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A New Hypothesis

Objective: Although atypical antipsy-
chotics are becoming the treatment of
choice for schizophrenia, what makes an
antipsychotic “atypical” is not clear. This
article provides a new hypothesis about
the mechanism of action of atypical
antipsychotics.

Method: Published data regarding the
molecular, animal model, neuroimaging,
and clinical aspects of typical and atypical
antipsychotics were reviewed to develop
this hypothesis. Particular attention was
paid to data regarding the role of the se-
rotonin 5-HT, and dopamine D4 receptors
in atypicality.

Results: Neuroimaging data show that
optimal dopamine Dy occupancy is suffi-
cient to produce the atypical antipsy-
chotic effect. Freedom from motor side
effects results from low D, occupancy, not
from high 5-HT, occupancy. If Dz occu-
pancy is excessive, atypicality is lost even
in the presence of high 5-HT2 occupancy.

Animal data show that a rapid dissocia-
tion from the D receptor at a molecular
level produces the atypical antipsychotic
effect. In vitro data show that the single
most powerful predictor of atypicality for
the current generation of atypical antipsy-
chotics is fast dissociation from the D> re-
ceptor, not its high affinity at 5-HT», D4, or
another receptor.

Conclusions: The authors propose that
fast dissociation from the D, receptor
makes an antipsychotic more accommo-
dating of physiological dopamine trans-
mission, permitting an antipsychotic effect
without motor side effects, prolactin eleva-
tion, or secondary negative symptoms. In
contrast to the multireceptor hypotheses,
the authors predict that the atypical anti-
psychotic effect can be produced by ap-
propriate modulation of the D2 receptor
alone; the blockade of other receptors is
neither necessary nor sufficient.

(Am J Psychiatry 2001; 158:360-369)

All antipsychotics block dopamine D> receptors,
but some dissociate from the receptors more quickly
than others.

-I-his Orwellian phrase captures the essence of our hy-
pothesis. We propose that a faster dissociation from the D;
receptor, without reference to any other receptor system,
explains the most pertinent aspect of what is currently
called “atypical” antipsychotic activity. We present our
thoughts in five sections. In the first, we define “atypical-
ity” and briefly review some technical concepts regarding
receptor pharmacology relevant to our discussion. Next,
we review positron emission tomography (PET) studies in
patients and derive from them the centrality of D, occu-
pancy in generating antipsychotic response. The third sec-
tion reviews data showing how previous hypotheses re-
garding the role of serotonin 5-HT, and dopamine D4 were
actually driven by underlying low affinity and fast dissoci-
ation from the D, receptor. In the fourth and fifth sections
we explain how fast dissociation of a drug from the D, re-
ceptor, at molecular and system levels, leads to the atypi-
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cal antipsychotic effect. Finally, we point out the limita-
tions of our current hypothesis, how it relates to the role of
other receptors, and the implications of this hypothesis
for future drug development.

Effect of Atypical Antipsychotics
and Fast Dissociation

Atypical Antipsychotics

The use of the term “atypical” is linked inextricably to
clozapine (1); often one uses “atypical” as a way of saying
“clozapine-like.” A review of several previous definitions
and the use of this term (2-9) shows that most authors
agree that no or low extrapyramidal side effects and the
ability to avoid sustained hyperprolactinemia are central
to most definitions. Beyond these two criteria there is no
consensus. Since there is almost universal consensus in
the use of “atypical” to describe the newer antipsychotics
(risperidone, olanzapine, sertindole, and quetiapine), one
can derive the definition empirically by asking what really
are the differences between these newer drugs and typical
antipsychotics. These newer drugs have been extensively
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tested, and data for more than 7,000 patients have been
published and meta-analyzed (10). The biggest difference
between the typical and atypical antipsychotics is regard-
ing extrapyramidal side effects; every atypical antipsy-
chotic meets this criterion. The effect size of this differ-
ence is 0.30 (this should be interpreted as 30 percentage
points more extrapyramidal side effects with typical than
atypical antipsychotics) (10). The second biggest differ-
ence is in lack of prolactin elevation; three of these four
antipsychotics (except risperidone) clearly meet this crite-
rion (11). Beyond that, the differences between typical and
atypical antipsychotics are small in magnitude and unreli-
able. When data from all the newer atypicals are com-
bined, there is no group advantage in the effect on nega-
tive symptoms (10). The two atypicals that do show an
advantage (risperidone and olanzapine) show an average
effect size of 0.06. Even this relatively small difference is
observed only when treatment with optimal doses of these
drugs are compared to administration of 10-20 mg/day of
haloperidol, a comparison that is biased against haloperi-
dol in terms of extrapyramidal side effects and secondary
negative symptoms. To our knowledge, the only study (12)
that used lower doses of haloperidol in comparison found
no difference in the improvement of negative symptoms
(10). Furthermore, most patients in these studies had a
history of partial response or poor compliance with typi-
cal agents to start, thus biasing the studies against the typ-
ical antipsychotics in terms of efficacy. Even in this set of
patients the superiority of atypical agents in terms of addi-
tional improvement in positive symptoms was minimal
(average effect size: 0.01).

