REVIEW

Atypical Neuroleptics Have Low Affinity for
Dopamine D, Receptors or Are Selective

for D, Receptors

Philip Seeman, M.D., Ph.D., Roy Corbett, Ph.D., and Hubert H. M. Van Tol, Ph.D.

This review examines the possible receptor basis of the
atypical action of those atypical antipsychotic drugs that
elicit low levels of Parkinsonism. Such an examination
requires consistent and accurate dissociation constants for
the antipsychotic drugs at the relevant dopamine and
serotonin receptors. It has long been known, however, that
the dissociation constant of a given antipsychotic drug at
the dopamine D, receptor varies between laboratories.
Although such variation depends on several factors, it has
recently been recognized that the radioligand used to
measure the competition between the antipsychotic drug
and the radioligand is an important variable. The present
review summarizes information on this radioligand
dependence. In general, a radioligand of low solubility in
the membrane (i.e., low tissue:buffer partition) results in a
low value for the antipsychotic dissociation constant when
the drug competes with the radioligand. Hence, by first
obtaining the antipsychotic dissociation constants using
different radioligands of different solubility in the
membrane, one can then extrapolate the data fo low or
“zero” ligand solubility. The extrapolated value represents
the radioligand-independent dissociation constant of the
antipsychotic. These values are here given for dopamine D,
and Dy receptors, as well as for serotonin 5-HT,, receptors.
These values, moreover, agree with the dissociation constant
directly obtained with the radioactive antipsychotic itself.
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For example, clozapine revealed a radioligand-independent
value of 1.6 nM at the dopamine D, receptor, agreeing with
the value directly measured with [°’H]-clozapine at D
However, because clozapine competes with endogenous
dopamine, the in vivo concentration of clozapine (to occupy
dopamine D receptors) can be derived to be about 13 nM,
agreeing with the value of 12 to 20 nM in the plasma water
or spinal fluid observed in treated patients. The atypical
neuroleptics remoxipride, clozapine, perlapine, seroquel,
and melperone had low affinity for the dopamine D,
receptor (radioligand-independent dissociation constants of
30 to 90 nM). Such low affinity makes these latter five
drugs readily displaceable by high levels of endogenous
dopamine in the caudate or putamen. Most typical
neuroleptics have radioligand-independent values of 0.3 to
5 nM at dopamine D, receptors, making them more
resistant to displacement by endogenous dopamine. Finally,
a relation was found between the neuroleptic doses for rat
catalepsy and the D,:D, ratio of the radioligand-
independent K values for these two receptors. Thus, the
atypical neuroleptics appear to fall into two groups, those
that have a low affinity for dopamine D, receptors and those
that are selective for dopamine D, receptors. © 1997
American College of Neuropsychopharmacology
[Neuropsychopharmacology 16:93-110, 1997]
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RECEPTOR HYPOTHESES FOR ATYPICAL
NEUROLEPTIC ACTION

The blockade of dopamine D, receptors alleviates psy-
chosis but also produces Parkinsonism (Seeman et al.
1974, 1975; Creese et al. 1976; Seeman 1992a, 1995a). An-
tipsychotic drugs (neuroleptics) that elicit few or none
of the extrapyramidal signs of Parkinsonism are re-
ferred to as atypical antipsychotic drugs (Meltzer and
Nash 1991). What is the receptor basis for this atypical
action of these particular neuroleptics? There are sev-
eral current views:

1. Some atypical neuroleptics may have a low affinity
for dopamine D, receptors and may thus be readily
displaced by high endogenous concentrations of
dopamine in the caudate or putamen.

2. Atypical neuroleptics may block both dopamine D,
receptors and muscarinic receptors.

3. Atypical neuroleptics may have a balanced block of
dopamine D, receptors and serotonin,, (5-HT,,) re-
ceptors (Meltzer 1989, 1995; Leysen et al. 1994; Hut-
tunen 1995).

