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SUMMARY
Numerous studies have now demonstrated that a binding site

for the psychotomimetic drug phencyclidine (PCP) exists within
the receptor channel complex for the excitatory amino acid
neurotransmitter glutamate, specifically the glutamate receptor

selectively activated by N-methyl-o-aspartate (NMDA). Several
lines of evidence support the hypothesis that all PCP receptors

in rat brain are associated with the NMDA receptor complex. In
the present study, we reexamine this hypothesis. We report that

the PCP analog [3H]1 -[1 -(2-thienyl)cyclohexyl]piperidine ([3H]
TCP)labels two high affinity binding sites in membranes prepared
from guinea pig brain site 1 (Kd = 14.1 nM, Bmax 631 fmol/mg
of protein) and site 2 (Kd = 46.5 nM, Bma,, 829 fmol/mg of
protein). (+)-5-Methyl-1 0 1 1-dihydro-5H-dibenzo[a,d]cyclohep-
ten-5,1 0-imine maleate bound to site 1 with high affinity (K, = 3.2
nM) and to site 2 with low affinity (K, = 5208 nM). The order of
potency of drugs for inhibiting [3H]TCP binding to site 1 corre-

lated with their ED50 values for inhibition of NMDA-mediated
responses reported in the literature, whereas the order of po-
tency of drugs for inhibiting [3H]TCP binding to site 2 correlated
with their ED50 values for inhibition of [3H}dopamine reuptake
reported in the literature. Kinetic experiments demonstrated that
glutamate, 2-amino-7-phosphonoheptanoic acid, and Mg2� mod-
ulated [3H]TCP binding to site 1 but not site 2. Preincubation of
guinea pig striatal membranes with varying concentrations of
the high affinity dopamine reuptake inhibitors N-[1 -(2-
benzo(b)thiophenyl)cyclohexyl]piperidine and 1 -[2-[bis(4-fluoro-
phenyl)methoxy]ethyl]-4-[3-phenylpropyl]piperazine caused a
wash-resistant inhibition of [3H}TCP binding to site 2 but not site
1 . Taken collectively, these data demonstrate the existence of a
high affinity PCP binding site associated with the dopamine
reuptake carrier and raise the possibility that the therapeutic and

psychotomimetic effects of PCP in humans are separable and
mediated via different binding sites.

PCP is an arylcyclohexylamine originally developed in 1958

as a dissociative anesthetic (1). However, when it became

apparent that PCP produced a variety of dysphoric and psy-

chotic effects (2, 3), its use as a therapeutic agent in humans

ceased. Subsequently, starting in 1965 and continuing to the

present time, the use of PCP as a recreational drug of abuse

has become a public health problem of national proportions

(4).

Specific PCP binding sites for [‘H]PCP were identified in

1979 in rat brain (5, 6). The potency with which many analogs

of PCP displace [‘H]PCP or its analog [:tH]TCP from PCP

binding site(s) is highly correlated with their potencies in

behavioral, drug discrimination, and in vitro functional assay

systems (7-9), strengthening the hypothesis that the PCP

binding site assayed in vitro might function as a receptor in

vivo. The PCP-like drugs that produce psychotic and dysphoric

effects in humans, as well as at least one of the enantiomers of

the psychotomimetic opioids cyclazocine, pentazocine, and

SKF1O,047 (6, 10), have been found to interact with both PCP

binding sites and with dopaminergic systems (11), the latter

being a neuronal system implicated in the pathogenesis of

schizophrenia (12). These data support the hypothesis that the

PCP receptor system might be involved in the pathogenesis of

certain mental illnesses and, therefore, that PCP-induced psy-

chosis might be a relevant model for the study of these diseases

(13, 14).

The seminal finding that PCP and the related dissociative

anesthetic ketamine acted as noncompetitive antagonists of the

excitatory amino acid neurotransmitter glutamate ( 15) led to a

series of investigations that demonstrated that the PCP recep-
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tor and the glutamate receptor subtype selectively activated by

NMDA (NMDA receptor) coexist in a receptor/ionophore com-

plex. Of the key observations supporting this hypothesis, the

two most relevant to the present study are that agonists and

competitive antagonists of the NMDA receptor modulate the

Pep binding site in vitro (16, 17) and that high affinity PCP

receptor ligands act as potent noncompetitive antagonists of

the NMDA receptor (18).

PCP interacts with several central nervous system receptors/

macromolecules. These include the potassium channel (19), the

DA reuptake carrier (20), the haloperidol-sensitive a receptor

(21), the nicotinic receptor (22), and the NMDA receptor (15,

18). Several lines of evidence support the hypothesis that the

NMDA receptor may be the most pharmacologically relevant

of these putative PCP receptors: 1) PCP inhibits NMDA-

mediated effects at nanomolar concentrations in vitro (23, 24);

2) most ligand binding studies detect only a single class of high

affinity PCP binding sites, which have an anatomical distri-

bution almost identical to that of the NMDA receptor (25); 3)

(+)-MK8O1, which is almost inactive as an inhibitor of DA

reuptake (26), produces many of the same behavioral effects as

PCP (27, 28) and has a high affinity for PCP binding sites (29);

4) NMDA receptor agonists and antagonists modulate [3H]

TCP binding (16, 17); and 5) animals trained to discriminate

PCP from saline generalize to (+)-MK8O1 and other noncom-

petitive NMDA antagonists (30, 31).