Thus, low or no extrapyramidal side effects and lack of
sustained prolactin elevation are the essential features of
atypicality. Although the atypicals’ effects on negative
symptoms and refractory psychosis are certainly desir-
able, they are not as yet reliably generated by all atypical
antipsychotics.

Drug-Receptor Interaction

The common parameter used in discussing drug action
at a receptor is its affinity: some drugs have a very high af-
finity for the D, receptor (e.g., haloperidol); others show a
low affinity for the dopamine receptor (e.g., clozapine). Af-
finity (or, more accurately, Kq) is usually measured by mix-
ing receptor-bearing tissue with varying concentrations of
an antipsychotic in a test tube. After 2 hours, when the re-
action has reached equilibrium, affinity is measured as the
concentration of the drug required to occupy 50% of the
receptors. Although affinity measures are useful indicators
of the equilibrium state, the dynamic human neurotrans-
mission does not hold steady for 2 hours to allow drug-re-
ceptor interactions to reach equilibrium. The dynamic
process of the drug-receptor interaction is better captured
by more basic parameters: association and dissociation
rates.
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The binding of an antipsychotic to a receptor is a dy-
namic process with continuous association and dissocia-
tion and can be represented as follows (13, 14):

k k
D+R -2, pR-9", D+R

As captured by this equation, a drug (D) binds to a re-
ceptor (R) at a rate that is regulated by the “on” rate con-
stant, kon (unit concentration! time™1). The rate at which
the drug receptor (DR) complex dissociates is determined
by the “off” rate constant, Ko (unit time™1). Kg, the usual
measure of affinity, is only a ratio of kof/kon. Thus, affinity
is dependent on rate constants, not the other way around.
Rate constants allow one to predict how the drug receptor
system responds to dynamic changes and, therefore, are
more relevant parameters for understanding drug action
in living systems. We will show shortly that low affinity for
the D, receptor is driven entirely by a fast dissociation
from the D, receptor and is a necessary and sufficient fea-
ture of the action of atypical antipsychotics.

Clinical PET Data Regarding
Antipsychotics

PET Studies of D> Occupancy

In animportant 1992 article, Farde et al. (15) examined a
number of patients who were taking different antipsy-
chotics and suggested that the threshold for clinical re-
sponse and extrapyramidal side effects could be separated
in terms of different D, occupancy. This notion of differen-
tiable thresholds was supported by Nordstrom et al. (16),
who treated patients with different levels of D, occupancy,
as produced with raclopride, a selective D,/3 antagonist,
and found a lower threshold for response than for extrapy-
ramidal side effects. In a recent study (17), we randomly
assigned patients to 38%-87% D, occupancy with halo-
peridol and found that D, occupancy significantly pre-
dicted response at a threshold of 65%. None of the patients
with occupancy below 78% exhibited any extrapyramidal
side effects, whereas four of the five with occupancy above
78% showed extrapyramidal side effects. In addition we
observed that patients with D, occupancies below 72% ex-
perienced minimal effects on prolactin levels, whereas pa-
tients with D, occupancy higher than 72% had significant
prolactin elevation, a relationship confirmed in another
study group (18). Thus, even with a relatively typical anti-
psychotic such as haloperidol, it is possible, although not
clinically feasible, to obtain an antipsychotic effect with-
out extrapyramidal side effects just by optimizing D, occu-
pancy. A similar relationship between high D, occupancy
and extrapyramidal side effects has also been observed in
studies using cross-sectional single photon emission
computed tomography (19-21).

