ELSEVIER

COMMENTARY

In their review Seeman, Corbett, and Van Tol consider a
number of aspects of the actions of neuroleptic drugs
and propose hypotheses for the unusual actions of the
atypical neuroleptics. They make some interesting points,
and in this commentary I consider their arguments using
broadly the same headings as they do.

DISSOCIATION CONSTANTS OF NEUROLEPTIC
DRUGS AT DOPAMINE RECEPTORS

Many studies have been published about the binding of
neuroleptic drugs to dopamine receptors, and although
clear patterns of activity have emerged from this work,
in terms of the relative potencies of various drugs, the
actual values obtained for the dissociation constants
(K4/K;) exhibit some dispersity (e.g., Seeman et al. 1984).
Whereas previously these differences were perhaps less
important, we are now entering a phase of dopamine re-
ceptor research where accurate assessment of these K,/K;
values matters to compare drug actions at related recep-
tor subtypes and to define the detailed mechanisms of ac-
tion of agonists and antagonists. In their review Seeman
et al. suggest that the K; value for a neuroleptic drug de-
pends on the nature of the radioligand used for the as-
says. [ wish to discuss the origin of their observations.

The principal tool for determining these K;/K; values is
the ligand binding assay (saturation and competition),
and the dispersity of the K,/K; values obtained is likely
to be due to interlaboratory differences in assay condi-
tions, leading to problems in the execution of the assays
or genuine differences in values related to buffer, pH,
and so on. The principal problems that can arise in the
execution of the assays concern the lack of equilibration of
the radioligands and competitors with the receptor and
depletion of the ligands by binding to receptor and tissue.
These problems have been recognized for some time
(Chang et al. 1975; Wells et al. 1980; Golds et al. 1980;
Burgisser et al. 1981; Seeman et al. 1984) and have been
comprehensively reviewed (Hulme and Birdsall 1992).

The equilibration of ligands with the receptor de-
pends on the rates of association and dissociation of the
ligands and their concentrations. Typically, the binding
of a single concentration of radioligand is tested and
shown to reach equilibrium in the time chosen for the ex-
periments. At lower radioligand concentrations the ap-
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proach to equilibrium may be limited by the radioligand
dissociation rate. Hulme and Birdsall (1992) recommend
that assays be conducted for incubation times at least five
times the half-time for dissociation. This rarely is consid-
ered, and for high-affinity radioligands such as [*H]-
spiperone it may lead to some artefacts, such as an over-
estimation of the K. The use of low receptor concentrations
and the inclusion of competing ligands can introduce fur-
ther complications. Although lack of equilibration may be
a problem in some studies, from the data given by See-
man and Van Tol (1995} it does not seem to be a problem
in their studies as extended incubations (up to 6 hours)
did not affect K; estimates. It seems prudent, however, to
use incubation times that are longer than the typically
used times of about 1 hour to ensure equilibration at all ra-
dioligand concentrations, assuming there is no degrada-
tion of receptor in the longer assays.

Depletion of the added ligands does seem to be a sig-
nificant problem in some studies in that it confounds
definition of the actual free ligand concentrations that
are required for the application of equations defining
binding equilibria. Depletion can occur via binding to
receptors in the assay or via binding to tissue in a nonspe-
cific manner but in a way that disturbs equilibria. This
nonspecific low-affinity binding will be undetected in
filtration assays as it will be washed away. This may
simply mean that the free ligand concentration is not
the same as the added ligand concentration, so that K;
values are overestimated (Chang et al. 1975), but there
can be a more subtle effect on the definition of nonspecific
radioligand binding (Golds et al. 1980; Seeman et al. 1984).
Some analysis programs take account of some aspects
of these artefacts. For example, the LIGAND program
corrects for the depletion by subtracting the bound radi-
oligand from the added radioligand. Alternatively, this
correction can be made manually. However, the nonspe-
cific binding of radioligand to tissue cannot be assessed
accurately in a filtration assay, and so this correction will
not be made. Also if depletion is high, any corrections
will be inaccurate. The only way to avoid these kinds of
errors completely is to use conditions that minimize
ligand depletion, and this requires either very low tis-
sue concentrations or a radioligand with a dissociation
constant so that depletion is unlikely to be a problem.
Practical considerations dictate that in a 1-ml assay using
a radioligand with a specific activity of about 60 Ci/
mmol it will be necessary to use at least 10 pM receptor
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Table 1. Dissociation Constants of Radioligands Determined at D, Dopamine Receptors