Nevertheless, other data suggest that all pharmacologically

relevant PCP receptors might not be coupled to the NMDA

receptor. For example, animals trained to discriminate PCP

from saline generalize partially, or not at all, to competitive

NMDA antagonists (32, 33). Furthermore, although competi-

tive NMDA antagonists and (+)-MK8O1 produce many of the

same behavioral effects in rats as does PCP, the precise rela-

tionship between behavioral measures such as catalepsy and

ataxia to psychotomimesis remains to be defined. Moreover,

relatively low doses of PCP increase extracellular levels of DA,

as measured by in vivo microdialysis (34), whereas (+)-MK8O1

has no effect.’ More importantly, in one study, at doses suffi-

cient to control seizures, (+)-MK8O1 was not reported to be

psychotomimetic (35), supporting the hypothesis that the abil-

ity of PCP to elevate extracellular levels of DA might be critical

to its psychotomimetic properties.

The observation that benzomorphan opiates and (+)-MK8O1

bind potently to the PCP binding site yet are almost inactive

as inhibitors of DA reuptake (24, 26) is evidence that the high

affinity PCP binding site commonly labeled in rat brain is

associated with the NMDA receptor and is not associated with

the DA reuptake carrier. However, the good correlation between

the affinity of arylcycloalkylamines for the high affinity PCP

binding site and their ED50 values for inhibition of DA reuptake

(20, 23), led us to examine the hypothesis that ligand binding

studies should detect two high affinity PCP binding sites, the

PCP receptor of the NMDA/ionophore receptor complex (site

1) and a high affinity PCP receptor associated with the DA

reuptake carrier (site 2).

To test this hypothesis, we formulated the following predic-

tions: 1) quantitative analysis of the interaction of (+)-MK8O1

and PCP with [3H]TCP binding should resolve two high affinity

binding sites, with (+)-MK8O1 being highly selective for site 1

and PCP being nonselective between the two sites; 2) NMDA

receptor agonists and antagonists should modulate site 1, but

not site 2; 3) preincubation of membranes with high affinity

DA reuptake inhibitors should produce a wash-resistant inhi-

bition of [3H]TCP binding to site 2 but not site 1; and 4) the

affinity of drugs for site 2 should correlate with their ability to

inhibit the reuptake of DA.

Materials and Methods

Preparation of membranes. Because our initial binding studies

with guinea pig brain membranes readily resolved two high affinity

binding sites (36), the present study was conducted using membranes

prepared from guinea pig brain. Large batches of frozen membranes
were prepared with minor modifications of published procedures (16).
Twenty to 30 frozen guinea pig brains with cerebellum were homoge-

nized with a Polytron in ice-cold 5 mM Tris . HC1, pH 8.2 (buffer, 10

ml/brain). The homogenate was centrifuged at 37,000 x g for 10 mm,
and the pellet was washed by resuspension in the same volume of
buffer followed by recentrifugation. The pellets were resuspended with

buffer (10 mi/brain) and incubated for 15 mm at 0’. The buffer

concentration was adjusted to 50 mM by the addition of 1 M Tris . HC1,

pH 8.2, and the homogenate was centrifuged for 10 mm at 15,000 x g.
The pellets were then washed three times by centrifugation using 50

mM Tris . HC1, pH 8.2. The final pellets were resuspended in buffer
(0.75 ml/brain) and pooled together, and 1-ml aliquots were distributed
to microfuge tubes, which were stored at -70’ for assay.

Binding assays. [3H]TCP binding assays proceeded according to
published protocols (37). Briefly, incubations proceeded, in a final
volume of 1 ml, for 3 to 4 hr at 0’ in 5 mM Tris . HC1, pH 8.2, containing

about 1 mg of membrane protein, 10 MM EDTA, 10 MM EGTA, and 2.5

Mg of the protease inhibitors chymostatin and leupeptin. Nonspecific

binding was determined using 1 MM TCP. Incubations were terminated

by filtration using a Brandell cell harvester. Whatman GF/B filters

were presoaked in buffer containing 2% polyethylenimine. Each point
was the mean of triplicate determinations, which differed by less than
10%. Time course experiments showed that equilibrium was achieved

by 120 mm at 0’ in the absence or presence of either glutamate (100

MM) or AP7 (100 MM) and that these agents had no effect on binding at
equilibrium. Protein was determined using the method of Lowry et a!.

(38).