The newer atypical antipsychotics risperidone and
olanzapine achieve robust antipsychotic activity only at
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FIGURE 1. Relation of Threshold for Clinical Response to Occupancy of Dopamine D, and Serotonin 5-HT, Receptors for

Haloperidol, Olanzapine, and Risperidone
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aThreshold for response to haloperidol is 65% (1.5-2.1 mg/day).

b Olanzapine (7.5-10 mg/day) and risperidone (2 mg/day) also reach their thresholds of effectiveness only when their D, occupancy reaches
65%, despite the fact that haloperidol has a negligible effect at the 5-HT, receptor and olanzapine and risperidone show high 5-HT, occu-

pancy (29, 30, 35).

doses that occupy 65% or more of D, receptors, which is
similar to the action of haloperidol (22-26). On the other
hand, although clozapine and quetiapine show less than
60% D, occupancy when levels are measured 12 hours
after administration of the drug (22, 23, 26), these dif-
ferences may partially be due to a fast decline in D, oc-
cupancy. Recent studies focusing on the course of D oc-
cupancy in patients receiving quetiapine found that
although patients receiving 300-600 mg/day showed less
than 20% D, occupancy at 12 hours after receiving a dose,
at 2 hours they showed occupancies in the 60% range (23,
27). Similarly, a subject receiving clozapine (350 mg/day)
showed reasonably high (71%) D, occupancy 1-2 hours af-
ter dose administration; this declined to 55% at 12 hours
and to 26% at 24 hours (28). Thus, all antipsychotics, typi-
cal or atypical, block a relevant number of D, receptors, al-
though they may differ in the kinetics of occupancy and
the relationship of peak to trough occupancy.

Atypical Antipsychotics and 5-HT,a Occupancy

Although many current atypical antipsychotics (risperi-
done, olanzapine, clozapine, quetiapine, and ziprasidone)
show significantly greater 5-HT,a than D, occupancy (29—
32), 5-HT2a occupancy may not be a necessary condition
for atypicality. First, typical antipsychotics such as loxap-
ine (33) and chlorpromazine (34) show equally high 5-
HT2a occupancy. Second, it should be noted that atypical
antipsychotics produce high 5-HT2a occupancy at doses
that are not antipsychotic (e.g., <2 mg/day of risperidone,
<5 mg/day olanzapine, and 50 mg/day of clozapine) (30)
(Figure 1). Third, these atypical antipsychotics become ef-
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fective only at doses at which their D, occupancy exceeds
65%, a threshold of efficacy no different from that of halo-
peridol, which suggests a continuing importance of D,
(Figure 1). Thus, it would seem that 5-HT4 blockade is
neither necessary (since typical antipsychotics achieve re-
sponse without 5-HT>,a blockade) nor sufficient for anti-
psychotic response (22, 23). This observation is buttressed
by recent reports that show that fananserin (36) and MDL-
100907 (37), both with high 5-HT»a occupancy but devoid
of D, occupancy, failed to work as antipsychotics.

Does the presence of 5-HT, occupancy exert an attenu-
ating effect on the D;-extrapyramidal side effects relation-
ship? Although there are indirect animal data suggesting
this is the case (38-41), there are no good clinical data ad-
dressing this question. Most of the current large-scale
clinical trials have used high doses of typical antipsychot-
ics (i.e., 10-20 mg/day of haloperidol, which give rise to
greater than 90% D, occupancy) and compared them to
doses of atypical antipsychotics that give rise to less than
80% D, occupancy. Since the mismatch in D, occupancy
alone can explain the differences in extrapyramidal side
effects and prolactin effects between typical and atypical
antipsychotics (30, 35), it is unclear whether the superior-
ity of atypicals in these domains should be accorded to
their 5-HT, blockade or to a more appropriate dosing re-
garding their D, blockade. Antipsychotics, typical or atyp-
ical, give rise to extrapyramidal side effects only when they
exceed 78%-80% D, occupancy; when they do so, con-
comitant 5-HT,a blockade does not offer immunity from
these (33, 35). Since clozapine and quetiapine never ex-
ceed this threshold of D, occupancy, they never give rise to
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extrapyramidal side effects. Since olanzapine and risperi-
done exceed this threshold in a dose-dependent fashion,
they give rise to extrapyramidal side effects also in a dose-
dependent fashion (30).

