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Effects of phencyclidine, SKF 10,047 and related
psychotomimetic agents on N-methyl-D-aspartate
receptor mediated synaptic responses in rat

hippocampal slices
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1 The effects of representative drugs from three classes of psychotomimetic compounds (arylcyclo-
hexylamines, benzomorphan opioids and dioxolanes) have been examined on synaptic transmission at
an identified monosynaptic pathway in rat hippocampal slices. The compounds tested were
phencyclidine (PCP) and ketamine, the racemate and isomers of SKF 10,047 (N-allylnormetazocine),
and the isomers of dioxadrol (dexoxadrol and levoxadrol).

2 Inthe absence of added magnesium ions (Mg) in the perfusion medium low frequency stimulation
of the Schaffer collateral-commissural pathway evoked a burst of population spikes in the CAl cell
body region. The secondary components of this response could be abolished by the selective N-methyl-
D-aspartate (NMDA) antagonist D-2-amino-5-phosphonovalerate (APV).

3 PCP (1 uM) or ketamine (10 uM) selectively blocked the secondary components of the synaptic
response. The effect of PCP was neither mimicked nor prevented by hexamethonium and atropine,
phentolamine and propranolol, or clonidine and was therefore unlikely to involve cholinergic or
adrenergic neurotransmitter systems.

4 The o opiate, (+)-SKF 10,047 (10 uM) also abolished selectively the secondary components of the
synaptic response. There was no apparent difference between the potency of the stereoisomers of this
compound. )

5 The action of (+)-SKF 10,047 was not affected by either naloxone or haloperidol, indicating that
this effect did not involve opioid receptors or the haloperidol-sensitive o site.

6 Dexoxadrol (10 uM), but not levoxadrol (10 uM), also selectively blocked the secondary compon-
ents of the synaptic response.

7 It is concluded that these psychotomimetic agents can block an NMDA receptor-mediated
component of synaptic transmission in the hippocampus and that this effect is mediated by a specific

PCP/s site.

Introduction

The dissociative anaesthetic phencyclidine (PCP),
although originally developed for use as a general
anaesthetic, is now a widely used drug of abuse due to
its hallucinogenic properties (Henderson, 1982). PCP
has been found to affect many neurotransmitter
systems, in particular cholinergic and monoaminergic
systems, and a number of theories have been proposed
to account for its variety of effects (cf. Kamenka et al.,
1983). PCP binds to a specific site in the brain (Zukin
& Zukin, 1979; Vincent et al., 1979), and it has been
proposed that many of the actions of PCP could be
mediated through this receptor. Studies in the rat have

shown, using the PCP analogue thienyl-phencyclidine
(TCP), that the highest density of PCP binding sites
are located in the hippocampus, including the area
where the Schaffer collateral-commissural fibres
innervate the CAl region (Contreras et al., 1986;
Vignon et al., 1986).

One of the most potent effects of PCP is to block
responses to the excitant amino acid N-methyl-D-
aspartate (NMDA) (Anis et al., 1983; Lacey & Hen-
derson, 1983; 1986; Duchen et al., 1985) and to
suppress NMDA receptor-mediated effects (Snell &
Johnson, 1985; Lodge & Johnston, 1985; Aanonsen &