Kinetic experiments. [3H]TCP (5 nM) was incubated with mem-

branes at 0’ for 2 hr in the absence of drug (condition 1), in the
presence of 1 MM (+)-MK8O1 (condition 2), or in the presence of 1 MM

TCP (condition 3). The incubation was terminated by centrifugation

of the membrane suspensions at 27,000 x g for 15 mm. To initiate

dissociation, the pellets were resuspended in the same volume of ice-

cold 5 mM Tris . HC1, pH 8.2 buffer. The dissociation of [3H]TCP was
then monitored, as described for the [3H]TCP assay, at 15-mm intervals
from 0 to 180 mm. Because the time interval between resuspension of

the pellets and filtration of the time 0 samples could not be precisely

controlled for, a variable amount of ligand could have dissociated

between the separate steps of centrifugation, resuspension, and filtra-

tion. Therefore, test drugs (Mg�, AP7, or glutamate) were added at

the 30-mm time point. (Note that the dissociation was not initiated by

the addition of TCP.) The 15-mm time point, therefore, occurred 15

mm after the addition of agent or 45 mm into the dissociation experi-

ment. The percentage of control was calculated using the 30-mm point

as 100%. The 30-mm time point (89.9 ± 4.7% of control) was barely

different from control; thus, very little imprecision was introduced,

because the dissociation was very slow. If the dissociation had been
faster, then we would have run the risk of not observing a fast-

dissociating component, but this was not the case (see Fig. 3). In other

experiments, the resuspended membranes were added to test tubes
prefilled with various agents. A time 0 point was determined by im-
mediate filtration, whereas all other samples, including a condition

without agents, were filtered 2.5 hr after the addition. The binding of
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Best-fit parameter estimates of the two-site binding model
The TCP and (+)-MK8O1 binding surfaces depicted in Fig. 1 were fit to the two-
site binding model for the best-fit parameter estimates (± standard error). As
described in the legend to Fig. 1 , the B,� and K,, values of TCP and (+)-MK8O1
were fixed to these values and the binding surfaces of the other drugs fit to the
two-sfte binding model for the best-fit K, values. These parameter vthies generated
the lines in Fig. 1 , visually illustrating the goodness-of-fit. Selectivity = K,, for site
2/K,, for site 1.

Sitel Site2 Selectivity

B,,,..�(fmol/mg of protein) 631 ± 10 829 ± 24
TCP, K,, (riM) 14.1 ± 0.2 46.5 ± 1 .3 3.3
(+)-MK8O1 , K, (nM) 3.22 ± 0.06 5208 ± 342 1617
Etoxadrol, K, (nM) 21 .5 ± 1 .6 708 ± 77 32.9
PCP,K,(nM) 58.3±5.0 103±14.7 1.9
(-)-Cyclazocine, K, (nM) 99.7 ± 6.9 1990 ± 198 20.0
(+)-SKF1O,047,K,(nM) 180±12 1816±190 10.0
BTCP, K, (nM) >1 0� 1083 ± 167 <0.001

twice by centrifugation in ice-cold 50 mM Tris . HC1, pH 8.2. The final

pellets were resuspended in 5 mM Tris . HC1, pH 8.2, for assay with 5

nM [3HJTCP in the absence or presence of 1 MM (+)-MK8O1.

Experimental design and analysis of equilibrium binding

studies. These experiments were designed according to the method of

binding surface analysis, which has been described in detail elsewhere

(39, 40). Binding surfaces were generated by displacing two concentra-

tions of [3H]TCP (1 and 5 nM), each by eight concentrations of the

test drug. Each displacement curve included determinations of total

and nonspecific binding, yielding 10 data points (total, nonspecific,

eight drug concentrations). The nonspecific binding was subtracted

from each data point to yield the specific binding occurring in the

absence and presence of test drugs. The specific binding in the presence

of test drug was divided by the specific binding in the absence of test

drug to yield a fraction of control. The data were pooled and fit to one-

and two- site binding models. The two-site binding model is shown

G1S(L,LLI,J,K) =

+ (1)

(2)

[3H]TCP to sites 1 and 2 were calculated as follows: site 1 = condition

1 - condition 2, and site 2 = condition 2 - condition 3. Data were fit

(using MLAB) to a two-component dissociation model: B/B0 = A, x

e_��1t + A2 x e”2t, where B0 is the binding observed at time 0, A, and
A2 are the percentage of specific binding bound to the two components,
and K, and K2 are the respective rate constants in units of min’.

Experiments using DA reuptake blockers. Guinea pig caudate
membranes were prepared as described in Preparation of Membranes.

Membranes were incubated for 60 mm at 0’, in the absence (control)
or presence of the indicated concentrations of GBR12909 or BTCP, in
55.2 mM sodium phosphate buffer, pH 7.4. The incubation was termi-

nated by centrifugation (12,352 x g), and the membranes were washed The corresponding equations used to weight the points are (40):

B.
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Fig. 1. Characterization of E3HITCP binding sites.
TCP and (+)-MK8O1 binding surfaces. A, Displace-
ment of 1 .05 nr�i (-) and 5.35 nii (- - -) [3H]
TCP by eight concentrations ofTCP in the absence
(0) and presence (0) of 1 MM (+)-MK801 . B, Dis-
placement of 1 .05 n� (-) and 5.35 n�
(- - -) [3H]TCP by eight concentrations of (+)-
MK8O1 . The specific binding at 1 .05 and 5.35 n�
[3HJTCP was 85.8 and 349 fmol/mg of protein,
respectively. Each point is the mean of three ox-
periments, which differed by less than 10%. The
entire set of data (54 points) were fit to a one-site
binding model. The sum-of-squares was 1 .00. Fit-
ting the data to a two-site binding model resulted
in a highly significant (F test; p < 0.001) reduction
in the sum of squares to 0.069. The best-fit param-
eter estimates, reported in Table 1 , generated the
lines shown in the figure, illustrating the goodness
of fit. (+)-SKF1O.047 and BTCP binding surfaces.
C, Displacement of 0.91 n�i (-) and 4.64 n� (-
- -) [3H]TCP by concentrations of (+)-SKF1 0,047
in the absence (0) and presence (0) of 500 n�.i (+)-

