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1 The e�ects of selective opioid receptor agonists and antagonists on N-methyl-D-aspartate (NMDA,
10 mM)-induced release of [3H]-dopamine and [14C]-acetylcholine (ACh) from superfused neostriatal slices
were studied to investigate the possible occurrence of functional k-opioid receptor subtypes in rat brain.

2 The k receptor agonists (7)-ethylketocyclazocine ((7)-EKC), U69593 and the endogenous opioid
peptide dynorphin A1±13 caused a naloxone-reversible inhibition of NMDA-induced [3H]-dopamine
release, with pD2 values of about 9, 8.5 and 8.2, respectively, whereas both the m agonist Tyr-D-Ala-Gly-
(NMe)Phe-Gly-ol (DAMGO) and the d agonist D-Pen2-D-Pen5-enkephalin (DPDPE) were ine�ective in
this respect. The inhibitory e�ect of submaximally e�ective concentrations of dynorphin A1±13, U69593
and (7)-EKC on NMDA-induced [3H]-dopamine release were not changed by the d1/d2-opioid receptor
antagonist naltrindole (up to a concentration of 1 mM), but reversed by the k receptor antagonist nor-
binaltorphimine (nor-BNI), with an IC50 as low as 0.02 nM, indicating the involvement of U69593-
sensitive k1-opioid receptors.

3 NMDA-induced [14C]-ACh release was reduced in a naloxone-reversible manner by DPDPE (pD2

about 7.2), dynorphin A1±13 (pD2 6.7) and EKC (pD2 6.2), but not by U69593 and DAMGO. The
inhibitory e�ect of a submaximally e�ective concentration of DPDPE, unlike those of dynorphin A1±13

and (7)-EKC, on NMDA-induced [14C]-ACh release was antagonized by naltrindole with an IC50 of
1 nM, indicating the involvement of d-opioid receptors in the inhibitory e�ect of DPDPE. On the other
hand, the inhibitory e�ects of dynorphin A1±13 and (7)-EKC on [14C]-ACh release were readily
antagonized by nor-BNI with an IC50 of about 3 nM. A 100 fold higher concentration of nor-BNI also
antagonized the inhibitory e�ect of DPDPE, indicating the involvement of U69593-insensitive k2-opioid
receptors in the inhibitory e�ects of dynorphin A1±13 and (7)-EKC.

4 Although naloxone benzoylhydrazone (NalBzoH), displaying high a�nity towards the putative k3-
opioid receptor, antagonized the inhibitory e�ects of dynorphin A1± 13 and (7)-EKC on [3H]-dopamine
and [14C]-ACh release as well as that of U69593 on [3H]-dopamine release, it displayed a low apparent
a�nity (IC50 about 100 nM) in each case.

5 In conclusion, whereas activation of k1-opioid receptors causes presynaptic inhibition of NMDA-
induced dopamine release, k2 receptor activation results in inhibition of ACh release in rat neostriatum.
As such, this study is the ®rst to provide unequivocal in vitro evidence for the existence of functionally
distinct k-opioid receptor subtypes in the brain.
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Introduction

Opiates and opioid peptides activate a family of m-. d- and k-
opioid receptors and receptor subtypes in the brain (Reisine,
1995), which has distinct pharmacological pro®les, anatomical
distributions and functions (Mansour & Watson, 1993; Uhl et
al., 1994). Pharmacological studies have shown that benzo-
morphan compounds such as bremazocine and (7)-ethylke-
tocyclazocine ((7)-EKC) produce their antinociceptive and
sedative actions through an interaction with k receptors
(Martin et al., 1976). These receptors exhibit a high a�nity for
peptides derived from prodynorphin (particularly dynorphin
A1± 13), one of three endogenous opioid peptide precursors
(Khatchaturian et al., 1993). In addition to their role in sensory
processing, the k receptors mediate a spectrum of distinctive
functions, including water balance, food intake, gut motility,
temperature control and a variety of endocrine functions.
Moreover, in man activation of these receptors causes dys-
phoria and psychotomimesis, leading to suggestions regarding
a potential role in psychosis (Pfei�er et al., 1986).