The Molecular Basis of Atypicality

To our knowledge, all efforts to produce antipsychotic
action without D, blockade have been unsuccessful. Nota-
ble recent failures include drugs that act only on 5-HT
(MDL-100907) (37), D4 (L-745,850) (42), 5-HT, and D4 (fa-
nanserin) (36), and dopamine D; receptors (SCH-23390)
(43). Thus, currently, D, blockade remains a necessary and
sufficient condition for antipsychotic action. Since all an-
tipsychotics block D, receptors, it has often been thought
that atypical antipsychotics must differ by involving a sep-
arate receptor mechanism. Two hypotheses, one invoking
the role of the 5-HT; receptor and another proposing a
role for the D4 receptor, have been particularly influential.

In an important article that supported the 5-HT>/D; hy-
pothesis, Meltzer et al. (44) studied the in vitro binding
profile of 37 antipsychotics (some were clinically proven;
others were preclinical at that time). This report consti-
tutes the cornerstone of the serotonin-dopamine hypoth-
esis of atypicality. It showed that atypicals had a greater
difference between their 5-HT, and D, affinities than did
typicals. However, what is often overlooked is that the
greater difference between 5-HT, and D affinities in atyp-
icals was due not to higher 5-HT, affinity but to lower D>
affinity. For the 20 typicals and 17 atypicals in that report,
the mean affinity at the 5-HT, receptors (expressed as pKi)
was 8.37 (SD=0.16) (for typicals) and 8.36 (SD=0.25) (for
atypicals); there was no statistical difference between the
two. On the other hand, their D, mean affinities were 8.88
(SD=0.14) (for typicals) and 7.02 (SD=0.25) (for atypicals);
the difference was highly significant (F=43.5, df=1, 35,
p<0.001). Thus, atypical antipsychotics were shown to dif-
fer from typicals by their lower affinity at the D receptor,
not by their higher affinity at 5-HT,. The same pattern of
results was found in in vivo measures of affinity in animal
models (41). A discriminant function analysis in the article
showed that a low D, affinity was by far the single biggest
contributor to atypicality and that the contribution of high
5-HT, affinity was clearly secondary (44).

For the sake of argument, one could suggest that even
though low D; affinity drives atypicality, the presence of
high 5-HT; affinity is still necessary (the 5-HT,/D; ratio ar-
gument [44]). Several lines of evidence refute this possibil-
ity. First, atypical antipsychotics such as amisulpride
(available in Europe) (34, 45, 46) and remoxipride (with-
drawn from clinical use because of association with aplas-
tic anemia) (47) provide atypical clinical benefits with no
relevant affinity for the 5-HT, receptor. Amisulpride is par-
ticularly interesting since it has been shown to be as effec-
tive as haloperidol in the treatment of positive symptoms;
it has fewer extrapyramidal side effects (46) and more ef-
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fectiveness in treating negative symptoms (48, 49), thus
matching the clinical profile of multireceptor atypicals
such as risperidone and olanzapine but without any ef-
fects at other receptors. Second, the 5-HT,/D; ratio argu-
ment is not compatible with human PET data. Subthera-
peutic doses of olanzapine (<5 mg/day) and risperidone
(<2 mg/day) have high 5-HT> versus D, occupancy ratios;
however, these doses are not even antipsychotic, let alone
atypical. Thus, high 5-HT, occupancy seems neither nec-
essary nor sufficient for the atypical antipsychotic effect.

Antagonism at the D4 receptor has also been mentioned
as a basis for atypicality. However, when this hypothesis
was considered in the context of other typical and atypical
drugs, it also suffered from same problems as the 5-HT,/
D,-ratio hypothesis. The affinity of typical drugs such as
haloperidol and chlorpromazine for the D4 receptor is ac-
tually higher than that of drugs such as clozapine or olan-
zapine (50). Thus, typical antipsychotics are more potent
than atypicals, not less potent, at the D4 receptor. In light
of this, a D4 basis of atypicality cannot be sustained unless
one links it to D, and then argues for a high D4/D5 ratio
(51). The D4/D3 ratio argument (like the argument for the
5-HT,/D;, ratio) also falls short of evidence. First, the dif-
ferences in the ratio are driven by differences in D, not by
differences in Dg4, since haloperidol is more potent than
clozapine at the D4 receptor (50). Second, drugs with prac-
tically no affinity for the D4 receptor, for example, quetia-
pine and amisulpride (50-52), are atypical antipsychotics.
Finally, clinical trials of drugs selective for the D4 receptor
(42) or those that combine 5-HT» and D4 selectivity (36) do
not show evidence of antipsychotic efficacy. Thus, high D4
affinity is neither necessary nor sufficient for producing
atypical antipsychotic activity.