4. Atypical neuroleptics may selectively block dopa-
mine D, receptors.

We examined these various hypotheses after first
considering the values for the neuroleptic dissociation
constants at the dopamine D,, Dy, and 5-HT,, receptors.

THE NEUROLEPTIC DISSOCIATION
CONSTANT VARIES WITH THE TISSUE:
BUFFER PARTITION OF THE RADIOLIGAND

To derive the therapeutic receptor-blocking concentra-
tions of neuroleptics and to assess the different hypoth-
eses for atypical neuroleptic action, it is essential to use
neuroleptic dissociation constants that have been mea-
sured with the minimum experimental artifacts.

For example, it has been found that the dissociation
constant of a neuroleptic (e.g. [*H]-spiperone) can range
from 30 pM up to 1,600 pM as the final concentration of
tissue is increased (Seeman et al. 1984). Currently, how-
ever, the final concentrations of tissue in most laborato-
ries is kept very low to minimize tissue dependence.

Although many other factors may also determine the
dissociation constant of an antipsychotic drug at various
receptors, the literature on this topic is not extensive.
The pH, for example, determines not only the surface
activities (Seeman and Bialy 1963) and the membrane:
buffer partition coefficients of neuroleptics (Seeman
1966a, 1966b; Seeman and Weinstein 1966; Seeman and
Kwant 1969), but also the dissociation constant of the
neuroleptic at the dopamine D, receptor (e.g., sulpiride;
Presland and Strange 1991). The surface charge of the
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membrane also determines the membrane:buffer parti-
tion coefficient of neuroleptics (Kwant and Seeman 1969),
as does the membrane lipid composition (Kwant and
Seeman 1971). Many of these physicochemical factors,
including temperature, that affect the partition of the
neuroleptic in the membrane have been previously re-
viewed (Seeman 1972). As for the role of physicochemi-
cal factors on the dissociation constant of agonists and
antagonists, the sodium and magnesium ion concentra-
tions determine the proportion of the dopamine D, re-
ceptors that are in the high-affinity state (Grigoriadis
and Seeman 1985; Watanabe et al. 1985). Sodium also is
essential for the high-affinity binding of benzamide
neuroleptics to dopamine receptors (Jarvie et al. 1987).

Nevertheless, despite standard laboratory experi-
mental conditions internationally (e.g., pH of 7.4 and
physiological concentrations of Na*, Mg* ", and other
ions), it has long been known that the dissociation con-
stant of a particular neuroleptic may vary considerably
between laboratories, particularly when different radio-
ligands are used. For example, the dissociation constant
for clozapine at the dopamine D, receptor is approxi-
mately 150 nM (range 70-400 nM), when using [*H]-
spiperone as a radioligand (Seeman 1992a). However,
when [*H]-raclopride is used as the radioligand, the dis-
sociation constant for clozapine at D, is between 35 and
60 nM (Malmberg et al. 1993).

Recently, therefore, this dependence of the neurolep-
tic dissociation constant on the radioligand was studied
in more detail (Seeman and Van Tol 1995; Seeman
1995b). It was found that the neuroleptic dissociation
constant depended on the tissue:buffer partition coeffi-
cient of the radioligand. A similar finding has recently
been made by Durcan et al. (1995).

For example, clozapine at the D, receptor revealed a
dissociation constant of 390 nM with ["H]-nemonapride,
186 nM with [*H]-spiperone, and 83 nM with [*H]-raclo-
pride. Haloperidol also had a dissociation constant of
9.6 nM at dopamine D, receptors using [*H]-nem-
onapride, 2.7 nM using [*H]-spiperone, and 0.67 nM us-
ing [*H]-raclopride. These neuroleptic dissociation con-
stants were related to the tissue:buffer partition coef-
ficients of the radioligands, as shown in Figures 1 and 2.

