K. Receptor abbreviations: D2L =
D2Long; SHT2A = serotonin 2A receptor. Ligand abbreviations: Raclo. = raclopride; Spip. = spiperone; Nem. = nemonapride; Ket. = ketanserin.

“Clinical free concentration in patient plasma.
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Figure 1. Structures of clozapine and isoclozapine, which have similar inhibition constants K; at serotonin SHT2A receptors (Table 1). Clozapine has
K; =75 nM at the D2 receptor and does not elicit parkinsonism. Isoclozapine has K; = 15 nM but causes catalepsy, indicating that the absolute value
of K; of D2 (rather than that for the SHT2A receptor) determines whether or not parkinsonism occurs.

when the in vitro tissue concentration is higher than 0.1 mg of
protein/mL.>!

4. CLOZAPINE AND THE SEROTONIN 5HT2A
RECEPTOR

It is often mentioned that clozapine simultaneously blocks the
serotonin SHT2A receptor or other serotonin receptors as well
as dopamine D2 receptors, suggesting that the block of
serotonin receptors may grevent the Parkinson-like motor side
effects of antipsychotics.”*>* While this principle may apply to
a few antipsychotics that induce low levels of Parkinson-like
motor side effects (so-called atypical antipsychotics), there are a
number of exceptions to this principle. Moreover, in the report
by Meltzer et al,** the greater difference between the serotonin
SHT2A and D2 affinities in atypical antipsychotics was not due
to higher SHT2A affinities but to lower D2 affinities (analysis
elsewhere)."® For example, clozapine and isoclozapine (Figure
1) have similar affinities for all receptors that have been tested,
including the SHT2A receptor, except that isoclozapine has a
higher affinity than clozapine for D2. In other words, an
increase in the affinity of clozapine for D2 (from a K of 75 nM
for clozapine down to a K; of 15 nM for isoclozapine) is
associated with catalepsy, indicating that the K; value for the
SHT2A receptor is not critical for the unique action of
clozapine.”®

More generally, Table 2A shows that antipsychotics with
high selectivity for serotonin SHT2A receptors (relative to D2
receptors), including amoxapine, isoclozapine, risperidone, can
elicit significant parkinsonian signs in patients or catalepsy in
animals. Moreover, Table 2B shows that quetiapine, thio-
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Table 2. Antipsychotics with High or Low Selectivity for
SHT2A Receptors Relative to K; Values at the D2 Receptor”

antipsychotic KD?/KHT2A parkinsonism
(A) High Selectivity
amoxapine 33 low
clozapine 20 none
isoclozapine 6.7 catalepsy
risperidone 5.6 moderate
(B) Low Selectivity
olanzapine 22 moderate
quetiapine 1 none
thioridazine 0.8 low
chlorpromazine 0.6 yes
fluphenazine 0.14 yes
remoxipride 0.01 none
haloperidol 0.01 yes
raclopride 0.0004 yes

“Human-cloned SHT2A in HEK293 cells (2—8 replicates) using 0.5
nM [*H]ketanserin (K; = 0.55 nM). Adapted from refs 19, 20, and 26.

ridazine, and remoxipride cause little or no parkinsonan signs
despite having no selectivity for serotonin SHT2A receptors. A
similar analysis for serotonin 1A receptors showed a similar lack
of benefit in preventing Parkinson-like side effects.”’

In patients, high occupancy of serotonin SHT2A receptors is
not generally associated with an absence of motor side effects.
Clinically, clozapine occupies almost all (actually 96%) of the
serotonin SHT2A receptors at daily clinical doses of 300—600
mg/day.”” Nevertheless, while risperidone also occupies
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~100% of the SHT2A receptors at 6 mg/day,'>*’ risperidone
elicits Parkinsonian side effects in at least half of the patients.

It should be noted that Parkinson-like motor side effects
occur only when more than ~72% to 80% of the D2 receptors
are occupied by an antipsychotic. Because clozapine only
transiently occupies this high level of D2 receptors (see later
section),”® the low D2 occupancy by clozapine precludes motor
side effects without any need for blockade of other receptors. In
contrast, risperidone exceeds this 80% threshold in a dose-
dependent manner, thereby resulting in motor side effects."

