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SUMMARY

Equilibrium binding analysis demonstrated that (+)-[3H]3-(3-hy-
droxyphenyl)-N-(1 -propyl)piperidine [(+)-[3H]3-PPP] binds in
guinea pig brain homogenates to high and low affinity sites with
Kd values of 25 nM and 0.9 �tM, respectively. Competition studies
with dextromethorphan (DM) site ligands and other drugs against
(+)-[3H]3-PPP demonstrated that their K, values and rank order
of potency are identical to those found previously against [3H]
DM. Most significant, ropizine produced a concentration-depend-
ent increase in the binding of (+)-[3H]3-PPP, with an inhibitory
component at high concentrations, as described previously for
[3H]DM. Similarly, phenytoin increased the binding of (+)-[3H]3-
PPP in the same fashion as that of [3H]DM. Computer-assisted

analysis of equilibrium binding of (+)-[3H]3-PPP in the presence
of 1 0 ,�M ropizine demonstrated that the binding increase pro-
duced is due to a 3-fold increase in the affinity for (+)-[3H]3-PPP.
These results, and our previous finding that � ligands inhibit [3H]
DM binding with a rank order of potency similar to that for sites
labeled with (+)-[3H]3-PPP or (+)-[3H]SKF1 0,047 strongly sug-
gest that � ligands bind to the high affinity DM site. These
findings, and the inability of DM and other antitussives to produce
psychotomimetic side effects, suggest that the high affinity DM
sites can mediate only the nonpsychotomimetic effects of a
ligands. However, further studies are necessary to determine
the physiological role and therapeutic potential of the DM high
affinity sites.

The initial pharmacological profile of the dopamine analogue

(+)-3-PPP suggested that it was an agonist for presynaptic D2

receptors (1). However, studies on the binding of (+)�[tH13�
PPP indicated that the regional distribution and the rank order

ofpotency of competing drugs were similar to those of (+)�[tH]

SKF1O,047; therefore, (+)-3-PPP was deemed a a site marker

(2). (+)-[tH]3-PPP binds in rat brain membranes to an appar-

ently single population of binding sites with a Kd of 30 nM, but

several competing ligands display pseudo-Hill coefficients of

0.5-0.8, which indicate a multicomponent binding model (2).

We demonstrated recently that the a ligands (+)-3-PPP, (+)-

NANM [or (+)-SKF1O,047], and haloperidol bind with high

affinity to sites labeled with [H]DM (3). The rank order of

potency of a ligands, as indicated by their K, for the DM high

affinity sites, is similar to that for sites labeled with (+)-[1H]

3-PPP and (+)-[3H]SKF1O,047 (2, 4, 5). The (+)-isomers of

several benzomorphans have higher affinity for DM sites than

the (-)-isomers (3, 6). In addition, l-butaclamol competes
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against [3H]DM binding more effectively than does the d-

isomer, displaying the same stereospecificity shown for a sites

(3). These findings demonstrated that there are similarities

between DM and a sites and suggested that further exploration

of both sites will be necessary to characterize them.

The nonopioid antitussive DM binds to specific high affinity

sites in the guinea pig brain (7, 8). The antitussives caramiphen

and carbetapentane compete with high affinity with [‘H]DM,

suggesting that the DM sites mediate their pharmacological

effects (6). Even more significant, DM, carbetapentane, and

caramiphen protect rats against maximal electroshock seizures

and potentiate the anticonvulsant activity of phenytoin (9, 10).

In addition, the anticonvulsant drugs phenytoin and ropizine
produce an allosteric enhancement of the binding of [‘H]DM

to the guinea pig brain (6, 11). These findings support the

hypothesis that DM sites mediate anticonvulsant activity when

occupied by the appropriate ligands. The nature of the DM
sites has not been established, but we have shown that they are

not related to opioid receptors (7). PCP, ketamine, and dexox-

adrol are poor inhibitors of [‘H]DM binding, and excitatory

amino acids and analogues do not inhibit the binding of [‘H]

ABBREVIATIONS: (+)-3-PPP, 3-(3-hydroxyphenyl)-N-(1 -propyl)pipendine;
phencyclidine. _________________________________________