[*Hl-raclopride

[*Hl-spiperone  [*Hl-nemonapride

(nM) (pM) (pM)
Seeman and Van Tol 1995 (1.5 ml)

(D, short/long, human) 1.6 69 82
Seeman and Van Tol 1995 (8 ml) 1.3 25 27
Malmberg et al. 1996 (D, long,

human) 1.16 24 11
Hoare and Strange in press (D,

17 —

long, rat) —

to achieve a specific signal of 1500 dpm. In many cases
higher receptor concentrations are used, especially if the
specific activity of the radioligand is lower [e.g., Castro
and Strange (1993) where the receptor concentration
was about 40 pM]. For radioligands such as [°H]-spiper-
one and [*H]-nemonapride whose dissociation constants
are less than 50 pM (see below for accurate values), this
will lead to significant depletion in a saturation analysis
where radioligand concentrations across the K; are
used. For radioligands with K, values of about 1 nM (e.g.,
[*H]-raclopride) depletion will be less important as the ra-
dioligand concentrations used in a saturation experiment
will be correspondingly higher. The depletion with the
higher-affinity radioligands can be overcome by using a
larger assay volume so that the concentration of receptor
is reduced but the absolute amount is unchanged. For
example with [°H]-spiperone the K; for the rat Dong)
dopamine receptor expressed in L cells was found to be
112 pM when a 1-ml assay volume was employed (recep-
tor concentration of about 50 pM), but if a 10-ml assay
volume (receptor about 3 pM) was used, the K; was
found to be 17 pM (incubation times were extended,
and this is especially important in the large-volume assays
with lower receptor concenirations, as the association
reaction is a bimolecular reaction) (Hoare and Strange in
press). An independent assessment of the K; for [*HJ-
spiperone was obtained from kinetic measurements of
the association and dissociation rate constants and gave
values between 8 and 12 pM (Hoare and Strange in press).
These values for the dissociation constant of [°H]-spiper-
one are considerably lower than most estimates reported
in the literature. It should be pointed out, however, that
estimates of K; for [*H]-spiperone that differ by less than a
factor of 3 from these values can be routinely obtained
in 1-ml assays if correction is made for the depletion of
the radioligand (e.g., Castro and Strange 1993; Woodward
et al. 1994, 1996).

These issues have been addressed by Malmberg et al.
(1996) who determined the K, and B,,,, values for the
human D, receptor for several radioligands under
carefully defined conditions that minimized depletion

(large assay volumes for high affinity ligands, receptor
2-3 pM) and lack of equilibration (extended incubation
times). They reported K; values of 1.16 nM ([*H]-raclo-
pride), 24 pM ([*H]-spiperone), and 11 pM ([*H]-nem-
onapride). I believe it is reasonable to take these values
as accurate estimates of the dissociation constants for
these three radioligands at the Dy, receptor. Seeman
and Van Tol (1995) report values significantly higher in
1.5-ml assay volumes (about 10 pM receptor), but if an
8-ml assay volume (about 6 pM receptor) is used, then
values closer to these estimates are seen (Table 1). It
seems likely that these differences between values cited
by Seeman and Van Tol (1995) are the result of ligand
depletion, although it is difficult to tell from the published
information whether any correction was made for deple-
tion. Although these authors are aware of the potential
problem of ligand depletion, they perform control experi-
ments measuring the free radioligand concentration that
they interpret as indicating that no depletion occurred.
These experiments used rather high radioligand con-
centrations (about 250 pM for [*H]-spiperone and [*H]-
nemonapride), where with about 20 pM receptor (my
estimate), depletion would have been minimal anyway.
The problem of depletion is much greater in a saturation
analysis where concentrations of radioligand across the
K, will be required. For example, in an experiment with
D, dopamine receptors (about 30 pM) expressed in CHO
cells and an added [*H]-spiperone concentration of about
50 pM, the free [’H]-spiperone concentration in the
presence of receptor was about 27 pM, indicating a signif-
icant depletion (5. Hoare and P. G. Strange, unpublished
observations).