© The Macmillan Press Ltd 1987



548 E.J. COAN & G.L. COLLINGRIDGE

Wilcox, 1986). Other structurally unrelated classes of
drugs, such as the benzomorphan opioids (e.g. SKF
10,047 (N-allylnormetazocine)) and the dioxolanes
(e.g. dexoxadrol) have been shown to have similar
properties to PCP in binding (e.g. Zukin & Zukin,
1981; Hampton et al., 1982), behavioural (e.g. Holtz-
man, 1980; Shannon, 1983) and electrophysiological
(e.g. Berry et al., 1984a,b) studies. Their potency in a
number of the binding and behavioural tests correlates
closely with their ability to suppress NMDA-induced
responses (Berry & Lodge, 1985). There is also a high
correlation between the localization of TCP binding
and the NMDA receptor in the rat forebrain (Maragos
et al., 1986). In addition PCP and selective NMDA
antagonists such as D-2-amino-5-phosphonovalerate
(APV) have certain properties in common, such as
anticonvulsant activity (Chen et al., 1959; Croucher et
al., 1982), the ability to induce analgesia (Chen et al.,
1959; Cahusac et al., 1984), catalepsy (Koek et al.,
1986), and to block long term potentiation (LTP)
(Collingridge et al., 1983; Stringer & Guyenet, 1983); a
form of synaptic plasticity widely studied as a model of
learning and memory (Collingridge & Bliss, 1987).
A role of NMDA receptors in synaptic transmission
in the Schaffer collateral-commissural pathway is well
established (see Collingridge et al., 1986). The nature
of the response is, however, dependent on the
experimental conditions used. Electrophysiological
studies in vitro are usually performed in the presence of
concentrations of magnesium ions (Mg) (1-4 mM)
that are believed to occur in the extracellular environ-
ment of neurones in the brain. Mg is, however, a
potent but voltage-dependent NMDA antagonist
(Ault et al., 1980; Crunelli & Mayer, 1984, Nowak et
al., 1984). In the presence of millimolar concentrations
of Mg therefore, an appreciable synaptic component
sensitive to NMDA antagonists is only seen if
neurones are depolarized sufficiently to reduce the Mg
block. This can be achieved by, for example, high
frequency stimulation of the Schaffer collateral-com-
missural pathway (Herron et al., 1986; Collingridge,
Herron & Lester, unpublished observations), or by
blockade of synaptic inhibition (Herron et al., 1985;
Dingledine et al., 1986). Under these conditions the
synaptic component that is sensitive to NMDA
antagonists displays the same anomalous, Mg-con-
ferred, voltage-dependence as do the depolarizations
of hippocampal neurones induced by the ionto-
phoretic application of NMDA (Dingledine, 1983). A
large synaptic component that is sensitive to NMDA
antagonists can, however, be evoked by low frequency
stimulation, without synaptic inhibition being
impaired, by the omission of Mg from the perfusion
medium. As would be expected, both this component
(Collingridge, Herron & Lester, unpublished observa-
tions) and the depolarizations of hippocampal
neurones induced by NMDA (Crunelli & Mayer,

1984) display a conventional voltage-dependence. The
latter conditions provide a stable and sensitive system
with which to investigate the actions of drugs on
synaptically activated NMDA receptors and
associated events in the hippocampus.

We have found that PCP, ketamine and SKF 10,047
selectively abolish the APV-sensitive component of
the synaptic response evoked by low frequency
stimulation of the Schaffer collateral-commissural
pathway in Mg-free medium (Coan & Collingridge,
1985b; Coan et al., 1985). To investigate the possibility
that the effects of these agents may be mediated
indirectly via other neuronal systems within the hip-
pocampus, the effects of a variety of cholinoceptor,
adrenoceptor and opioid receptor antagonists have
been determined both on the synaptic response and on
the effects of the psychotomimetic compounds. In
addition, in order to identify the type of PCP or ¢
binding site at which these drugs exert their action on
NMDA receptor-mediated responses, the potency of a
range of psychotomimetics and their isomers have
been investigated and the ability of haloperidol to
affect the actions of SKF 10,047 has been determined.

Methods

Experiments were performed on rat transverse hip-
pocampal slices prepared and maintained as described
previously (Collingridge ez al., 1983). Slices were
kept at 30—35°C and perfused with oxygenated (95%
0,, 5% CO,) medium comprising of (mM): NaCl
124, NaH, PO, 1.25, NaHCO, 26, KCl 5, CaCl, 2,
MgSO, 1, D-glucose 10. The Schaffer collateral-com-
missural pathway was stimulated at 0.08 Hz and extra-
cellular recordings were obtained from the CAl cell
body region using microelectrodes containing 4 M NaCl
(Figure 1A). Providing maximal stimulation was able
to evoke a single population spike with no indication
of secondary responses (Figure la), the slice was
perfused with medium containing no added Mg for at
least 1h to reveal the components of the synaptic
response which are sensitive to NMDA antagonists
(Coan & Collingridge, 1985a). In the absence of any
drug treatment the evoked multiple population spike
activity persists for as long as the slices remain viable,
typically over 12 h.

When a stable response had been achieved in Mg-
free medium, drugs were added via the perfusion
medium. In experiments using cholinoceptor, adren-
oceptor or opioid receptor antagonists a concentra-
tion of drug was selected that would be expected to
produce a dose-ratio for antagonism of at least 50.
Mixtures of antagonists were used to block both
nicotinic and muscarinic receptors and both a- and g-
adrenoceptors. Doses of the other compounds were
selected on the basis of their potencies in binding
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studies. Representative records were stored on disk
and subsequently analysed offline using a microcom-
puter. Results were analysed from 49 slices obtained
from 48 adult female rats, of approximately 200 g
body weight. The number of slices in which a drug
treatment was either effective or ineffective is given in
parentheses. In all cases this was the same as the
number of slices tested.