MK8O1 . Each point is the mean of two experi-
ments, which differed by less than 10%. The B�
and Kd values of TCP and (+)-MK8O1 were fixed
to the values obtained from the data of A and B
and the entire set of data (36 points) were fit to a
one-site model (sum of squares = 0.133). Fitting
the data to a two-site model resulted in a highly
significant decrease in the sum of squares to 0.021

(p < 0.001 , F test). The best-fit parameter values
of the two-site model are reported in Table 1 and

generated the lines in the figure. Similar expen-
ments were conducted with PCP, (-)-cyclazocine,
and etoxadrol. D, Displacement of 0.94 n�.i (-)
and 4.29 nM (- - -) [3H]TCP by concentrations of
BTCP in the absence (0) and presence (0) of 500
nM (+)-MK8O1 . The data were fit to a two-site
model as described for C and the results are re-
ported in Table 1.

TABLE 1

below:

(B1 x L)

L+KDx( LL I J �
KD, K,, K.,, KK//

(B2 X L)

LL I J K”\
(L+KD2X (� �

G1S(L,LL,I,J,K)
GD1(L,LL,I,J,K) = G1S(L,0,0,0,0)
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Fig. 2. Effect of agents on dissociation of [3H]TCP. [3H]TCP (5 nM) was incubated with membranes at 0#{176}for 2 hr in the absence of drug (condition
1), in the presence of 1 MM (+)-MK8O1 (condition 2), and in the presence of 1 MM TCP (condition 3). The incubation was terminated by centrifugation
at 27,000 x g for 1 5 mm. To initiate dissociation, the pellets were resuspended in the same volume of ice-cold 5 m� Tris - HCI, pH 8.2, buffer. One-
milliliter aliquots were distributed to test tubes prefilled with various agents (all at a final concentration of 100 MM). Control conditions received no
agents. A time 0 point was filtered immediately. All other points were filtered 2.5 hr after the addition of membranes. Each value is the mean ±
standard deviation of three determinations and are expressed as a percentage of the time 0 point. *p < 0.01 when compared with the time 0 point.

t p < 0.01 when compared with the 2.5 hr control. The entire experiment was repeated with similar results (analysis of variance).

1

Results

Equilibrium binding studies. Fig. 1 shows the TCP and
(+)-MK8O1 binding surfaces. Fig. 1A depicts the displacement

0

“a

I-.
IL.
0

Lu
C.)

LU
a.

0
z
0
z

C.)
U.
C)
LU
a.
Cl)

G1SW(L,LL,I,J,K)

I

0.�

-J
0 -J
� 0
�-
z
0 Z
C.)

1

= (0.0001 x G1S(L,LL,I,J,K) x G1S(L,LL,I,,J,K))

GD1W(LLLIJK) =

(0.0001 + 0.0003 x GD1(L,LL,I,,J,K))

In these equations, L refers to the concentration of radiolabeled ligand,

[3HJTCP, LL to the concentration of nonradioactive ligand, TCP, I to

inhibitor 1 ((+)-MK8O1), J to inhibitor 2, and K to inhibitor 3. KD,,

K,,, K.,,, and KK, are the equilibrium dissociation constants for L, I, J,

and K for site 1. K1)2, K,2, Ks,, and KK9 are the equilibrium dissociation

constants for L, I, J, and K for site 2. Eq. 1 is a standard two-site

competitive binding model, except that L and LL are constrained to

have the same dissociation constant. Eq. 2 computes a “fraction of

control” by dividing the binding observed in the presence of drugs by

the binding in the presence of L alone.

To illustrate the application of these equations to the experimental

design used in this study, consider the displacement of two concentra-

tions of L, each by eight concentrations of LL. This surface requires

two measurements of total binding, two measurements of nonspecific

binding, and measurements of binding in the presence of the 16

different concentrations of LL. These data generate two displacement

curves, each associated with a level of specific binding and eight

displacement points. The two specific binding points are fit using Eq.

1 and weighted using Eq. 1 ‘ , whereas the displacement curves are fit

using Eq. 2 and weighted using Eq. 2’. Both data sets (18 data points)

are fit simultaneously, after the specific binding points are divided by

a scale factor (equal to the estimated Bma,) 50 that their units range

(2’) between 0 and 1, the same as the displacement curve points. The
computer language MLAB (41) was used to fit the data. This program

uses a weighted nonlinear least squares algorithm to minimize the sum

of squares. Statistical differences between binding models were tested

using the F test (39). Statistical differences among experimental groups

were tested using Student’s t test.

Chemicals. [‘H]TCP (specific activity, 42.2 Ci/mmol) was pur-

chased from New England Nuclear. (+)-MK8O1 (42) and etoxadrol (43)

were synthesized in Dr. Rice’s laboratory. (+)-SKF1O,047 and (-)-
cyclazocine were supplied by Dr. Jacobson. Chymostatin and leupeptin

were obtained from Cambridge Research Biochemicals. Other reagents

were supplied by Sigma Chemical Company. GBR12909, glutamate,

and AP7 were purchased from Research Biochemicals Incorporated.