THE RADIOLIGAND-INDEPENDENT
DISSOCIATION CONSTANT

It is possible to eliminate the dependence of the neuro-
leptic dislocation constant on the radioligand and thereby
obtain the dissociation constant of the neuroleptic in the
absence of any competing radioligand. This may be
done by extrapolating the relation shown (Figure 2)
down to either unity or zero partition, yielding an inter-
cept. This intercept represents the dissociation constant
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Figure 1. Top, a representative experiment showing that the haloperidol dissociation constant (or inhibition constant) was
high (7.3 nM) when competing versus [PH]-nemonapride, but lower when competing versus PH]-spiperone (2.8 nM) and
even lower when using [PH]-raclopride (1.2 nM). These K values were derived by the Cheng—Prusoff (1973) equation, using
the appropriate K; value for each [*H]-ligand (adapted from Seeman and Van Tol 1995). (The Hill coefficient for the competi-
tion of haloperidol with each radioligand was not significantly different from unity). Bottom, the tissue:buffer partition for
each radioligand was defined as the nonspecific binding that occurs at 1 nM ligand. The tissue was postmortem human brain
caudate nucleus. Nonspecific binding was defined as that obtained in the presence of 1 uM (+)butaclamol. (Adapted from

Seeman and Van Tol 1995.)
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Figure 2. Using data of the sort shown in Figure 1, the dissociation constant (K value) for a neuroleptic at a given receptor
depends on the tissue:buffer partition of the PH]-ligand. Extrapolating down to the intercept yields the radioligand-indepen-
dent dissociation constant. This value represents the dissociation constant for the neuroleptic in the absence of any compet-
ing [*H]-ligand and is therefore referred to as the radioligand-independent dissociation constant. The [*H]-ligands for the
serotonin 5-HT,, receptor (rat cerebral cortex) were: ["H]-ketanserin (*K) and [*H]-spiperone (*5¢). The [*H]-ligands for the
human cloned D, receptor were [*H]-nemonapride (*N) (formerly emonapride or YM-09151-2), [PH]-spiperone (*S) or [*H]-
raclopride (*R). The data using either Dy, (Bunzow et al. 1988; Owolabi et al. 1994) or Diigng (O'Dowd et al. 1990; in COS-7
cells) yielded identical K values for each neuroleptic. The [*H]-ligands for the human cloned D, receptor (Van Tol et al. 1991)
were [*H]-nemonapride, [*H]-spiperone, or [*H]-Sandoz GLC756 (*G) (Markstein et al., 1996). The data using either D4.2 or
D4.7 (Van Tol et al. 1992) yielded identical dissociation constants for each neuroleptic. The number of independent measure-
ments is given beside each point. The tissue:buffer partition coefficients for the FH]-ligands were for the postmortem human
caudate nucleus (see Figure 1), except that for *K and *S¢, which were based on the rat cerebral cortex. Using partition coeffi-
cients based on the [*H]-ligands partitioning between tissue culture cells and buffer yielded essentially similar results for the
radioligand-independent dissociation constants (Seeman and Van Tol 1995). Note that the dissociation constantsk; using [*H]-
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chlorpromazine, PPHJ]-clozaprine, and PHJ-haloperidol were
identical to the radioligand-independent dissociation con-
stants for chlorpromazine, clozapine, and haloperidol, respec-
tively. The K, values of these PH]-neuroleptics are shown at a
low partition (zero) because the [PHJ-ligand does not compete
with any other compound for binding to the receptor.

of the neuroleptic in the absence of any competing radi-
oligand. Thus, a low partition or a partition of “zero”
indicates that the neuroleptic would be competing
against a water-soluble radioligand with low or negligi-
ble partition and that would be readily displaced by the
neuroleptic.

Several examples of this approach are shown in Fig-
ures 2A-2C. Thus, the extrapolated dissociation con-
stant (or radioligand-independent dissociation con-

Atypical Neuroleptics and DA D, and D, Receptors 97

stant) for clozapine at dopamine D, receptors is 1.6 nM,
in agreement with the value of 1.5 nM as directly mea-
sured with [*H]-clozapine at the dopamine D, receptor
(see Figure 2A). This value, moreover, agrees with that
found by Kusumi et al. (1995a, 1995b) for a dopamine
D;-like binding site labeled by [*H]-clozapine in the rat
frontal cortex.