(+)-NANM, (+)-N-aIlyl-N-normetazocine; DM, dextromethorphan; PCP,
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DM (6, 11). These findings indicate that there are no similari-

ties between the PCP/a sites associated with the N-methyl-D-

aspartate receptor and the DM sites. In contrast, some of the

(+)-isomers of benzomorphans display higher affinities than

the corresponding enantiomerS for the DM sites (6). Our recent

finding that a ligands inhibit [‘H]DM binding with a rank

order of potency very similar to that for sites labeled with (+)-

[:tH]3ppp or (+)-[‘H]SKF1O,047 (3) prompted us to explore
the possibility that DM site ligands and their allosteric modi-
fiers may affect the binding of (+)-[‘H]3-PPP to guinea pig

brain.

Methods

The (+)-[‘H]3-PPP binding assay and competition experiments were

carried out as described previously for the [3H]DM binding assay (12).
Briefly, guinea pig cerebellum, midbrain, pons, and medulla oblongata
were homogenized in 24 volumes of ice-cold 50 mM sodium phosphate,

pH 7.4, using a Brinkmann Polytron tissue disrupter. The binding
assay contained 3 nM (+)-[‘H]3-PPP (100 Ci/mmol; Du Pont New

England Nuclear, Boston, MA), the appropriate concentration of the
competing drug, and 50 mM sodium phosphate, pH 7.4. The assay was

started by the addition of 100 �sl of brain homogenate in a final volume
of 1 ml. The samples were incubated at 37’ for 20 mm, followed by 10

mm at 0’, in an ice water bath.
Whatman GF/B glass fiber filters were presoaked in 50 mM sodium

phosphate containing 100 mM choline chloride and 0.01% Triton X-
100, pH 7.4 (wash buffer). The filters were washed with 5 ml of ice-
cold wash buffer and the samples were filtered rapidly under vacuum
and rinsed two times with 5 ml of the same buffer, using the multiple
cell harvester made by Brandel Biomedical Research and Development

(Gaithersburg, MD). All the preceding steps were done in a cold room
at 4. Tritium was determined at a counting efficiency of 52%, and the

nonspecific binding was calculated with the LIGAND program (see
below). Experiments were carried out with triplicate samples, which

varied less than 10%. The number of independent experiments and the
number of samples per experiment are indicated in tables and figure

legends.
Data were analyzed by the curve-fitting program LIGAND (FOR-

TRAN-77 v. 2.3.10) by Munson and Rodbard (13, 14), which was
provided generously by Peter J. Munson. Combined data files from
independent experiments were analyzed to determine the best model

fit, the K, and Bmax values. The equilibrium binding parameters deter-
mined for (+)-[3HJ3-PPP were used to calculate the K values of the

drugs tested. Selection of models was based on the root mean square
error of each fit, the F test, and the randomness of residuals around
the fitted curve (14, 15). Protein was determined by the method of
Lowry et aL, as modified by Peterson (16).

Drugs and reagent sources. The following pharmaceutical corn-
panies generously supplied the drugs listed: CIBA Pharmaceutical Co.,

opipramol; Hoffmann-La Roche Inc., dextromethorphan; Janssen
Pharmaceutica, cinnarizine; Searle Research and Development, ropi-
zine (SC-13504); Smith Kline and French Laboratories, caramiphen
ethanedisulfonate; and Wallace Laboratories, carbetapentane citrate.
(+)-NANM, or (+)-SKF1O,047 was provided by the Research Tech-

nology Branch of the National Institute on Drug Abuse. Additional

drugs and chemicals were purchased from the following companies:
Research Biochemicals Inc., (+)-3-PPP; and Sigma, phenytoin (diphe-
nylhydantoin), quinidine. Reagents were purchased from commercial

sources and were of the highest purity available.

Results

Equilibrium binding analysis demonstrated that (+)-[‘H}3-
PPP binds to high and low affinity sites with the equilibrium
binding parameters shown in Table 1. The two-site model was

significantly better than the one-site, with a p < 0.003.