BTCP was generously provided by Dr. James Woods at the Department
of Pharmacology, University of Michigan Medical School (Ann Arbor,

MI).
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Fig. 3. Dissociation of [3HJTCP from PCP site 1 and PCP site 2. Dissociation time courses were generated to examine the ability of agents (100 MM)
to alter [3H]TCP dissociation rates, as described in Materials and Methods. Each point is the mean of three independent experiments, which differed
by less than 10%. A. Dissociation of [3H]TCP from site 1 . The dissociation of [3H]TCP from site 1 was calculated as described in Materials and
Methods. The data of the control (0), Mg2� (Lx), Mg2�/AP7 (0), and Mg24/AP7/glutamate (+) curves were not adequately described by a one-
component dissociation model, so they were fit to a two-component dissociation model described in Materials and Methods. The best-fit parameter
estimates reported in Table 2 were used to generate the lines in the figure. B. Dissociation of [3HJTCP from site 2. The dissociation of [3H]TCP
from site 2 was calculated as described in Materials and Methods. The data of this condition were fit to a one-component dissociation model, with
a resulting rate constant of 0.00033 ± 0.000054 min’. This parameter was used to draw the line in the figure.

TABLE 2
Effect of NMDA receptor modulators on PCP site I
The data in Fig. 3A were fit to a two-component dissociation model for the best-fit parameter estimates reported below. Each value is ± standard deviation (three
experiments).

A, A, K, K2

mm

Control 10.2 ± 2.0 89.8 ± 1.8 0.052 ± 0.020 0.0012 ± 0.00015
Mg2� 45.5 ± 1.6a 54.4 ± 1.2� 0.103 ± 0.010� 0.00060 ± 0.00022a
Mg2�/AP7 10.2 ± 1.4 89.8 ± 1.0 0.13 ± 0.063e 0.00052 ± 0.00012
Mg2�/AP7/glutamate 59.6 ± 1 .6�’ 40.3 ± 1 .1 a.b 0.19 ± 0.030� 0.00094 ± 0.00028�

a � < 00� when compared with control.
a � < � when compared with Mg2�.

of two concentrations of [‘H]TCP by TCP, in the absence and

presence of 1 �M (+)-MK8O1, thereby providing saturation

binding information. Fig. lB shows the (+)-MK8O1 binding

surface. The concentration of (+)-MK8O1 used in Fig. 1A (1

MM) was chosen to “block” the binding of [‘HJTCP to the (+)-

MK8O1-sensitive binding site, permitting more direct measure-

ment of the (+)-MK8O1-insensitive binding site. Fitting the

entire set of data (Fig. 1, A and B, 54 data points) to a one-site

binding model resulted in a poor fit with a sum of squares of

1.00. Fitting the data to a two-site binding model resulted in a

highly significant reduction in the sum of squares to 0.069 (F

test; p < 0.001). The inhibitory dissociation constants of (-)-

cyclazocine, PCP, and etoxadrol for the two binding sites were

determined as described in Fig. 1, C and D.

The best-fit estimates of the K,, values of these drugs for the

two binding sites, present at densities ofG3l fmol/mg of protein

(site 1) and 829 fmol/mg of protein (site 2), are reported in

Table 1. PCP and its analog TCP bound with high affinity to

both sites and were only slightly selective between them. In

contrast, (+)-SKF1O,047, (-)-cyclazocine, etoxadrol, and (+)-

MK8O1 showed increasing degrees of selectivity for site 1. (+)-

MK8O1 was about 1600-fold selective for site 1. BTCP, an

analog of PCP that has a low affinity for rat brain PCP

receptors, is a highly potent inhibitor of DA reuptake, (44) with

a behavioral profile similar to that of cocaine (45). This agent

had a K, greater than 1 mM for site 1 and about 1 MM for site

2, making it about 1000-fold selective for site 2. Cocaine (10

MM) also inhibited [:1HITCp binding to site 2 by 31%, without
inhibiting binding to site 1 (data not shown).

Kinetic studies. The second prediction of the working hy-

pothesis addressed by this study is that the (+)-MK8O1-sensi-

tive binding site (site 1) is coupled to the NMDA receptor,

whereas the (+)-MK8O1-insensitive binding site (site 2) is not.

To assess coupling to the NMDA receptor, we conducted kinetic

studies to examine the ability ofglutamate (100 MM), an NMDA

receptor agonist, AP7 (100 SM), a competitive NMDA receptor

antagonist, and Mg2� (100 MM), a noncompetitive NMDA re-

ceptor antagonist (18), to modulat� the dissociation of [‘H]

TCP from site 1 and site 2.