Drugs

Phencyclidine  hydrochloride,  (+)-N-allylnor-
metazocine hydrochloride, (— )-N-allylnormetazocine
hydrochloride, and (+ )-N-allylnormetazocine hydro-
chloride, were kindly supplied by the National Ins-
titute on Drug Abuse (Rockville, Maryland, U.S.A.).
Dexoxadrol hydrochloride and levoxadrol hydro-
chloride were kindly provided by the Upjohn Com-
pany (Kalamazoo, Michigan, U.S.A.) and D-2-amino-
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S-phosphonovalerate was a gift from Dr J.C. Watkins,
(University of Bristol). All other drugs were obtained
from normal commercial sources.

Results
Synaptic transmission in the absence of Mg

In the absence of Mg, stimulation of the Schaffer
collateral-commissural pathway elicits a burst of
population spikes (Figure 1b). In slices with intact
synaptic inhibition, the selective NMDA antagonist D-
2-amino-5-phosphonovalerate (APV) abolishes all the
secondary components (Figure 1c) (Coan & Collin-
gridge, 1985a). The involvement of the NMDA recep-
tor in the first component of the synaptic response
evoked under these conditions is dependent upon the
afferent stimulus intensity (Coan & Collingridge,
1987). At low stimulus intensities APV depresses the
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Figure 1 A Schematic diagram of a transverse hippocampal slice, showing main excitatory pathways and position of
stimulating (S) and recording (R) electrodes. B Typical extracellular responses recorded in the CAl region in response to
Schaffer collateral-commissural stimulation. (a) Maximal response in magnesium (Mg, 1 mM) containing medium, (b)
response after 75 min perfusion with Mg-free medium at a reduced stimulus intensity (control), (c) response in Mg-free
medium after 10 min perfusion at 10 uM D-2-amino-5-phosphonovalerate, (d) response after 20 min wash with Mg-free
medium. In these and subsequent records negativity is down, stimulus artefacts have been blanked for clarity and the

time of stimulation is indicated by an arrowhead.



550 E.J. COAN & G.L. COLLINGRIDGE

amplitude of the first population spike, whereas at
high stimulus intensities APV increases this compon-
ent of the response. With the stimulus parameters used
in the present study, the primary population spike was
little affected by APV. Therefore, the effect of the
drugs on the subsequent population spikes (i.e. the
~ secondary components) was used as an indication of
their ability to antagonize synaptically activated
NMDA receptor-mediated responses.

Phencyclidine and ketamine

PCP 1 uM selectively abolished the secondary com-
ponents of the synaptic response (n = 8) (Figure 2).
The time taken for complete abolition varied between
70-125min. No reversal of this blockade was seen
with up to 165 min of washing. PCP 10 uM had the
same effect (n = 5), but was fully effective within 30—
60 min. PCP 0.1 uM reduced the secondary response
but did not completely eliminate it after up to 140 min
of perfusion (n = 2). In these experiments 20 uM APV
abolished the remainder of the secondary population
spikes (Figure 2), demonstrating that after this length
of time 0.1 uM PCP had only a partial effect on the
NMDA receptor-mediated responses.

Mixtures of hexamethonium (250 uM) and atropine
(1 uM) (n = 2), propranolol (10 uM) and phentolamine

Control

1 um PCP

(10 uM) (n = 2) or clonidine applied alone (0.1 uM)
(n = 2), when perfused for 30—40 min before and then
during application of 1 uM PCP, did not antagonize
the depressant action of PCP (Figure 3). In the
presence of these drugs the time taken for PCP to have
maximum effect varied between 60—125min. The
combination of hexamethonium and atropine
appeared to have a very small effect on the secondary
components of the synaptic response (Figure 3a),
whereas neither phentolamine and propranolol nor
clonidine had an effect on any part of the synaptic
response (Figure 3 b,c).

Ketamine 10 M also blocked the secondary respon-
ses (n = 5) taking 20—45 min to have a maximal effect.
The effect of ketamine could be reversed with a 50—
60 min wash (n = 3) (cf. Coan & Collingridge, 1985b).

SKF 10,047

(%)-SKF 10,047 10uM had qualitatively the same
action as PCP or ketamine, abolishing the secondary
components within 40—80min (n = 4). Washing for
60-90 min resulted in at least a partial reversal. Both
(+)-SKF 10,047 (n = 4) and (— )-SKF 10,047 (n = 4)
had the ability to antagonize the secondary compon-
ents of the synaptic response. There was no noticeable
potency difference between these stereoisomers
(Figure 4). Neither naloxone (10uM) (n = 3) nor

a
A A 4mV|
10 ms

Control

0.1 um PCP

\N\f“\/\\—\.