We propose that a low affinity at the D, receptor in and
of itself, without reference to any other receptor profile, is
sufficient for producing atypical antipsychotic activity.
Previous hypotheses regarding a role for the 5-HT»/D, and
D4/D3 ratios seemed valid because they shared acommon
denominator: a low affinity for D,. The current generation
of atypical antipsychotics are atypical not because they
have high levels of 5-HT, or D4 activity but because they
have a low affinity at the D, receptor. That raises the ques-
tion, why should a low affinity at the D, receptor give rise
to atypicality?

Affinity (more precisely, Kg) is, by definition, the ratio of
kofi/Kon (the rate at which the drug moves off of and on to
the receptor). In theory, either a difference in ko, or a differ-
ence in Kqff could lead to low affinity. To examine whether
kon Or Koff drives the differences in D, affinity between typ-
ical and atypical antipsychotics; we measured the affinity,
kon and ko, for a series of typical and atypical antipsychot-
ics (53). Although affinity for the D, receptor varied nearly
a thousand-fold, from 0.025 nM for nemonapride to 155
nM for quetiapine, 99% of the difference in affinity of the
antipsychotics was driven by differences in their koft at the
D, receptor. Differences in kon did not account for any sig-
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nificant differences in affinity (53). All antipsychotics (typi-
cal or atypical) attach to the D, receptor with a similar rate
constant; they differ only in how fast they come off of the
receptor. We propose that this relationship between fast
kofr and low affinity is the critical underlying molecular fea-
ture that explains why low affinity at the D, receptor leads
to the atypical antipsychotic effect.

In test tube experiments, dissociation of an antipsy-
chotic from the receptor is determined mainly by the mo-
lecular properties of the drug. In the living brain, this mo-
lecular property of fast dissociation displays itself on a
stage of fluctuating plasma/brain levels of the drug. For
example, clozapine, even at steady-state levels, shows a
peak of 850 ng/ml and a trough of 300 ng/ml daily. Thus, in
a living system the dissociation of a drug from a receptor is
determined by phenomena at two levels: events at a mo-
lecular level in the synapse (determined mainly by Kesf)
and events at a system level (which is a complex function
of plasma half-life, brain half-life, and ko). We will distin-
guish between these two levels of fast dissociation (one
molecular and one systemic) and point out the relevance
of each to atypicality.

Implications of Fast Dissociation
at the Molecular Level

In living systems, antipsychotics compete with endoge-
nous dopamine. It is estimated that at baseline some 25%—
40% of D, receptors are occupied by endogenous dopamine
(54, 55). Antipsychotics are thought to exert their effects by
modulating dopaminergic transmission. In this section we
will illustrate how drugs with a fast keff modulate dopamine
transmission differently from drugs with a slow K.

Consequences of Fast Dissociation

Although an antipsychotic binds to receptors without
competition in test tube experiments (usually), in the brain,
antipsychotics are always competing with endogenous
dopamine. The rate at which a drug dissociates from the re-
ceptor, or its Kef, is the most important determinant of how
drugs and dopamine compete. The faster the kosf, the more
quickly the drug responds to dopamine surges. The slower
the koff, the slower is the drug in responding to changes in
endogenous dopamine. In patients, antipsychotics with
low affinity are given in proportionally higher doses. For ex-
ample, a usual clinical dose is 2-4 mg/day of haloperidol
versus 200-400 mg/day of clozapine (which has a 100-times
lower affinity than haloperidol). Although the dose size
does not change the behavior of the individual antipsy-
chotic molecule, it has interesting consequences for the
system. By inserting Kon, Koff, and concentrations of halo-
peridol and clozapine (53) into a competition model, one
finds that clozapine reaches equilibrium 100 times faster
than haloperidol. Once at equilibrium, clozapine goes on to
and off of the receptors 100 times in the time it takes halo-
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peridol to do so once. Finally, when the concentration of
endogenous dopamine rises in response to physiological
stimuli, drugs like clozapine (which have a nearly 100 times
faster Kkoff) decrease their occupancy much faster and pro-
vide much more access to surges of dopamine (56). In
summary, antipsychotics with a fast ko under clinical con-
ditions give rise to a fast-on, fast-turnover, and fast-off
blockade of D5 receptors.