A role for serotonin receptors in antipsychotic action is still
being examined. For example, pimavanserin added to 2 mg of
risperidone/day resulted in antipsychotic action equivalent to 6
mg of risperidone/day.”® However, because risperidone at 2
mg/day occupies 72—88% of the brain serotonin SHT2A
receptors,">*’ the addition of 20 mg of pimavanserin/day
(which alone occupies 77% of the SHT2A receptors™) would
not occupy more SHT2A receptors than risperidone alone. In
addition, pimavanserin also occupied a small but detectable
number of D2 receptors in human striatum,”’ complicating the
interpretation of a role for SHT2A receptors in antipsychotic
action.

5. CLOZAPINE AND THE CHOLINERGIC MUSCARINIC
RECEPTOR

In addition to its potency at SHT2A receptors, clozapine is very
potent at the muscarinic M1 receptor with a dissociation
constant of K; = 9.5 nM."® However, here too there is no
correlation between the risk of parkinsonism and the (K; at
M1)/(K; at D2) ratio for the atypical antipsychotics, including
clozapine. Such data do not make it likely that clozapine
prevents parkinsonism by occluding the MI muscarinic
receptor.

Moreover, while clozapine does not cause parkinsonism or
catalepsy, isoclozapine (see later section) elicits catalepsy even
though it has a strong potency of 14 nM at the muscarinic
receptor.

6. CLOZAPINE AND THE a2-ADRENOCEPTOR

Because clozapine is also potent at the a2-adrenoceptor with a
K; value of 51 nM,* blockade of this receptor has been
suggested to prevent parkinsonism. There is considerable
evidence, however, that antagonism of a2-adrenoceptors does
not explain the clozapine prevention or reversal of motor
defects caused by D2 blockade.*

7. CLOZAPINE AND GLUTAMATE RECEPTORS

A possible action of clozapine on glutamate receptors has also
been considered recently.” There is renewed interest in the
hypoglutamate theory of psychosis based on the fact that
glutamate antagonists such as phencyclidine and ketamine
trigger psychosis. However, it is known clinically that
haloperidol (which has a high affinity for D2 but a low affinity
for glutamate receptors) effectively alleviates the psychosis
secondary to phencyclidine or ketamine.**** Moreover, it
appears that glutamate receptor agonists such as pomaglumetad
methionil and LY404,039 do not have any antipsychotic
efficacy. A four-week trial had little or no efficacy against
positive symptoms or negative signs when compared with
olanzapine.>*** While there does not at present appear to be a
significant role for glutamate receptors in the antipsychotic
treatment of schizophrenia, these are only limited studies, and
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much remains to be learned about the possible benefit of this
approach.

8. CLOZAPINE AND FAST-OFF-D2 ANTIPSYCHOTICS

Upon the discovery of the two main factors that determine a
drug’s dissociation constant (K;) value, namely, the K; of the
[*H]ligand and the tissue concentration,'®*" it became clear
that the appropriate K; for clozapine was 75 nM. Moreover, as
shown in Table 1, this high value for clozapine and a similar
high value for quetiapine immediately indicated that these two
drugs had K; values higher than any of the other antipsychotics
and likely had a unique mechanism of interaction with the D2
receptor, namely, “loose binding to the D2 receptor”.>>>’
Therefore, in order to determine directly whether clozapine
is indeed loosely bound to D2, the dissociation rates of
[*H]clozapine and other tritiated antipsychotic drugs were
directly measured on human-cloned D2Long receptors.>**”3*
A qualitative summary of these data (Figure 2) shows that
[*H]clozapine was 50% displaced at 15 s by 100 #M raclopride.

I
| Traditional antipsychotics
| slowly dissociate from D2
I

Clozapine is a fast-off-D2
antipsychotic

- |
Quetiapine " Halp-
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Figure 2. [*H]Clozapine, [*H]quetiapine, [*H]remoxipride, and
[*H]amisulpride quickly dissociated or were quickly displaced from
human-cloned D2 receptors upon the rapid addition of 100 yM
raclopride in wvitro. In contrast, [*H]olanzapine, [*H]haloperidol,
[*H]raclopride, and [*H]chlorpromazine were displaced much more
slowly from the D2 receptors. (Adapted from ref 26.)

The rapid displacement or dissociation of clozapine was
clearly associated with its low aflinity or high K constant of 75
nM. This relation between the K; value and the displacement
rate was supported by the fact that isoclozapine, with its low K;
value of 15 nM, was 50% displaced in 216 s (Seeman,
unpublished observation).