Membranes were incubated for 2 hr at OC with 5 nM [:IH]

TCP in three conditions: 1) total binding, 2) (+)-MK8O1

blocked (1 MM (+)-MK8O1), and 3) nonspecific binding (1 MM

TCP). The incubation was terminated by centrifugation and

the membranes of each condition were separately resuspended

with ice-cold buffer. This design permitted the separate meas-

urement of dissociation from site 1 (condition 1 - condition 2)

and site 2 (condition 2 - condition 3). In the first set of

experiments (Fig. 2), the homogenates (1-ml aliquots) were
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Fig. 5. Correlation of the K, of agents for the (+)-

MK8O1 -insensitive binding site (site 2) with their
ability to inhibit reuptake of [3HJDA in striatal syn-
aptosomes (23, 24).

6000

determine their effect on the dissociation of [3HJTCP from site

1 and site 2.

The dissociation of [‘H]TCP from site 1 and site 2 proceeded

very slowly (Figs. 2 and 3). The experiment reported in Fig. 2

examined the ability of various agents to alter the rate at which

[3H]TCP dissociated from sites 1 and 2. The level of [3H]TCP

Site 2 (Kd, nM)

either immediately filtered after resuspension (time 0) or added

to test tubes prefilled with various agents and then filtered at

2.5 hr. In the second set of experiments (Fig. 3), the homoge-

nates (1-ml aliquots) were filtered either immediately after

resuspension (time 0) or at 15-mm intervals thereafter. At the

30-mm point, agents were added to the homogenates so as to

892 Rothman eta!.

Fig. 4. Wash-resistant inhibition of [3H]TCP
binding to PCP site 2. Guinea pig caudate
membranes were incubated for 60 mm at
00 in 55.2 mM sodium phosphate buffer,

0 GBR12909 pH 7.4, in the absence (control) and pres-U sic� ence of the indicated concentrations of
BTCP or GBR1 2909. The membranes were
washed by centnfugation and [3H]TCP
binding sites were assayed as described in
Materials and Methods. Neither drug had
any significant effect on PCP site 1 , except
10,000 nM BTCP, which inhibited [3HJTCP
binding to this site by 20%. 5p < 0.01 when
compared with control (Students t test).
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binding to site 1 at the 2.5-hr time point was about 75% of

control. In contrast, the level of [3H]TCP binding to site 2 was

not significantly different from that at time 0. No agent or

combination of agents altered the dissociation of [3H]TCP from

site 2. Mg’� (100 zM) markedly increased the dissociation of

[3H]TCP from site 1. AP7 (100 �M) slightly slowed and L-

glutamate (100 �zM) slightly increased the dissociation of [�,H]

TCP from site 1. This effect was much more pronounced in the

presence of Mgi�. Thus, AP7 reversed the effect of � and

L-glutamate reversed this effect of AP7. D-Glutamate (100 zM)

had no effect when added alone but did partially reverse the

Mg�� dependent effect of AP7.

The experiments reported in Fig. 3 examined these observa-

tions in greater detail. Analysis of the dissociation data of site

1 (Fig. 3A) according to a two-component dissociation model

(Table 2) resolved fast and slow components. Mgi� doubled the

fast rate constant (K,), halved the slow rate constant (K2), and

increased the proportion of the fast component from 10.2% to

45.5%. The major effects of AP7 and glutamate were on the

proportion of fast and slow dissociating components. The dis-

sociation of [3H]TCP from site 2 was very slow and was fit to

a one-component dissociation model (see the legend to Fig. 3).

Experiments using DA reuptake blockers. To test the

third prediction of the working hypothesis, membranes were

preincubated with varying concentrations of the highly potent

DA reuptake inhibitors BTCP and GBR12909 (46). As reported

in Fig. 4, both drugs produced a selective, dose-dependent, and

wash-resistant inhibition of [3HITCP binding to site 2. There

was no effect on site 1, except for 10 MM BTCP, which caused

a 20% wash-resistant inhibition.

Discussion

The working hypothesis addressed by this study, that only a

portion of high affinity PCP receptors are coupled to the

NMDA receptor, generated four predictions. The first, that

quantitative ligand binding studies should resolve two high

affinity binding sites, has been verified in this study.

Even though most laboratories, including our own (37), re-

port only a single class of PCP binding sites in rat brain, several

groups have observed two populations of PCP binding sites

(47-50). The high affinity binding site identified by others is

in all liklihood the same as PCP site 1. Although the present

study used guinea pig brain and differed methodologically in

several ways from other studies, one might hope to identify

common characteristics among the various “low affinity” bind-

ing sites. Such characteristics might include anatomical distri-

bution, ligand-selectivity pattern, and biochemical character-

istics of binding sites. Unfortunately, gaps in the available data

preclude a completely satisfactory comparison.

Mendelsohn et al. (47) reported a low affinity PCP binding

site in rat cortical membranes that had a K,, of 7 �zM and a Bma.

of 100 pmol/mg ofprotein. The binding parameters we observed

for PCP site 2 in the present study are markedly different

(Table 1). Moreover, it is possible that the low affinity site

observed by Mendelsohn et aL (47) represents binding of [‘H]

TCP to the haloperidol-sensitive � receptor (51). The high

affinity of PCP and TCP for sites 1 and 2 and the very low

affinity of haloperidol and 1,3,-di(2-tolyl)guanidine for either

site 1 or site 2 (>100 MM) in our study rule out the possibility

that site 2 is the � receptor (52).