Responsiveness to Endogenous Competition

“Clozapine causes a blockade of striatal dopamine re-
ceptors which is of the surmountable type in contrast to
that produced by cataleptogenic neuroleptics.” In 1972
Bartholini et al. (57) made this statement even before D,
receptors were defined, but their thought regarding “sur-
mountable” D, blockade is a reasonable conceptual an-
cestor to our present hypothesis. Dopamine exerts its
action by means of synaptic release (leading to a fast in-
crease in dopamine levels) and reabsorption (leading to a
decrease in dopamine levels). Fast-scan voltametry stud-
iesin animals (58, 59) have suggested that surges of several
hundred percent from baseline can be recorded when an-
imals are exposed to physiological conditions such as nov-
elty; this increase equals the dopamine surges produced
by phasic electrical stimulation. In humans, by means of
the displacement of [*1C]raclopride as an index of synap-
tic dopamine release, it has been shown that physiological
acts such as playing a video game (60) can cause a dopa-
mine release lasting several minutes and longer that is
equal in magnitude to that observed with pharmacologi-
cal challenges with substances such as amphetamine (61).
Thus, current evidence suggests that for normal physio-
logical functioning, baseline dopamine levels are punctu-
ated with task-related several-fold increases in dopamine
levels that last from seconds to minutes. In this time scale,
the kqff of an antipsychotic becomes critical.

Figure 2 shows the results of a simulation that exam-
ined the effects of a dopamine surge after achievement of
equal levels of occupancy with two different antipsy-
chotics. In the first condition, 66% of the receptors were
occupied by an antipsychotic with a kqff comparable to
that of haloperidol; in the second condition, 66% of the
receptors were occupied by an antipsychotic with a Kogf
comparable to that of clozapine. Figure 2 clearly illus-
trates how despite equal levels of occupancy to start,
drugs with a different kosf permit different levels of phasic
dopamine transmission. For the slow-kos drug (Figure 2,
haloperidol), there was no significant impact of the dopa-
mine surge, thus distorting physiological dopamine
transmission. On the other hand, the fast-ke¢ drug (cloza-
pine) allowed attenuated physiologic transmission to
continue. Thus, drugs with a fast kqs competitively atten-
uated physiological transmission, whereas drugs with a
slow kot distorted and extinguished it.
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Implications of Fast Dissociation
at the System Level

The relevance of a fast dissociation at the system level
was hinted at by Burki, who suggested that

although occupation of striatal D, receptors by [cloza-
pine and fluperlapine] developed rapidly, the duration
was considerably shorter than that of haloperidol...the
low incidence of extrapyramidal side-effects is probably
due to their weak and relatively brief action on brain DA
systems. (62, emphasis added)

Clozapine, the quintessential atypical antipsychotic,
shows clear evidence of a definite, yet transient, effect by
means of the D, system. Clozapine causes a clear dose-de-
pendent elevation of dopamine turnover and release, indi-
cating relevant dopamine blockade (62, 63). However, the
effects of atypicals are much more transient than those of
typical antipsychotics. In studies examining brain occu-
pancy it has been shown that clozapine shows a rapid and
transient D, occupancy (62, 63), whereas haloperidol
shows prolonged occupancy in the same models. As an ex-
ample, Saller and Salama (63) found that 40 mg/kg of in-
traperitoneal clozapine produced 61% D, occupancy
within 30 minutes; this decreased to 0% in 4 hours. Halo-
peridol (1 mg/kg intraperitoneal) produced 57% occu-
pancy at 30 minutes and was still at 62% at 4 hours. Similar
and parallel evidence of transience is found with prolactin
elevation. For example, both clozapine (20 mg/kg intra-
peritoneal) and haloperidol (0.25 mg/kg intraperitoneal)
led to robust prolactin elevation in rats (from a baseline of
<10 ng/ml to a peak of 70 ng/ml for both clozapine and ha-
loperidol at 30 minutes [64]). However, the clozapine-in-
duced prolactin elevation was completely back to normal
at 2 hours, whereas the haloperidol level was still elevated
(approximately 70 ng/ml) at 4 hours after receipt of the
drug (64).