+20 pm APV

S~

——

Figure 2 (a) Effect of 1 uM phencyclidine (PCP) (70 min) on the synaptic response recorded in the absence of Mg. (b)
Effect of 0.1 um PCP (135min) and the addition of 20 uM D-2-amino-5-phosphonovalerate (APV) (10 min) on the
synaptic response recorded in a different slice in the absence of Mg.



PCP AND NMDA RECEPTORS IN HIPPOCAMPUS 551

a Control Drug
A A
b
A A
c
‘ ‘

Drug + 1 um PCP

Hex + Atr A

Prop + Phent

Clonidine

4mV|

10ms

Figure 3 Effect of 1 uM phencyclidine (PCP) on the synaptic response in the absence of Mg and the presence of (a)
250 uM hexamethonium (Hex) and 1 uM atropine (Atr) (PCP perfused for 125 min), (b) 10 uM propranolol (Prop) and
10 uMm phentolamine (Phent) (PCP perfused for 90 min), (c) 0.1 uM clonidine (PCP perfused for 110 min). Each
experiment was performed using a different slice and in each case the antagonist was perfused for 30—35 min before and

then during administration of PCP.

haloperidol (10 uM) (n = 3) (Figure 5) altered the
depressant effect of SKF 10,047. The maximum effect
was achieved within 40—80min in the presence of
either of these antagonists. These drugs were also
without effect on the synaptic response (Figure 5).

Dexoxadrol and levoxadrol

Dexoxadrol, the (+)-isomer of the dioxolane diox-
adrol, also suppressed the secondary population
spikes although it did not seem as potent as PCP.
Dexoxadrol 10 uM reduced or abolished the secondary
responses after 75—110min (n = 6) (Figure 6). In
contrast 10 uM levoxadrol, the (—)-isomer of diox-
adrol, had very little effect on any part of the synaptic
response when perfused for up to 200 min (n = 3).

NMDA antagonists, since 10—20 uM APV eliminated
the secondary component of the response on each
occasion (Figure 6).

Discussion

We have shown that three different classes of drug,
arylcyclohexylamines (PCP and ketamine), ben-
zomorphan opioids (SKF 10,047) and dioxolanes
(dexoxadrol), are potent and selective depressants of a
component of synaptic transmission in the hippocam-
pus that can be recorded in Mg-free medium. This
secondary component of the synaptic response is
believed to be mediated by NMDA receptors since it
can be blocked by micromolar concentrations of Mg
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Figure 4 Comparison of the effect of (a) 10 uM (—)-SKF 10,047 and (b) 10 uM (+)-SKF 10,047 on the synaptic
response recorded from the same slice in the absence of Mg. (—)-SKF 10,047 was perfused at t = 0 for 30 min and took
44 min to achieve its maximum effect. The slice was then washed with Mg-free medium for 135 min. (+)-SKF 10,047
was perfused at t =165 for 30 min and took 40 min to achieve its maximum effect.

(Herron et al., 1986) and by selective, competitive
NMDA antagonists (Coan & Collingridge, 1985a). It
seems unlikely that the secondary components of the
synaptic response are mediated by or dependent upon,
activation of cholinoceptor, monoamine or opioid
receptor systems since they were unaffected by the
antagonists of these neurotransmitter systems used in
the present study. By the same reasoning, it is unlikely
that the actions of the psychotomimetic drugs on this
synaptic component, recorded under the present con-
ditions, involved any of these neurotransmitter sys-
tems. Thus, with the doses of antagonist used substan-
tial blockade would have been achieved by hexameth-
onium and atropine of, respectively, nicotinic and
muscarinic receptors, by phentolamine and propran-
olol of, respectively, - and B-adrenoceptors, by
haloperidol of dopamine receptors, and by naloxone
or p-, 6- and x-opioid receptors. Furthermore, 5-

hydroxytryptamine, (5-HT,) receptors would have
been blocked by propranolol (Middlemiss, 1984;
Engel et al., 1986) and 5-HT, receptors by propranolol
and haloperidol (Peroutka & Snyder, 1979; Mid-
dlemiss, 1984; Engel et al., 1986).