Thus we may conclude that accurate values of radio-
ligand dissociation constants can be obtained only if the
assay conditions are defined rigorously. The values for
ligand dissociation constants also are influenced by
other factors, such as the buffer and pH of the assay and
the precise receptor source. For example the K; for sub-
stituted benzamides is influenced by Na™ ions, and the
K, for some ligands is influenced by pH via effects on
the receptor and ligand dependent on their respective
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Table 2. Dissociation Constants (nM) for Neuroleptic Drugs at D, Dopamine Receptors

Seeman and Van Tol 1995;

Malmberg et al. 1993 Seeman et al. (review)

Chlorpromazine 0.55 1.30
Clozapine 35.00 59.00
Haloperidol 0.53 0.47
Remoxipride 54.00 80.00
Risperidone 1.30 1.60
Sertindole 0.38 1.40
(-)-Sulpiride 2.50 —

Thioridazine 1.20 1.60

The data shown were derived from competition experiments versus [*H]-raclopride in Malmberg et al.
(1993) [Dy(short)] and for D, (short/long) from Seeman and Van Tol (1995) and Seeman et al. (review). Note
that values for D, (long) are slightly higher for some drugs, such as substituted benzamides (Castro and
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Strange 1993; Malmberg et al. 1993)].

pK, values (Strange 1994; D'Souza and Strange 1995).
Ligands also have different affinities for the different
Dy-like receptor subtypes (D,, D;, Dy), and there may be
some differences in affinity for the different isoforms of
the D,-like receptors.

I have discussed the determination of accurate K;
values for radioligands at some length as these values
underpin the determination of K, values for other
ligands in competition assays. In a typical competition
experiment a range of competing drug concentrations is
used with a single radioligand concentration, and the
1C5, for inhibition of radioligand binding is used to de-
termine K; using the assumption of two competing
ligands at one saturable site, often referred to as the
Cheng-Prusoff correction (Cheng and Prusoff 1973).
This equation uses the concentration of the radioligand
and its K; to derive K; from IC5,. Artefacts can be gener-
ated in competition assays in the same way as in satura-
tion assays (Hulme and Birdsall 1992). For example, the
time for equilibration of radioligand with the receptors
will be increased by the presence of the competing
ligand, although this rarely is considered. Radioligand
depletion and possibly competing ligand depletion also
can occur, although the concentration of radioligand
used in typical competition assays usually is such that
depletion is not a major problem; it should not, how-
ever, be ignored. A very-high-affinity competitor such
as spiperone (at the D, receptor) may be depleted, and
it is impossible to determine the extent of this problem.
We have also experienced problems in the accurate di-
lution of very hydrophobic ligands such as flu-
penthixol. The major artefact in competition assays for
Dylike dopamine receptors, however, seems to be the
dispersity of the values used for the K of the radioli-