The results of several competition experiments are presented

in Table 2, in which it can be observed that DM and (+)-

SKF1O,047 displace (+)-[‘H]3-PPP from two different binding

sites. Interestingly, caramiphen, carbetapentane, and the other

compounds listed inhibit (+)-[3H]3-PPP binding with a single

K1 value for both sites. This is illustrated in Fig. 1; (+)-

SKF1O,047 has a shallow slope indicative of binding to more

than one site with different affinities, whereas that of carbe-

tapentane is steeper. These data are consistent with calcula-
tions that showed that all competing drugs with pseudo-Hill

coefficient significantly below 1 fit better a two-site model,

whereas those with coefficients close to 1 fit a one-site model

(data not shown).
Ropizine produced a concentration-dependent increase in the

binding of (+)�[:tH]3�PPP, which was biphasic with an inhibi-
tory component at higher concentrations, as illustrated in Fig.

2. Interestingly, the increase of (+)-[‘H]3-PPP binding pro-

duced by ropizine is almost identical to that previously found

for [‘H]DM (12). Similarly, phenytoin also increased the bind-

ing of (+)�EtH]3�ppp in the same fashion as it increased that

of [‘H]DM (Fig. 2). Computer-assisted analysis of equilibrium

binding of (+)�[tH]3�ppp in the presence of 10 �M ropiZine

demonstrated that the binding increase produced is due to an
increase in the affinity for (+)-[3H]3-PPP (Table 1).

Discussion

Equilibrium binding analysis demonstrated that (+)�[lH]3�

PPP binds to high and low affinity sites in the guinea pig brain.

This is comparable to the binding to rat brain membranes, in
which (+)�[tH]3�ppp binds to an apparently single population

of sites with a Kd of 30 nM (2), but with several competing

ligands that display pseudo-Hill coefficients of 0.5-0.8, indica-

tive of a multicomponent binding model (2, 17).

Competition of DM ligands for sites labeled with (+)-

[3HJ3-PPP. DM and DM ligands compete for sites labeled
with (+)-[‘H]3-PPP with K1 values for the high affinity binding

similar or identical to those displayed against [:tH]DM In
addition, their rank order of potency is identical to that dis-
played against [3H]DM and the Bma. for the high affinity (+)-

[:tH]3ppp binding is similar to that of 1.5 ± 10%CV (pmol/

mg of protein) found for [:tH]DM (12). These findings indicate

that [‘H]DM and (+)�[H]3�ppp bind to a common high

affinity site, from which they can be displaced by the same set
of ligands. In contrast, the DM and (+)-3-PPP low affinity

sites are different, as indicated by the disparity of the K, values

of the competing ligands.

The only competing ligand tested that had significantly

different K, values for (+)-[‘H]3-PPP and for [:tH]DM was

quinidine. Work in progress, simultaneously analyzing 14 sat-

uration, dilution, and competition experiments, indicates that

quinidine binds with low affinity to the “DM-(+)-3-PPP” com-
mon high affinity site and with much higher affinity to the DM

low affinity site (results not shown). This explains why quini-

dine competition is described better with a low affinity one-site
model against (+)�[tH]3�Ppp and with a high and low affinity

two-site model against [‘H]DM.

Allosteric enhancement of (+)-[3HJ3-PPP binding by
ropizine and phenytoin. The allosteric enhancement of the
binding of (+)-[3H]3-PPP produced by ropizine and phenytoin
illustrates one of the most striking similarities between the

binding of [:tH]DM and that of (#{247})[:tHl3ppp The effects
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produced by ropizine on (+)�[H]3�ppp binding are almost

identical to those produced on the binding of [‘H]DM, including

the inhibitory component produced at concentrations higher

than 10 �tM ropizine (12). We previously demonstrated that the

effects of phenytoin and ropizine on the binding of [“HJDM are

mediated by a decrease in its dissociation rate that results in a

3- to 4-fold increased binding affinity (6, 12). The magnitude

of this increase is comparable to the 2.7-fold increase in (+)-

[‘H}3-PPP binding affinity found in this investigation. Because

it is quite unlikely that both ropizine and phenytoin will pro-

duce identical allosteric effects at different DM and (+)-3-PPP

sites, these findings strongly support the idea that DM and a

ligands bind to at least one common site. The similarities of

some a and DM binding sites are described further in a previous

study (3) in which we demonstrated that a ligands bind to DM

sites with a rank order of potency similar to that for sites

labeledwith (+)-[‘H]3-PPP (2, 18) and (+)-[‘H]SKF1O,047 (4).