Vignon et at. (48) reported in 1986 two [3H]TCP binding

sites. The higher affinity site (K,, = 5 to 10 nM) was enriched

in rat forebrain, including cerebral cortex, whereas the lower

affinity site (K,, 50-80 nM) was enriched in the hindbrain

and spinal cord. However, a subsequent study from the same

group (50) reported an additional low affinity (K,� about 400

nM) [3H]TCP binding site in rat cortex and cerebellum. They

termed the high affinity site the TCPA site, which is most likely

the same as PCP site 1. The TCP5 site, which is found mainly

in the cerebellum, is different from the low affinity site they

report in the cortex, because the K,, of the cortical low affinity

site is about 400 nM. It is possible that the TCP1, site corre-

sponds to PCP site 2. Given the selective occurrence of the

TCP5 site in the hind brain, one would expect the density of

the TCPA site to exceed that of the TCP5 site in whole brain

homogenates. Contrary to that expectation, the density of PCP

site 2 exceeds that of PCP site 1. However, their observation

that (+)-MK8O1 displaced [‘H]TCP in a biphasic manner (50)

is similar to our own and supports the hypothesis that their

low affinity (K,, about 400 nM) site in the cortex might corre-

spond to PCP site 2.

Haring et al. (49) also reported two PCP binding sites both

by direct binding and by nonlinear least squares analysis of

dexoxadrol displacement curves. Unlike the data of Chichepor-

tiche et al. (50), who observed high and low affinity binding

sites in rat cortex, Haring et a!. (49) observed no detectable low

affinity binding sites in rat cortex. Also, Haring et a!. (49) did

not examine the relative amounts of low and high affinity

binding sites in the caudate, which is enriched with the DA

reuptake complex. There are not sufficient ligand-selectivity

data to permit a detailed comparison of their data with the

data of the present study.

Itzhak (53, 54) has reported high and low affinity binding

sites labeled by [3H]3-OH-PCP, with K,, values of 0.45 and 18

nM and Bmax values of 85 and 670 fmol/mg of protein. (+)-

SKF1O,047 is reported to have an IC50 of 61 nM at the high

affinity site, which is calculated to be a K, of 24 nM. Low

affinity binding sites are labeled with 24 nM [‘H13-OH-PCP in

the presence of 100 nM (+)-SKF1O,047, permitting a relatively

selective assay of the low affinity site. The very low B,,,�, of the

high affinity site suggests that it is not the same as PCP site 1.

Furthermore, pentazocine is reported to have an IC�, of 90 nM

for the high affinity site, which is much lower than usually

observed for high affinity PCP binding sites (37). In addition,

cyclazocine and (+)-SKF1O,047 have a much lower affinity for

the low affinity [3H]3-OH-PCP binding site than for [‘H]TCP

binding sites (37).

Thus, although several groups have reported two classes of

PCP binding sites, there is at present insufficient data to permit

an unambiguous identification of PCP site 2 with these other

low affinity binding sites. In a general sense, it seems that the

TCPB site has characteristics most similar to PCP site 2.

Indeed, Chicheportiche et al. (50) postulated that the low affin-

ity (K�j 400 nM) site might in part include DA reuptake sites.

In this regard, it is interesting to note the high density of

PCP site 2 in membranes prepared from whole guinea pig

brain. In rats, the DA reuptake complex is highly localized to

the caudate. If this is true for guinea pig brain as well, this

would suggest that PCP site 2 might include binding sites other

than the DA transporter. Our data that selective blockers of

serotonin reuptake also cause a wash-resistant inhibition of
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2 Unpublished data.

PCP site 2 support this concept.2 Future studies will address

this hypothesis.

Our ability to detect two high affinity binding sites for [:IH]

TCP might reflect the quantitative methods used in this study.

Several drugs examined in this study are only slightly selective

for site 1. As described in detail by McGonigle et al. (56), the

mathematically based approach to the design and analysis of

ligand binding experiments used in this study (binding surface

analysis) is required to accurately determine the Kd values of

slightly selective drugs for two binding sites. Thus, it is likely,

using a membrane preparation that possesses site 1 and site 2

in equal amounts or site 2 in low amounts, that the existence

of two binding sites would not be detected unless the binding

surface approach were used. Alternatively, it is equally likely

that for reasons that remain enigmatic, although readily meas-

ured using guinea pig brain membranes, PCP site 2 is not

detectable using rat brain membranes.

A direct prediction of our findings is that administration of

PCP should produce effects (via PCP site 2) that are not

produced by drugs such as (+)-MK8O1 or etoxadrol that are

selective for site 1. Consistent with this, Pechnick et a!. (57,

58) demonstrated that, whereas administration of PCP to rats

causes a hypothermic response, dexoxadrol, which is also selec-

tive for site 1,2 produces a hyperthermic response. Moreover,

the effect of PCP was reversed by pretreatment of rats with

metaphit, which acylates the DA reuptake complex (59).