gand, and as I have tried to show, K, values have typi-
cally been overestimated for the very-high-affinity radi-
oligands such as [*H]-spiperone and [*H]-nemonapride.
Because K is used directly in the K; calculation, this will
affect all the K; values derived for competitors. For ex-
ample, if we consider the data of Figure 1 in Seeman
and Van Tol (1995) for haloperidol competitions versus
[*H]-raclopride, [*H]-spiperone, and [*H}-nemonapride,
then estimates of the ICs, values for the three experi-
ments are 3, 12, and 23.8 nM, respectively. These can
then be corrected for radioligand concentration (2.4 nM,
224 pM, 186 pM, respectively; these concentrations
were used directly in calculations as the receptor con-
centration was about 10 pM) using the K, values reported
by Seeman and Van Tol (1995) to give K; values of 1.2,
2.8, and 7.3 nM and using the K; values reported by
Malmberg et al. (1996) to give K;values of 0.98, 1.16, and
1.32 nM, respectively. These latter values are quite close
and largely independent of the radioligand used for the
determinations. Similar values were obtained with
large-volume assays by Seeman and Van Tol (1995)
(0.47, 0.63, and 0.89 nM, respectively). Malmberg et al.
(1993) report a K; value for haloperidol of 0.66 nM for
Diong) using [’H]-raclopride. These calculations show
that the principal source of the apparent dependence of
the ligand K;values on the radioligand used for compe-
tition assays as described by Seeman and Van Tol (1995)
and discussed in detail in the review is the use of inap-
propriate K, values for the radioligands. Once the cor-
rect K, value for radioligand is used, values for K; val-
ues for competitors are rather similar and independent
of radioligand. Data obtained with [*H]-raclopride are
least subject to the artefacts described here and the data
reported with this radioligand by Seeman and Van Tol
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(1995) are generally in good agreement with those of
Malmberg et al. (1993). I have given some values for
these dissociation constants in Table 2.

Let us now consider the explanation for the radioligand
dependence of K;values proposed by Seeman and Van
Tol (1995) and in the review. They propose that there is
a relationship between the tissue-buffer partition coeffi-
cient for the radioligand and the K; value for a competing
neuroleptic drug. The tissue-buffer partition coefficient is
defined as the gradient of the line relating nonspecific ra-
dioligand binding and radioligand concentration [i.e.,
nonspecific binding/radioligand concentration (pmol/g/
nM)]. Although this may be a reflection of tissue-buffer
partition and may contribute to radioligand depletion, it is
not a true partition coefficient, and it also will contain a
significant contribution from filter binding. Nevertheless,
a linear relation is shown between the K, determined for
neuroleptics versus the three different radioligands and
this “tissue-buffer partition coefficient.” A linear relation-
ship of this nature does not prove a causal relationship,
and I can see no theoretical reason for relating the K; val-
ues and the “tissue-buffer partition coefficient.” As I hope
I have shown, I believe that the different K; values are a re-
sult of the use of inappropriate K, estimates, and I would
suggest that the apparent linear relation reported is coinci-
dental.

Seeman and Van Tol (1995) and Seeman et al. also
extrapolate the linear relation to zero partition and call
this value the radioligand-independent dissociation
constant or the dissociation constant of the neuroleptic
in the absence of any competing radioligand. Surely,
the Cheng—Prusoff correction is designed to obtain this
value by correcting for the concentration of the radioli-
gand; I believe the terms used by Seeman and Van Tol
(1995) and Seeman et al. are misleading and add unnec-
essary complexity. Seeman et al. support their case by
showing that the K; value for the competing neuroleptic
determined in saturation analyses with the [*H]-labeled
compound lies close to the intercept at zero tissue-
buffer partition. Although this is indeed true for the
cases shown, the difference between the K; values at the
D, receptor determined versus [*H]-raclopride and the K;
of the radiolabeled drug differ by at most 2.5-fold ([°H]-
chlorpromazine K; 0.75 nM, K;1.8 nM; [*H]-haloperidol
K, 0.35 nM, K; 0.7 nM; [*H]-sertindole K; 1 nM, K; 1.5
nM), and these differences probably lie within experi-
mental error and any differences in the binding of the
radiolabeled and unlabeled drug.

For clozapine defining these quantities is important,
especially for the D, receptor for reasons cited below,
but it is impossible to use [*H]-raclopride here because
of its low affinity for the D, receptor, and so Seeman et
al. use [*H]-clozapine and obtain a K, value of 1.6 nM.
This contrasts with the K; value obtained versus [*H]-
spiperone of 22.3 nM. According to the arguments out-
lined earlier, this K; value will be overestimated by

Commentary 119

about a factor of 2 or 3. The value of 1.6 nM for the K, of
[3H]—Clozapine, therefore, seems rather too low, and I
would wish to see a full pharmacologic characterization
of the properties of the binding of this radioligand to
the D4-COS cells. Some cell lines express endogenous
receptors. For example, functional endogenous muscar-
inic receptors have been described on CHO cells (Wang et
al. 1995); clozapine has an affinity of about 3 nM for mus-
carinic receptors, and studies using [*H]-clozapine have
shown that it mostly labels muscarinic receptors in brain
tissue (Flamez et al. 1994; Kusumi et al. 1995). I conclude
that K; values for clozapine at the D, and D, receptors are
approximately 40 and 8 nM, respectively (in the presence
of Na*).