More recently, we replicated this pattern of findings in
patients and produced significant transient prolactin ele-
vations with the atypical antipsychotics clozapine, que-
tiapine, and olanzapine (23, 65). We found that even with
prolactin-sparing atypicals such as olanzapine, clozapine,
and quetiapine, almost all patients showed prolactin ele-
vation (some of them in the abnormal range) 2-6 hours af-
ter receiving the last dose of drug. However, the prolactin
levels declined rapidly and returned to normal by 12-24
hours after receipt of the last dose (23, 65). Thus, it is not
that atypical antipsychotics do not cause prolactin eleva-
tion; they just cause a transient prolactin elevation, indic-
ative of the transient functional effects of D, blockade.
Since the prolactin elevation subsides by the time of the
next dose, it does not lead to drug accumulation and sus-
tained high levels, as has been observed with prolactin-
raising antipsychotics.

In short time frames, i.e., seconds to minutes, dissocia-
tion is largely determined by the kot of a drug. However,
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FIGURE 2. Effects on D, Occupancy of a Surge of Dopamine
After Achievement of Equal Levels of Occupancy by Halo-
peridol and by Clozapine?
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aSimulation performed by means of STELLA model-simulation soft-
ware (High Performance Systems, Hanover, N.H.). Haloperidol occu-
pancy is unchanged by physiological dopamine transmission. Clo-
zapine occupancy decreases to allow physiological dopamine
transmission.

over longer time frames, i.e., hours and days, drug levels in
the brain also change. Thus, in addition to fast dissociation
at a molecular level, drugs also show different patterns of
system-level occupancy, depending largely on the manner
in which their brain levels change with drug administra-
tion. Even for a given drug (i.e., with molecular Ko fixed),
different temporal patterns of system-level occupancy
have important differential consequences. Kashihara et al.
(66) administered a given dose of haloperidol by means of
a daily injection (which gives rise to transiently high sys-
tem-level occupancy) or with a subcutaneous pump
(which provides sustained system-level occupancy) and
found that the sustained mode of administration led to
significantly higher D, receptor up-regulation and induced
tolerance to subsequent dopamine blockade. See and
Ellison (67) found that sustained administration led to the
development of tardive dyskinesia-like motor symptoms
(suggestive of up-regulation), whereas intermittent
(weekly) administration did not produce these motor
symptoms and, if anything, led to dystonia-like acute ex-
trapyramidal symptoms suggestive of greater sensitivity to
dopamine blockade. In several other studies (66-69) a sim-
ilar pattern was observed: sustained blockade led to toler-
ance and up-regulation, whereas transient occupancy
avoided tolerance and up-regulation and made the system
more sensitive to the antidopaminergic effects of antipsy-
chotics. This differential response to transient versus sus-
tained occupancy probably reflects an underlying property
of the dopamine system, since a similar pattern of changes
has also been observed with dopaminergic agonists in the
context of Parkinson’s disease or drug abuse (70-72).
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Implications of the Fast
Dissociation Hypothesis

Other Features of Atypicality

Typical antipsychotics give rise to a significant and reli-
able improvement in negative symptoms (10). This is a
fact that has often been overlooked in debates over typi-
cals versus atypicals. As an example, in a study of more
than 1,000 patients in a comparison of haloperidol (10
mg/day) and risperidone (1-16 mg/day) (73), haloperidol
improved negative subscale scores on the Positive and
Negative Syndrome Scale by a score of 4.8, whereas ris-
peridone improved them by a score of 4.5-5.5 depending
on dose, with none of the differences found to be reliably
different (73). The superiority of the newer atypicals over
haloperidol is rather small: two of the four newer atypicals
do not show this at present (10), and even some well-con-
trolled studies of clozapine did not find this improvement
(74). Third, even for the drugs for which this superiority
was observed, it has only been shown in trials using high
doses of haloperidol, doses that are known to induce sec-
ondary negative symptoms (10). Any drug that improves
psychosis should, and does, improve overall negative
symptoms (75). In addition to this effect we propose that
antipsychotics with a low affinity and fast ke¢s allow for
more physiological dopamine transmission (Figure 2) and
because of their lesser propensity to cause extrapyramidal
side effects, give rise to an even greater improvement in
negative symptoms. We cannot say whether fast dissocia-
tion is responsible for improvement in primary negative
symptoms because it is still a matter of debate whether
such a differentiation (primary versus negative) is feasible
(76) and whether any antipsychotic (even clozapine) can
improve primary negative symptoms (74, 77).