Parenthetically, the allosteric enhancement of [:tH]DM binding

Dextromethorphan and a Sites 3

TABLE 1

Equilibrium binding analysis of (+)-[3H]3-PPP; effects of ropizine
The binding of (+)-[3H]3-PPP was analyzed under control conditions and in the presence of 1 0 MM ropizine. Each experiment consisted of 1 5-1 8 independent samples
analyzed in triplicate. Combined files of three controls and two experiments in the presence of ropizine were analyzed simultaneously, to calculate the equilibrium binding
parameters for (+)-[3HJ3-PPP, with the LIGAND-PC program, and the statistically best fits are reported. The value of � was fixed to that obtained under control
conditions; particularly important, the 3-fold increase in affinity produced by ropizine was of identical magnitude when all the parameters were free floating. The nonspecific
binding is expressed as the ratio of nonspecifically bound/free ligand (NB/F). The percentage coefficient of variation is indicated in parenthesis under each value. K,,, and
K,,�,, are the K,, values for the high and low affinity sites.

Condition !(�� K,,� B,�, B� Nonspectflcbtnd’ng

flM �zM pmo!/mg of protein

Control 25.4 0.93 1 .22 2.1 1 0.0037
(16) (141) (17) (83)

Ropizine, 10 �aM 9.5 1 .26 1 .22 2.12 0.0037
(8) (88) (26)

TABLE 2
Effect of DM site ligands and other drugs on the binding of (+)-[3H]3-PPP to guinea pig brain homogenate: comparison with the potencies
of the same drugs against [3H]DM binding
combined files of different experiments with the same drug were analyzed simultaneously. The equilibrium binding parameters for (+)-[3H]3-PPP were input into the
LIGAND-PC program to calculate the K, values of the drugs tested. The statistically best fits are reported; for one-site models, only one K, value is shown. Each
experiment included 1 6-1 8 samples in triplicate, and the number of experiments is indicated under n. %CV, percentage coefficient of variation.

Drug
(+)-[3H]3-PPP I3HIDM’

n K,, %CV Ka %CV K,, %CV K� %�I

OM �zM NM �iM

(+)-3-PPP 3 25 16 0.93 141 2” 27 58 3.0 94
DM 2 37 46 0.78 83 9 57 17 24.0 522
(+)-SKF1 0,047 2 40 29 0.9 1 16 2” 44 70 3.3 51
Caramiphen 2 9.4 15 2 9.5 43 0.7 194
Carbetapentane 2 1 1 .0 7 2 1 1 .3 23
Opipramol 2 0.92 12 4 0.41 107 0.16 49
Cinnanzine 2 28.9 8 3 22.0 64 0.40 45
Quinidine 5 20,050 8 3 1 090 48 225 36

8 The K, valuesagainst [3HIDM arefrom Klein and Musacchio.
a Data from Klein et a!. (3).

- Log [Drug] (M)

Fig. 1. Effect of(+)-SKF1O,047 and carbetapentane on
(+)-[3H]3-PPP binding. Guinea pig brain homogenate
was incubated with 3 nM (+)-[3H]3-PPP, as described
in Methods, in the presence of increasing concentra-
tions of(+)-SKF1 0,047 or carbetapentane, as indicated
on the abscissa. The results illustrated are those of one
experiment replicated once; the K, values for both ex-
periments are shown in Table 1 . The filled symbols

correspond to the actual experimental points, which
were determined in triplicate. The continuous lines are
the LIGAND fits. Ordinate, ratio of bound over total (+)-

[3H]3-PPP.
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produced by ropizine cannot be demonstrated either in the rat

or in the mouse at pH 7.4.’