It is important to note this identity between the radi-
oligand-independent dissociation constant (Figure 2)
and the dissociation constant (K;) as determined di-
rectly using the [*H]-neuroleptic. This identity holds for
[*H]-chlorpromazine, [*HJ-clozapine, and [*H]-haloperi-
dol, as shown in Figure 2A, as well as for [*H]-sertindole
(Figure 2c). The K, values of these [°H]-neuroleptics are
shown at a low partition (zero) because the [PHJ-ligand
does not compete with any other compound for binding
to the receptor.

The extrapolated radioligand-independent dissocia-
tion constant is not a new parameter in any way. It
merely is the dissociation constant of the competing
nonradioactive compound that would be obtained if
very high volumes of incubation were used (Seeman
and Van Tol 1995; Seeman 1995b). For example, when
the volume of incubation was increased from the cus-
tomary 1.5 ml to a larger volume of 8 ml, the radioli-
gand-dependence of the competing nonradioactive
drug was considerably reduced but not eliminated
(Seeman and Van Tol 1995; Seeman 1995b). The depen-
dence of the dissociation constant on the partition coef-
ficient of the radioligand does not arise from depletion
of the radioligand, because no depletion occurs (See-
man and Van Tol 1995; Seeman 1995b). In fact, when
very high volumes of 10 ml are used, the radioligand
dependence may disappear, and the dissociation con-
stant of the radioactive drug appears to agree with the
dissociation constant of the competing nonradioactive
drug (Malmberg et al. 1996). The radioligand depen-
dence is not a result of inadequate time of equilibration,
as identical results were obtained when the standard in-
cubation period of 2 hours was extended to either 4 or 6
hours (Seeman and Van Tol 1995; Seeman 1995b).

A summary of the radioligand-independent dissoci-
ation constants for 17 neuroleptics at the dopamine D,
receptor (cloned), the dopamine D, receptor (cloned),
and the serotonin 5-HT,, (rat cortex) receptor is given
in Table 1.

DRUG SELECTIVITY IS LIGAND-DEPENDENT

An examination of the data in Figure 2 indicates that
the receptor selectivity of a drug depends on the radio-
ligands used. For example, the data in Figure 2B for
olanzapine show that olanzapine has a radioligand-
independent dissociation constant of 2 = 0.4 nM at the
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Table 1. Radioligand-Independent Dissociation Constants

D,:5-HT,, DyD,

D, D, 5-HT,, Ratio Ratio
Chlorpromazine  0.66 * 0.05(12) 1.15 + 0.04(9) 3.5 £ 0.06(9) 0.19 0.58
Clozapine 44 + 8(27) 1.6 = 0.4(96) 11 = 3.5(9) 4.00 28.00
Fluphenazine 0.32 = 0.03(7) 50 = 10(11) 80 = 19(6) 0.004 0.0064
Haloperidol 0.35 = 0.05(18) 0.84 = 0.05(54) 25 =+ 8(5) 0.014 0.42
Isoclozapine 6 * 0.06(15) 5.8 = 0.08(19) 1.5 = 0.05(9) 4.20 1.03
Loxapine 5.2 = 0.03(15) 7.8 * 1.5(25) 10.2 £ 1.2(5) 0.51 0.67
Melperone 88 = 30(7) 410 = 70(19) 280 = 90(7) 0.31 0.22
Molindone 6 = 3(9) 2,400 = 800(11) 5,800 + 1,300(6) 0.001 0.0025
Olanzapine 3.7 £ 0.6(12) 2 +0.4(22) 5.8 + 0.7(14) 0.64 1.85
Perlapine 60 + 10(8) 30 = 10(10) 30 = 12(6) 2.00 2.00
Raclopride 0.64 = 0.12(13) 620 = 100(40) 5,400 = 1,700(4) 0.00012 0.001
Remoxipride 30 = 25(8) 2,800 = 400(9) 3,100 = 400(4) 0.01 0.011
Risperidone 03 =019 0.25 = 0.1(17) 0.14 = 0.1(5) 2.14 1.2
Seroquel 78 = 28(13) 3,000 = 300(14) 2,500 + 600(5) 0.03 0.026
Sertindole 0.95 = 0.4(22) 0.85 = 0.2(18) 0.3 £ 0.06(8) 31 1.12
Thioridazine 0.4 = 0.12(12) 1.5 = 0.5(16) 60 = 15(6) 0.007 0.27
Trifluperazine 0.96 + 0.2(11) 44 * 6(11) 135 + 50(6) 0.007 0.022