Clonidine, a specific and potent a,-adrenoceptor
agonist has been shown to disrupt certain PCP-
induced behavioural effects (Tang & Franklin, 1983).
It did not, however, affect the actions of PCP in the
present study, suggesting that a,-adrenoceptors are
not involved in this synaptic effect of PCP.

There is increasing evidence that the arylcyclohexy-
lamines, benzomorphans and dioxolanes interact with
two pharmacologically distinct binding sites; a o site
and a common PCP/q site (e.g. Su, 1982; Tam, 1983;
1985; Martin et al., 1984; Gundlach et al., 1985; Itzhak
et al., 1985; Sircar et al., 1986). Although the
physiological significance of these sites has not yet
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Figure § Effect of 10 um SKF 10,047 on the synaptic response in the absence of Mg and the presence of (a) 10 um
haloperidol (SKF 10,047 perfused for 45 min), (b) 10 uM naloxone (SKF 10,047 perfused for 50 min). Each experiment

was performed using a different slice and in each case the antagonist was perfused for 30—40 min before and then
during administration of SKF 10,047.
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Figure 6 Comparison of the effect of (a) 10 uM dexoxadrol and (b) 10 uM levoxadrol on the synaptic response in the

absence of Mg. Each drug was perfused for 90 min. Each experiment was performed on a separate slice. In (a) 10 uM D-
2-amino-5-phosphonovalerate (APV) and in (b) 20 uM APV abolished all secondary responses.

to
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been established, it is generally considered that the
PCP/c site mediates at least some of the psy-
chotomimetic effects of these compounds. However,
the importance of the o site is still an open question.
Although there is considerable overlap in the affinities
of various ligands for these sites they may be distingui-
shed by the following criteria. Firstly, the neurolep-
tic drug haloperidol is a potent inhibitor of binding
to o sites (Su, 1982; Tam, 1983). Secondly, (+)-
SKF 10,047 has a higher affinity than (— )-SKF 10,047
for binding at the g site, but has a similar affinity at the
PCP/o site (Gundlach et al., 1985). Thirdly, dexox-
adrol has a higher affinity than levoxadrol for binding
to the PCP/o site, but a similar affinity at the o site
(Hampton er al., 1982; Largent et al., 1984). On the
basis of these three criteria the effects we observed in
the present study would appear to be mediated via the
PCP/s site.

It appears that, at least in certain region of the CNS,
the PCP/e site is directly associated with the NMDA
receptor-channel complex. In the cortex and spinal
cord antagonism by PCP or ketamine of an NMDA-

References

AANONSEN, L.M. & WILCOX, G.L. (1986). Phencyclidine
selectively blocks a spinal action of N-methyl-D-aspartate
in mice. Neurosci. Lett., 67, 191-197.

ANIS, N.A,, BERRY, S.C., BURTON, N.R. & LODGE, D. (1983).
The dissociative anaesthetics, ketamine and phency-
clidine, selectively reduce excitation of central mam-
malian neurones by N-methyl-D-aspartate. Br. J. Phar-
mac., 79, 565-575.

AULT, B, EVANS, R.H,, FRANCIS, A A, OAKES, DJ. &
WATKINS, J.C. (1980). Selective depression of excitatory
amino acid induced depolarisations by magnesium ions in
isolated spinal cord preparations. J. Physiol., 307, 413—
428.

BERRY, S.C., ANIS, N.A. & LODGE, D. (1984a). The effects of
the dioxolanes on amino acid induced excitation in the
mammalian spinal cord. Brain Res., 307, 85—90.

BERRY, S.C., DAWKINS, S.L. & LODGE, D. (1984b). Compar-
ison of some o- and «x-opiate receptor ligands as
excitatory amino acid antagonists. Br. J. Pharmac., 83,
179-185.

BERRY, S.C. & LODGE, D. (1985). Correlating some bio-
chemical, pharmacological and behavioural properties of
dissociative anaesthetics and sigma opiates in the rat and
cat. J. Physiol., 364, 34P.

CAHUSAC, P.M.B,, EVANS, R.H., HILL, R.G., RODRIQUEZ,
R.E. & SMITH, D.A.S. (1984). The behavioural effects of an
N-methylaspartate receptor antagonist following
application to the lumbar spinal cord of conscious rats.
Neuropharmacology, 23, 719-724.

CHEN, G., ENSOR, C.R., RUSSELL, D. & BOHNER, B. (1959).
The pharmacology of 1-(1-phenylcyclohexyl) piperidine
HCI. J. Pharmac. exp. Ther., 127, 241 -250.