In summary, the determination of accurate values of
dissociation constants for neuroleptic drugs at D,-like
dopamine receptors can be accomplished using radioli-
gand binding assays, but care needs to be taken in setting
up for the assays. In Table 2 [ have given some data for
dissociation constants of neuroleptics at D, receptors
that I believe are good estimates of the values.

EFFECTS OF NEUROLEPTIC DRUGS ON
SYNAPTIC ACTIONS OF DOPAMINE

Seeman et al. consider the synaptic actions of the neuro-
leptic drugs and attempt to calculate the concentrations
of these drugs that would be required to block about
75% of the receptors: the apparent blockade that creates
the antipsychotic effect (Farde et al. 1992; Sedvall and
Farde 1995). It would be very useful to make such a calcu-
lation, but I believe that there are so many uncertainties
that the results of these calculations would be very inaccu-
rate. For example, it would be necessary to know the
synaptic concentration of dopamine. The data of Kawagoe
et al. (1992) show that this is about 6 nM at a distance of
2 pm from the synapse but higher (about 97 nM) at the
synapse itself. Dopamine may act synaptically and in a
paracrine fashion, and it is unclear which action is relevant
here. There also is considerable uncertainty in the levels
of drugs in different cellular compartments. There is the
issue of protein binding of the drugs in plasma [addressed
by Seeman (1992)], but also antipsychotic drugs may be
concentrated in the brain (Baldessarini et al. 1993) and the
concentrations of these drugs in different cellular and
fluid compartments of the brain are entirely unknown.

What is clear is that, whereas most antipsychotic drugs
are able to occupy 75% or more of the D.-like receptors
in brain at their normal doses, clozapine occupies fewer
D,-like receptors [up to 50% depending on the probe
used (Karbe et al. 1991; Farde et al. 1992; Nordstrom et
al. 1995; Sedvall and Farde, 1995)]. Given the uncertain-
ties mentioned, it is very difficult to infer the percentage
occupancy of D, receptors by clozapine from plasma
concentrations.
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MECHANISMS OF ACTION OF ATYPICAL
NEUROLEPTIC DRUGS

Seeman et al. propose a number of hypotheses for the
actions of the atypical neuroleptic drugs and discuss the
information supporting or refuting these hypotheses.
Much research remains to be done to understand the
actions of these drugs. Maybe there is no unifying
mechanism; rather there may be different ways of being
“atypical.”

I do, however, wish to comment on two aspects of
their discussion. The first of these concerns the division
of neuroleptics into those with dissociation constants at
the D, receptor in the nM range (largely the typical neu-
roleptics) and those with dissociation constants at least
10 times higher (largely the atypicals). Seeman et al. argue
that this division has mechanistic relevance associated
with the competition of the drugs with dopamine at
synapses and extend the argument to differences in the
blockade of striatal and limbic receptors based on dif-
ferences in dopamine levels in the two parts of the
brain. If we consider a situation where the drug and
dopamine are at equilibrium at the receptors, then the
ability of the drug to compete with dopamine at the
synapse will depend on the concentration of dopamine
and the concentration of drug relative to its dissociation
constant. Although it is difficult to estimate the synaptic
concentrations of drugs from the plasma-free concen-
trations, it is generally the case that the lower affinity
drugs are used at higher doses and achieve higher free
concentrations in plasma (see Table 4 of Seeman 1992).
Therefore, the lower-affinity drugs will compete with
endogenous dopamine as well as the higher-affinity
drugs if an equilibrium model is assumed. This does
not, however, take into account the dynamic nature of
synaptic action. For a given drug dose the drug level in
the brain will be relatively stable. Although there may
be a background stable level of dopamine, the dopamine
levels may change depending on synaptic activity.
These changes in dopamine levels will perturb the equilib-
rium, and if the drug has a high affinity for the receptors,
then its dissociation rate is likely to be slow and, over a
short time, occupancy will not adjust to take into account
the extra dopamine. For a drug with a lower affinity,
dissociation will probably be quicker and receptor oc-
cupancy by dopamine will change. This has actually
been shown by Young et al. (1991); Logan et al. (1991)
and Dewey et al. (1993) in studies using labeled probes on
experimental animals where the lower-affinity probe
raclopride responded kinetically to changes in dopamine
levels but the higher-affinity probe N-methyl spiperone
did not. If there are different dopamine levels in limbic
and striatal brain regions, then this might affect occupancy
of receptors by all drugs at equilibrium but is unlikely to
alter the temporal differences of the drug actions outlined.