The kinetic data strongly support the second prediction of

the working hypothesis addressed by this study, that the (+)-

MK8O1-sensitive binding site is associated with the NMDA

excitatory amino acid receptor complex, because only site 1 was

modulated by AP7, Mg2�, and glutamate. These results, ob-

tamed using guinea pig membranes, differ somewhat from

results obtained using rat brain (16) and are the subject of

another paper. Nevertheless, the fact that AP7, Mg2�, and

glutamate failed to alter the dissociation of [‘H]TCP from site

2 supports the hypothesis that site 2 is not associated with the

NMDA receptor. Moreover, the two binding sites are probably

not two states of the NMDA-associated PCP receptor, because

PCP had similar Kd values at both sites and the addition of

Mg’� selectively accelerated the dissociation of [:IH]TCp from

site 1.

As reported in Table 1, BTCP binds selectively but weakly

to PCP site 2. Similar results were obtained for GBR12909.2 It

is well known that the binding of reuptake inhibitors to the

DA reuptake complex requires Na� (44) and that Na� inhibits

the binding of [:1H]TCp (60). The apparent low affinity inter-

action of TCP with the DA reuptake complex as labeled by

[:IH}BTCP and of BTCP with the reuptake complex as labeled

by [:IH]TCp may reflect differential effects of Na� on the

reuptake binding site; in the presence of Na�, the reuptake

binding site adopts a conformation that recognizes BTCP with

high affinity but TCP with very low affinity, but, in the absence

of Na�, the reuptake binding site adopts a conformation that

recognizes BTCP with low affinity and TCP with high affinity.

According to the hypothesis, preincubation of membranes

with high affinity DA reuptake blockers in the presence of Na�,

which favors their binding to the reuptake complex, i.e., NaCl,

should produce a wash-resistant inhibition of [:IH]TCp binding

to site 2, the assay of which must be conducted in the absence

of NaC1. Consistent with this hypothesis, both GBR12909 and

BTCP produced a dose-dependent wash-resistant inhibition of

PCP site 2 (Fig. 4). That is, while the reuptake complex is

occupied by the reuptake blocker by virtue of its slow rate of

dissociation, the binding of [‘H]TCP to PCP site 2 is also

inhibited. Also consistent with this hypothesis is the observa-

tion that the PCP affinity ligand metaphit (61) irreversibly

inhibits the binding of [:IH]GBR12935 to the DA reuptake

complex (59). These data support the hypothesis that PCP site

2 is a component of the DA reuptake complex.

The third prediction of the working hypothesis derives cx-

perimental support from data published in the literature. Snell

and Johnson (23, 24) have shown that the PCP receptor which

inhibits the NMDA-stimulated release of [3H]acetylcholine

from striatal slices and that which mediates inhibition of the

reuptake of [:�H]DA by striatal synaptosomes exhibit different

structure-activity relationships. In particular, PCP, etoxadrol,

(+)-SKF1O.047, and (-)-cyclazocine all potently inhibited the

NMDA-stimulated release of [‘H]acetylcholine, whereas etox-

adrol, (+)-SKF1O,047, (-)-cyclazocine, and (+)-MK8O1 were

much less potent than PCP in inhibiting the reuptake of [‘H]

DA. The structure-activity profiles for the PCP receptor ligands

observed in these bioassays closely parallel those observed in

our binding assay. The excellent correlation between the K,,
values of these drugs for site 2 and their ED5,, values for

inhibiting DA reuptake is reported in Fig. 5. BTCP was cx-

cluded from the correlation graph because, although it is derived

chemically from PCP, it has the behavioral and neurochemical

profile of a cocaine-like drug (44, 45).

Although several studies have demonstrated that PCP and

congeners interact with the DA reuptake carrier (20, 44, 62),

these interactions occur in the micromolar concentration range.

For example, TCP inhibits [‘H]BTCP binding with a K, of 1.33

�zM and [:IH]DA reuptake with an IC50 of 1.29 MM (44). PCP

and related drugs inhibit NMDA receptor-mediated responses

in the nanomolar range, apparently supporting the hypothesis

that the interactions of PCP with the DA reuptake carrier

might not be pharmacologically relevant to its psychotomimetic

properties in humans.

However, our finding that PCP binds with high affinity to a

binding site associated with the DA reuptake complex suggests

that inhibition of DA reuptake by PCP might play a major role

in producing its psychotomimetic effects. This hypothesis is

consistent with data that increased release of DA is associated

with the production of psychotic behavior (12) and with the

observations that a variety of drugs abused by humans, includ-

ing PCP (34), increase synaptic DA levels in the mesolimbic

system of rats (63, 64). Moreover, doses of PCP, in rats, that

inhibit NMDA-mediated effects such as postischemic neuronal

damage (55) and convulsions (65) are similar to those that

elevate extracellular levels of DA as measured by in vivo micro-

dialysis.’ Given the high affinity interaction of PCP with the

DA reuptake carrier observed in this study, it is tempting to

speculate that the psychotomimetic and addictive properties of

PCp are mediated in part by site 2. This hypothesis is supported

by observations that systemic administration of (+)-MK8O1 to

rats does not increase DA release from the nucleus accumbens,

as measured using microdialysis.’ The implication of this hy-

pothesis is that the therapeutic and psychotomimetic effects of

PCP in humans might be separable. The chemical synthesis of

selective agonists, antagonists, and affinity ligands for the two

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Evidence for NMDA and DA Reuptake Carrier-Coupled PCP Receptors 895

PCP binding sites should provide the required tools to explore

this hypothesis in a variety of experimental paradigms.
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