COAN, E.J. & COLLINGRIDGE, G.L. (1985a). Magnesium
ions block an N-methyl-D-aspartate receptor-mediated
component of synaptic transmission in rat hippocampus.

induced response has been shown to be non-com-
petitive and distinct from the site of action of APV and
Mg (Harrison & Simmonds, 1985; Martin & Lodge,
1985). It has been proposed that these drugs exert their
action either by blocking the channel associated with
the NMDA receptor (Honey et al., 1985), or by
interacting with an allosterically linked site (Loo et al.,
1986). The mechanism by which these drugs exert their
effects in the hippocampus and the behavioural con-
sequences of such actions remain to be determined.
The ability, however, of these psychotomimetics to
block NMDA receptor-mediated synaptic transmis-
sion in the Schaffer collateral-commissural pathway
offers an explanation for how these drugs prevent LTP
in this pathway (Stringer & Guyenet, 1983; Stringer et
al., 1983), since the induction of LTP is dependent
upon NMDA receptor activation (Collingridge et al.,
1983).

This work was supported in part by the MRC.

Neurosci. Lett., 53, 21-26.

COAN, E.J. & COLLINGRIDGE, G.L. (1985b). Ketamine and
N-allylnormetazocine selectively inhibit an N-methyl-D-
aspartate receptor-mediated component of synaptic tran-
smission in rat hippocampal slices. J. Physiol., 364, 42P.

COAN, E.J. & COLLINGRIDGE, G.L. (1987). A comparison of
the actions of calcium, magnesium and D-2-amino-5-
phosphonovalerate on synaptic transmission in rat hip-
pocampal slices. Neuroscience, (in press).

COAN, E.J.,, COLLINGRIDGE, G.L.,HERRON, C.E. & LESTER,
R.A.J. (1985). Demonstration of a phencyclidine-sensitive
N-methyl-D-aspartate receptor mediated component of
an e.p.s.p. in rat hippocampal slices. J. Physiol., 365, 45P.

COLLINGRIDGE, G.L. & BLISS, T.V.P. (1987). NMDA
receptors — their role in long-term potentiation. Trends
Neurosci., (in press).

COLLINGRIDGE,G.L.,COAN, E.J., HERRON, C.E. & LESTER,
R.A.J. (1986). Role of excitatory amino acid receptors in
synaptic transmission and plasticity in hippocampal
pathways. In Excitatory Amino Acid Neurotransmission,
ed. Hicks, T.P., Lodge, D. & McLennan, H. pp. 317-324.
New York: Alan R. Liss.

COLLINGRIDGE, G.L., KEHL, S.J. & McCLENNAN, H. (1983).
Excitatory amino acids in synaptic transmission in the
Schaffer collateral-commissural pathway of the rat hip-
pocampus. J. Physiol., 334, 33—46.

CONTRERAS, P.C., QUIRION, R. & O’'DONOHUE, T.L. (1986).
Autoradiographic distribution of phencyclidine receptors
in the rat brain using [’H]-1-(1-(2-thienyl)cyclohexyl)
piperidine (PH]JTCP). Neurosci. Lett., 67, 101-106.

CROUCHER, M.J,, COLLINS, J.F. & MELDRUM, B.S. (1982).
Anticonvulsant action of excitatory amino acid antagon-
ists. Science, 21, 899-901.

CRUNELLI, V. & MAYER, M.L. (1984). Mg-dependence of
membrane resistance increases evoked by NMDA in



PCP AND NMDA RECEPTORS IN HIPPOCAMPUS 555

hippocampal pyramidal cells. Brain Res., 311, 392—-396.

DINGLEDINE, R. (1983). N-methyl aspartate activates vol-
tage-dependent calcium conductance in rat hippocampal
pyramidal cells. J. Physiol., 343, 385-405.

DINGLEDINE, R, HYNES, M.A. & KING, G.L. (1986).
Involvement of N-methyl-D-aspartate receptors in
epileptiform bursting in the rat hippocampal slice. J.
Physiol., 380, 175-189.

DUCHEN, M.R., BURTON, N.R. & BISCOE, T.J. (1985). An
intracellular study of the interactions of N-methyl-D-
aspartate with ketamine in the mouse hippocampal slice.
Brain Res., 342, 149-153.

ENGEL, G., GOTHERT, M., HOVER, D, SCHLICKER, E. &
HILLENBRAND, K. (1986). Identity of inhibitory pre-
synaptic 5-hydroxytryptamine (5-HT) autoreceptors in
the rat brain cortex with 5-HT,; binding sites. Naunyn-
Schmiedebergs Arch. Pharmac., 332, 1-17.