However, are such in vitro data (Figure 2) relevant to
humans clinically? The data in Figure 3 show that they are. In
fact, clozapine occupies about 72% of the D2 receptors in the
human striatum 2 h after administration, followed by a quick
reduction down to less than 30% by 24 h (see refs elsewhere>®).
The time course is even faster with quetiapine, as shown by
Kapur et al** These findings are in contrast to those for
haloperidol, where an oral dose of 7.5 mg occupied more than
65% of human brain D2 receptors for at least 27 h (Figure 3).%
In addition, the time-course data in Figure 3 are consistent with
the K; data mentioned in Table 1. That is, the slowest time
course occurred with haloperidol and its very low K value of
0.74 nM, followed by the faster time course of clozapine with
its K; of 75 nM, and followed by the fastest time course of
quetiapine with its high K; of 140 nM.
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In humans, clozapine comes off D2 quickly
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Figure 3. An oral dose of 350 mg occupied 72% of human striatal D2
receptors at 2 h, with the occupation falling to less than 30% at 24 h.
The occupation of human D2 dropped even faster with oral quetiapine
(400 mg). Oral haloperidol (7.5 mg) occupied high levels of D2 for at
least 27 h.>%%

Could this principle of a fast-off-D2 antipsychotic lead to the
development of a new fast-off-D2 antipsychotic with no
parkinsonism and no metabolic side effects?

In fact, Tresadern et al.*' have analyzed the physicochemical
properties, including MW, lipophilicity, charge (pK,), and
surface area, of 1800 D2 antagonists in order to determine
which properties determine the rate of dissociation from the D2
receptor. They concluded that increased hydrophilicity,
increased number of nitrogen atoms, lower MW, fewer rings,
less chiral centers, and increased partial positive charge all
contribute to a faster dissociation from the D2 receptor.

Following the work of Tresadern et al*' and using the
radioligand dissociation method®” in a search for a fast-off-D2
antagonist, Langlois et al.*? identified N-[1-(3,4-
difluorobenzyl) piperidin-4-yl]-6-(trifluoromethyl)pyridazin-3-
amine (JNJ-37822681) as a fast-dissociating D2 ligand. This
compound has a high K; of 158 nM usiné [*H]spiperone,** and
a K; of 25—30 nM using [*H]raclopride.”’ The compound has a
low affinity for SHT2A receptors (K; = 2896 nM) and for
histamine H1 receptors (K; = 4931 nM). In accordance with
these K values, the compound was found to be effective in
treating schizophrenia without parkinsonian motor side effects,
elevated prolactin, or weight gain.** The compound transiently
occupief; 60—74% of human D2 receptors after an oral dose of
20 mg.

9. CLOZAPINE AND ENDOGENOUS DOPAMINE

The main benefit of clozapine and other fast-oft-D2
antipsychotics is that they bind briefly to the D2 receptor,
triggering a suppression of psychotic symptoms, while allowing
endogenous dopamine to displace the loosely bound
antips?lchotic drug from the motor-controlling brain re-
gions.">'*37% Upon release from the nerve terminal of a
dopamine neuron, the concentration of dopamine in the
synapse at peak firing frequency is between 100 and 500 nM,
which is sufficient to compete and replace weakly D2-bound
drugs such as clozapine (Figure 4) but less effective in replacing
tightly bound haloperidol.

The surprising take-home lesson that clozapine teaches us is
that a short-term transiently high occupation of D2 receptors is
sufficient to maintain an antipsychotic action without D2
receptors being occupied.”” Clozapine readily occupies the D2
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Figure 4. The high concentration (~100 nM to 500 nM) of dopamine
in the synapse during repetitive neural activity can readily displace
loosely D2-bound clozapine in the human striatum of patients.

receptors at rest when the resting level of synaptic dopamine is
about 2—10 nM, but the clozapine is replaced during peak
neural activity when dopamine in the synapse rises to 100—500
nM."”*” This principle of transient occupation of D2 has been
used to develop “extended” antipsychotic dosing, where a
traditional drug such as haloperidol can be administered every
second day with safe and effective clinical results.*”

These basic physicochemical considerations may explain why
patients with schizophrenia feel more comfortable, more
mobile, and more agile with clozapine than with any tightly
D2-bound antipsychotic drug.
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