One of the unique features of clozapine is its effective-
ness in patients whose illness is refractory to treatment
with typical antipsychotics (78). It has yet to be established
whether any of the other atypical antipsychotics replicates
this feature (79). On the other hand, patients who do not
respond to the newer antipsychotics (risperidone and
olanzapine) do show a good response to clozapine (80).
The precise reason for the preferential effect of clozapine
in patients with refractory illness is not known, since stud-
ies of newer atypical as have shown that they have a high
affinity at almost all the receptors at which clozapine has a
high affinity (e.g., 5-HT>, D4, and muscarinic) without rep-
licating clozapine’s efficacy in those patients. Our hypoth-
esis does not formally deal with this aspect of treatment.
However, one idea merits mention. It has been shown that
with repeated transient blockade, the dopamine system
becomes more sensitive to the effects of dopamine block-
ade, whereas with continuous dopamine blockade, the
system becomes tolerant and up-regulates (66-69). By
leading to fast dissociation at a molecular as well as at a
system level, clozapine may sensitize the system, a prop-
erty that has been suggested as a basis for its effect in
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treating patients with refractory illness (81). At the same
time it is equally likely that the action of clozapine on
some other receptors is the key to this added efficacy in
the treatment of refractory symptoms. Until there isa non-
clozapine antipsychotic that can replicate clozapine’s effi-
cacy in treating refractory symptoms, both options should
be considered.

Optimal Parameters for Atypicality

Like most biological systems, fast kof and transient oc-
cupancy are expected to work best under a defined set of
parameters. At a molecular level, if a drug is too fast in its
actions at the D, receptor, it will be too transient to pro-
vide any alteration in dopamine transmission and will
likely not be an antipsychotic. Clearly then, there must be
some limits on how fast fast dissociation should be. On
one issue the new hypothesis is clear: we do not propose
periods without any D, occupancy (such as a drug holi-
day). In fact, we think that a continuous D, occupancy at a
system level is essential. However, we question whether
that D, occupancy needs to be held at a steady, fixed, or
high level or whether an antipsychotic effect may be ob-
tained by only transiently high occupancy (23). What the
optimal value of ke is and what the best relationship of
peak and trough D, occupancy are can only be defined by
future research.

Implications for Drug Research

In minimizing the role of receptors other than D,, our
hypothesis has particular implications for drug develop-
ment. First, we propose that the most straightforward path
for atypical antipsychotic activity is by means of a specific
low-affinity D, blocker with a fast kot and a fast pharma-
cokinetic profile. Second, it has often been conjectured
that partial agonists/antagonists may lead to a transient or
more balanced blockade with respect to endogenous
dopamine (82). By proposing that appropriate action at
the D5 receptor alone is sufficient to explain atypicality,
our hypothesis keeps open the possibility that other ef-
forts at balanced blockade at the D, receptor (e.g., partial
agonist/antagonist or preferential presynaptic versus
postsynaptic) may also provide the atypical antipsychotic
action. Third, our hypothesis does not in any way imply
that other receptors cannot make relevant contributions.
Schizophrenia is a complex disease with psychotic, mood,
and cognitive features. Our hypothesis fully anticipates
that some of the nonpsychotic aspects (or even the refrac-
tory psychosis) of schizophrenia may be amenable to
other molecular strategies. However, our hypothesis does
imply that the true relevance of any other system (e.g., 5-
HT,, 5-HTe/7, D4, and adrenergic a1) can be ascertained
only if one first fully controls for the effect of D, occu-
pancy. Finally, our hypothesis also suggests that if block-
ade of other receptors is to be combined with that of D, re-
ceptors, then the D, blockade should be of the fast kogt
type. Animal experiments show that even if clozapine
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(with all its additional molecular properties) is combined
with a D, blocker such as haloperidol, it cannot prevent
the development of dopamine receptor up-regulation and
supersensitivity (83).

Summation

The fast dissociation hypothesis suggests that the com-
bination of a fast kof at the molecular level and transient
D, occupancy at the system level is sufficient to provide an
atypical antipsychotic effect. One does not need to invoke
activity in other receptors. Previous claims regarding the
importance of 5-HT, and D4 receptors were confounded
by the simultaneous presence of fast dissociation at the D,
receptor. It is proposed that drugs with fast dissociation
when used in doses that lead to appropriately high D,
blockade modulate the dopamine system in a manner that
allows for more appropriate functioning of physiological
systems and that this leads to what is currently called the
atypical antipsychotic effect.
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