InnM = SE (1 experiments in duplicate).

dopamine D, receptor. This value is statistically signifi-
cantly lower than that of 3.7 * 0.6 nM for the dopamine
D, receptor and lower than that of 5.8 + 0.7 nM for the
5-HT,, receptor. However, if only the data for olanza-
pine using [*H]-spiperone were considered, then olan-
zapine would be viewed as preferring the 5-HT,, recep-
tor (see Figure 2B). Selectivity is here defined as a
statistically significant preference of the neuroleptics
for one receptor over another, as examined by their ra-
dioligand-independent dissociation constants (Table 1).
The receptor selectivities of haloperidol and isocloza-
pine (Figure 2A) also depend on the ligand considered.

NEUROLEPTICS WITH HIGH AND LOW
AFFINITY FOR THE DOPAMINE D, RECEPTOR

The data in Table 1 indicate that the neuroleptic values
for the radioligand-independent dissociation constants
fall into two groups, those that have high values at
dopamine D, receptors (between 30 and 90 nM) and
those that have low values (between 0.3 and 5 nM).

CLOZAPINE THERAPEUTIC CONCENTRATION,
AS DERIVED FROM THE RADIOLIGAND-
INDEPENDENT DISSOCIATION CONSTANT AT
THE DOPAMINE D, RECEPTOR

One important example of the usefulness of the value
for the radioligand-independent dissociation constant
is that it may be used to derive the therapeutic concen-

tration of a neuroleptic. For example, although the data
in Figure 2 show that clozapine has a radioligand-inde-
pendent dissociation constant of 1.6 nM at the dopa-
mine D, receptor, clozapine in vivo must compete with
endogenous dopamine in the synapse, estimated to be
of the order of 10 nM (Kawagoe et al. 1992). Hence, the
in vivo concentration of clozapine for 50% occupation
of dopamine D, receptors may be derived from the
commonly used Cheng-Prusoff equation (Cheng and
Prusoff 1973; Munson and Rodbard 1988). Thus, the in
vivo concentration of clozapine for 50% occupation of
dopamine D, receptors would be approximately equal
to K X [1 + D/6.2nM]), or 4.2 nM, where K is the radio-
ligand-independent dissociation constant of 1.6 nM for
clozapine (Figure 2), D is the synaptic concentration of
the order of 10 nM, and where 6.2 nM is the dissociation
constant of dopamine at the high-affinity state of the
dopamine D, receptor (Table 2 in Asghari et al. 1994).
We previously used the value of 50 nM for the syn-
aptic concentration of dopamine (Seeman and Van Tol
1995). This value of 50 nM, however, was from Ross
(1991), who estimated it by an indirect method of in
vivo competition of tritiated dopamine agonists and
comparing the results with in vitro competition by
dopamine. The value of 10 nM, however, was obtained
more directly by Kawagoe et al. (1992) and is used,
therefore, in this present review. This value for 10 nM,
moreover, refers to the dopamine concentration that is
time-averaged for a frequency of 5 Hz over a distance of
2 microns. In addition, although we previously used the
value of 16 nM for the high-affinity state of dopamine at
the dopamine Dy receptor (Seeman and Van Tol 1995),
the more recent value of 6.2 nM is based on 18 experi-