Seeman et al. discuss the role of the D, dopamine recep-
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tor as a possible site of action of atypical neuroleptic
drugs. The original stimulus to this theory was the obser-
vation of Van Tol et al. (1991) that clozapine had a selectiv-
ity for Dy versus D, receptors. This was then followed
by the observations of Seeman et al. (1993) that D, recep-
tors were higher in the striatum of patients with schizo-
phrenia. As [ have argued, I believe that the affinities of
clozapine for the D, and D, receptors are about 40 and 8
nM, respectively, showing only a modest selectivity. 1
have argued elsewhere (Strange 1994) that the techniques
used by Seeman et al. (1993) to determine D receptors
in postmortem brain (striatum) have limitations, and in-
deed studies using Dy-selective ligands in human brain
(Lahti et al. 1996) and D, receptor-specific antibodies in
primate brain (Mrzljak et al. 1996) have now shown that
there are few if any D, receptors in the striatum. Others
have used direct and indirect methods to reach the
same conclusion (Reynolds and Mason 1994, 1995). See-
man et al. (1995 and review) have argued that the
method used by Reynolds and Mason (1995) has technical
limitations, but apparently these do not invalidate the
conclusions reached (GP Reynolds personal communi-
cation). The lack of D, receptors in the human striatum
also is supported by the observation of very low levels
of mRNA for this subtype in the human striatum or cor-
tex (Matsumoto et al. 1996). The existence of humans
with nonfunctional D, receptors, but with no marked
psychiatric problems (Nothen et al. 1994), suggests that
the D, receptor does not play a major functional role.
Therefore, although clozapine does show some modest
selectivity for the D, receptor and there are D, receptors
in certain brain regions (Mrzljak et al. 1996), the functional
role of these receptors is unclear.

Seeman et al. argue that perhaps the increased num-
bers of D,-like receptors that they report in the human
striatum in schizophrenia (Seeman et al. 1993} are due
to an alteration of the properties of the D, receptor.
They cite their observations on the densities of D, recep-
tors in the brain and recombinant mammalian and insect
cells (Ng et al. 1995), where [*H]-nemonapride exhibits
a higher density of D, receptors than [*H]-spiperone,
which they suggest is consistent with the existence of
monomers and dimers of receptors (Seeman et al. 1992).
These are intriguing findings, but Seeman et al. make
no comment on the inability of others to replicate these
findings qualitatively (Vile et al. 1995; Malmberg et al.
1996) or quantitatively (Terai et al. 1989; Hidaka et al.
1995). We also have examined recombinant D, receptors
expressed in insect cells and find no difference between
the number of receptors determined with the two radio-
ligands (Y Cordeaux and PG Strange, unpublished obser-
vations). Elsewhere I have set out some ideas that can
reconcile these observations (Strange 1994) based on a
variable monomer-dimer equilibrium, and it is indeed
important to note that for other G-protein—coupled recep-
tors there are suggestions that these may exist in oligo-
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mers (Potter et al. 1991; Wreggett and Wells 1995). To
validate these ideas for the D,-like dopamine receptors,
however, careful biophysical experiments are required.
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