GUNDLACH, A.L.,, LARGENT, B.L. & SNYDER, S.H. (1985).
Phencyclidine and o opiate receptors in brain: bio-
chemical and autoradiographical differentiation. Eur. J.
Pharmac., 113, 465—466.

HAMPTON, R.Y., MEDZIHRADSKY, F., WOODS, JH. &
DAHLSTROM, P.J. (1982). Stereospecific binding of 'H]-
phencyclidine in brain membranes. Life Sci., 30, 2147-
2154.

HARRISON, N.L. & SIMMONDS, M.A. (1985). Quantitative
studies on some antagonists on N-methyl-D-aspartate in
slices of rat cerebral cortex. Br. J. Pharmac., 84,381-391.

HERRON, C.E., LESTER, R.AJ, COAN, EJ. & COLLIN-
GRIDGE, G.L. (1986). Frequency-dependent involvement
of NMDA receptors in the hippocampus: a novel synap-
tic mechanism. Nature, 322, 265-268.

HERRON; C.E., WILLIAMSON, R. & COLLINGRIDGE, G.L.
(1985). A selective N-methyl-D-aspartate antagonist
depresses epileptiform activity in rat hippocampal slices.
Neurosci. Lett., 61, 255—260.

HENDERSON, G. (1982). Phencyclidine. A widely abused but
little understood psychotomimetic agent. Trends Phar-
mac. Sci., 5, 248—250.

HOLTZMAN, S.G. (1980). Phencyclidine-like discriminative
effects of opioids in the rat. J. Pharmac. exp. Ther., 214,
614-619.

HONEY, C.R., MILJKOVIC, Z. & MACDONALD, J.F. (1985).
Ketamine and phencyclidine cause a voltage-dependent
block of responses to L-aspartic acid. Neurosci. Lett., 61,
135-139

ITZHAK, Y., HILLER, J.M. & SIMON, E.J. (1985). Charac-
terization of specific binding sites for *H] (d)-N-allylnor-
metazocine in rat brain membrane. Molec. Pharmac., 27,
46-52.

KAMENKA, .M., DOMINO, E.F. & GENESTE, P. (eds.) (1983).
Phencyclidine and Related Arylcyclohexylamines: Present
and Future Applications. Ann Arbor, MI: NPP Books.

KOEK, W., KLEER, E., MUDAR, P.J. & WOODS, J.H. (1986).
Phencyclidine-like catalepsy induced by the excitatory
amino acid antagonist DL-2-amino-5-phosphon-
ovalerate. Behav. Brain Res., 19, 257-259.

LACEY, M.G. & HENDERSON, G. (1983). Antagonism of N-
methyl-D-aspartic acid excitation of rat hippocampal
pyramidal neurones in vitro by phencyclidine applied in
known concentrations. Soc. Neurosci. Abstr., 9, 260.

LACEY, M.G. & HENDERSON, G. (1986). Actions of phency-
clidine on rat locus coeruleus neurones in vitro. Neuro-
science, 17, 485—494.

LARGENT, B.L.,, GUNDLACH, A L. & SNYDER, S.H. (1984).
Psychotomimetic opiate receptors labeled and visualised
with  (+)-H]3-(3-hydroxyphenyl)-N-(1-propyl)piper-
idine. Proc. natn. Acad. Sci. U.S.A., 81, 4983-4987.

LODGE, D. & JOHNSTON, G.A.R. (1985). Effect of ketamine
on amino acid-evoked release of acetylcholine from rat
cerebral cortex in vitro. Neurosci. Lett., 56, 371-375.

LOO, P, BRAUNWALDER, A, LEHMANN, J. & WILLIAMS,
M. (1986). Radioligand binding to central phencycli-
dine recognition sites is dependent on excitatory amino
acid receptor agonists. Eur. J. Pharmac., 123, 467-468.

MARAGOS, W.F, CHU, D.C.M., GREENAMYRE, J.T., PEN-
NEY, J.B. & YOUNG, A.B. (1986). High correlation
between the localization of [’'H] TCP binding and NMDA
receptors. Eur. J. Pharmac., 123, 173-174.

MARTIN, B.R,, KATZEN, J.S., WOODS, J.A., TRIPATHI, HL,,
HARRIS, L.S. & EVERETTE, L.M. (1984). Stereoisomers of
[’H]-N-allylnormetazocine bind to different sites in
mouse brain. J. Pharmac. exp. Ther., 231, 539-544.