Pharmacological effects of a drugs. The behavioral and
pharmacological effects produced by a ligands are quite differ-

ent from those produced by DM. Sigma “agonists” such as

SKF1O,047, cyclazocine, and pentazocine produce delirium in

dogs and dysphoria and hallucinations in humans (19). These

behavioral manifestations are comparable to the psychotomi-

metic effects produced by PCP in humans (20). Even though

the behavioral effects of a agonists and PCP are similar, the

PcP and a sites are distinct, as shown by the different ligand

selectivity and the distribution in different brain regions (4, 5).

The a “receptors” are postulated to mediate the psychotomi-

metic effects induced by various compounds (21). However, the

binding site responsible for the psychotomimetic effects of

PCP/a drugs has not been unequivocally identified (20), but

the available evidence suggests that they are mediated by the

PCP site (22). In addition, the psychotomimetic a ligands,

haloperidol, and several antipsychotic agents bind with nano-

molar affinity to the sites labeled with (+)-[‘H]SKF1O,047 (4)

or (+)-[‘H]3-PPP (2). Haloperidol and the antipsychotic agents

are thought to act as “antagonists” at these sites (21), but there

is no conclusive evidence that this is the case. We have previ-

ously reported that several antipsychotic and antidepressant

agents compete with high affinity against [‘H]DM binding (6).

The finding that the binding of (+)-3-PPP is increased by

phenytoin and ropizine in the same fashion as that of DM

indicates that (+)-3-PPP and DM bind preferentially to the

same conformation of the binding site. Likewise, this implies

that DM and (+)-3-PPP produce a similar conformational
change. Therefore, both ligands should elicit the same phar-

macological effects through this common site. We do not know

whether DM and (+)-3-PPP are agonists, antagonists, or chan-

nel-blocking agents, but the effects of quinidine, potassium,

and other ions suggest that these high affinity binding sites

may be associated with ion channels.

Pharmacological effects of DM ligands. In contrast to

the a “agonists,” the antitussives DM, carbetapentane, and

caramiphen are widely used and do not produce psychotomi-

4

Fig. 2. Effects of ropizine and phenytoin on the specific
binding of (+)-[3H]3-PPP. Guinea pig brain homogenates

were incubated with 3 n� (+)-[3H]3-PPP (filled symbols
with continuous line) in the presence of increasing con-

centrations of ropizine (#{149})or phenytoin (A) as indicated
on the abscissa. The nonspecific binding was determined
in the presence of 1 0 �tM (+)-3-PPP. The results of the

effects of ropizine are the average of two experiments
and those of phenytoin of one experiment replicated once
(without the 0.2 m� point). The effects of ropizine (0) and
phenytoin (Lx) on the binding of [3H}DM (open symbols
with dashed line) from previous publications (12, 24) are

included for comparison. The percent increase in (+)-[3H]

3-PPP or [3H]DM specific binding is indicated on the

ordinate.

metic effects in humans. We have previously suggested that

DM, caramiphen, and carbetapentane exert their anticonvul-

sant and antitussive effects by binding to the high affinity DM

sites (6). The ability ofthe anticonvulsant drugs phenytoin and

ropizine to increase the binding of [‘H]DM indicates that they

induce a conformational change that is similar to that produced

by DM. This implies that the DM binding sites are located in

a macromolecule or macromolecular aggregate with several

interacting sites (23). It is not known whether the allosteric

interactions of phenytoin and DM are related to the potentia-

tion of their anticonvulsant activity (9).

Conclusion. The similarities of the affinities of DM ligands

for sites labeled with [‘H]DM and (+)�[tH]3�ppp and the

striking analogy of the effects of the allosteric modifiers ropi-

zine and phenytoin on [‘H]DM and (+)-[‘H]3-PPP binding

strongly suggest that DM and (+)-3-PPP bind to at least one

common site. This is supported by our previous findings that a

ligands inhibit [:�H]DM binding with a rank order of potency

similar to that for sites labeled with (+)-[‘H]3-PPP or

SKF1O,047 (3). These considerations suggest that the nonpsy-

chotomimetic effects of a ligands may be mediated through the

high affinity DM sites. If this hypothesis is correct, the a ligands

with high affinity for the DM sites should have anticonvulsant

and antitussive activity similar to that of DM, caramiphen, and

carbetapentane.
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