MARTIN, D. & LODGE, D. (1985). Ketamine acts as a non-
competitive. N-methyl-D-aspartate antagonist on frog
spinal cord in vitro. Neuropharmacology, 24, 999-1003.

MIDDLEMISS, D.N. (1984). Stereoselective blockade at [’H]5-
HT binding sites and at the 5-HT autoreceptor by
propranolol. Eur. J. Pharmac., 101, 289-293.

NOWAK, L., BREGESTOVSKI, P., ASCHER, P., HERBET, A. &
PROCHIANTZ, A. (1984). Magnesium gates glutamate-
activated channels in mouse central neurones. Nature,
307, 462-465.

PEROUTKA, S.J. & SNYDER, S.H. (1979). Multiple serotonin
receptors: Differential binding of [*H]5-hydroxytryp-
tamine, [*H]lysergic acid diethylamide and [*H]spiro-
peridol. Molec. Pharmac., 16, 687-699.

SHANNON, H.E. (1983). Pharmacological evaluation of N-
allynormetazocine (SKF 10,047) on the basis of its dis-
criminative stimulus properties in the rat. J. Pharmac.
exp. Ther., 225, 144-152.

SIRCAR, R., NICHTENHAUSER, R., IENIL, J.R. & ZUKIN, S.R.
(1986). Characterization and autoradiographic visualiza-
tion of (+)-['H] SKF 10,047 binding in rat and mouse
brain: further evidence for phencyclidine/*sigma opiate”
receptor commonality. J. Pharmac. exp. Ther., 237, 681—
688.

SNELL, L.D. & JOHNSON, K.M. (1985). Antagonism of N-
methyl-D-aspartate-induced transmitter release in the rat
striatum by phencyclidine-like drugs and its relationship
to turning behaviour. J. Pharmac. exp. Ther., 235, 50—-57.

STRINGER, J.L. & GUYENET, P.G. (1983). Elimination of
long-term potentiation in the hippocampus by phency-
clidine and ketamine. Brain Res., 258, 159-164.

STRINGER, J.L.,, GREENFIELD, L.J., HACKETT, J.T. &
GUYENET, P.G. (1983). Blockade of long-term potentia-
tion by phencyclidine and ¢ opiates in the hippocampus in
vivo and in vitro. Brain Res., 280, 127-138.

SU, T.P. (1982). Evidence for sigma opioid receptor. Binding
of ’H] SKF 10,047 to etorphine-inaccessible sites in
guinea-pig brain. J. Pharmac. exp. Ther., 223, 284-290.

TAM, S.W., (1983). Naloxone-inaccessible o receptor in rat
central nervous system. Proc. natn. Acad. Sci. U.S.A., 80,
6703-6707.

TAM, S.W. (1985). (+)-[’H] SKF 10,047, (+)-’H] ethylke-
tocyclazocine, p, x, ¢ and phencyclidine binding sites in
guinea pig brain membranes. Eur. J. Pharmac., 109, 33—
41.



556 E.J. COAN & G.L. COLLINGRIDGE

TANG, AH. & FRANKLIN, S.R. (1983). Disruption of
brightness discrimination in a shock avoidance task by
phencyclidine and its antagonism in rats. J. Pharmac.
exp. Ther., 225, 503 -508.

VIGNON, J., ALAIN, P., CHAUDIEU, I, THIERRY, A,
KAMENKA, JM. & CHICHEPORTICHE, R. (1986).
[H]Thienyl-phencyclidine (*"HJTCP) binds to two dif-
ferent sites in rat brain. Localization by autoradiographic
and biochemical techniques. Brain Res., 378, 133-141.

VINCENT, J.P, KARTALOVSKI, B., GENESTE, P,

KAMENKA, J.M. & LAZDUNSKI, M. (1979). Interaction
of phencyclidine (“‘angel dust’) with a specific receptor in
rat brain membranes. Proc. natn. Acad. Sci. U.S.A., 76,
4678-4682.

ZUKIN, S.R. & ZUKIN, R S. (1979). Specific [’H] phencyclidine
binding in rat central nervous system. Proc. natn. Acad.
Sci. U.S.A., 76, 5372-5376.

ZUKIN, RSS. & ZUKIN, S.R. (1981). Demonstration of [*H}-
cyclazocine binding to multiple opiate receptor sites.
Molec. Pharmac., 20, 246-254.

( Received October 20, 1986.
Revised March 9, 1987.
Accepted March 19, 1987.)