Ligand-receptor binding studies suggested the possible ex-
istence of at least two subtypes of the k-opioid receptor in the

brain. The k1-receptor binding sites were shown to have a very
high selectivity and a�nity for arylacetamide-like agonists
such as U69593 and U50488 and the k antagonist nor-binal-
torphimine (nor-BNI, Portoghese et al., 1991), and to display a
high a�nity towards (7)-EKC and related compounds. On
the other hand k2 receptor binding sites were de®ned as being
U69593-insensitive and to show about a 100 fold lower a�nity
to nor-BNI and (7)-EKC (Zukin et al., 1988; Clark et al.,
1989). In addition, the existence of U69593-insensitive k3 re-
ceptor binding sites, displaying a high a�nity to benzomor-
phans, the antagonist naloxone benzoylhydrazone (NalBzoH)
and the m receptor agonist Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol
(DAMGO), has also been proposed (Clark et al., 1989; Brooks
et al., 1996). There are even proposed subdivisions of k1 and k2
receptors, based on ligand-receptor binding pro®les (Nock et
al., 1990; Rothman et al., 1990). Soon after the cloning of the m
and d receptor (Evans et al., 1992; Kie�er et al., 1992;
Thompson et al., 1993), a cDNA corresponding to the k1-
opioid receptor was identi®ed (Meng et al., 1993; Yasuda et al.,
1993). Cloning of the k2 receptor has thusfar not been suc-
cessful, whereas that of a k3-related protein has recently been
obtained (Pan et al., 1995).

Previous studies have provided functional neurochemical
evidence for the occurrence in rat brain of multiple opioid1Author for correspondence.
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receptors mediating inhibition of neurotransmitter release
(Mulder & Scho�elmeer, 1993) and changing the functioning
of ion channels of neuronal membranes (North, 1993). It is
well established, for example, that activation of k-opioid re-
ceptors results in presynaptic inhibition of dopamine release in
the neostriatum and other brain regions, as demonstrated in
vitro (Scho�elmeer et al., 1988; Heijna et al., 1990; Mulder et
al., 1991) and in vivo (Spanagel et al., 1992). However, evidence
for the existence of pharmacologically and functionally distinct
subtypes of neurotransmitter release-inhibitory k-opioid re-
ceptors has been lacking until now. Therefore, we investigated
the e�ects of agonists and antagonists with high a�nity for the
multiple k receptor binding sites on [3H]-dopamine and [14C]-
acetylcholine (ACh) release from rat superfused neostriatal
slices. Since excitation of striatal dopaminergic and cholinergic
neurones primarily involves glutamate-mediated activation of
N-methyl-D-aspartate (NMDA) receptors, we studied opioid
receptor-mediated inhibition of NMDA-induced neurotrans-
mitter release.

Methods

Superfusion of striatal slices and addition of drugs

All experiments were approved by the Animal Care Committee
of the Free University of Amsterdam.

Male Wistar rats (160 ± 200 g body weight; Harlan, Zeist,
The Netherlands) were decapitated and neostriatal slices
(0.360.362 mm) were prepared with a McIlwain tissue
chopper, then incubated with radiolabelled neurotransmitters
and superfused essentially as described previously (Schof-
felmeer et al., 1988). In short, slices were washed twice with
5 ml Mg2+-free Krebs-Ringer bicarbonate medium containing
(mM): NaCl 121, KCl 1.87, KH2PO4 1.17, CaCl2 1.22, NaH-
CO3 25 and D-(+)-glucose 10 (pH 7.4) and subsequently in-
cubated for 15 min in this medium, containing 0.1 mM [3H]-
dopamine and [14C]-choline under an atmosphere of 95% O2 ±
5% CO2 at 378C, in order to label selectively dopaminergic and
cholinergic nerve terminals. After being labelled, the slices
were washed and transferred to each of 24 chambers of a su-
perfusion apparatus (about 4 mg tissue per chamber; 0.2 ml
volume) and superfused (0.25 ml min71) with medium gassed
with 95% O2 ± 5% CO2 at 378C. The superfusate was collected
as 10 min samples after 40 min of superfusion (t=40 min).
Calcium-dependent neurotransmitter release was induced
during superfusion by exposing the slices to medium contain-
ing (a half-maximally e�ective concentration of) 10 mM
NMDA for 10 min at t=50 min. Opioid receptor agonists
were added 10 min and antagonists 20 min before exposure of
the slices to NMDA. More prolonged exposure of the slices to
the opioids did not further enhance their e�ects (data not
shown). These drugs were present until the end of the experi-
ment, i.e. until t=80 min. In each experiment quadruplicate
observations were made.

Calculation of release data

The radioactivity remaining at the end of the experiment was
extracted from the tissue with 0.1 N HCl. The radioactivity in
superfusion fractions and tissue extracts was determined by
liquid-scintillation counting. The e�ux of radioactivity during
each collection period was expressed as a percentage of the
amount of radioactivity in the slices at the beginning of the
respective collection period. The NMDA-induced release of
neurotransmitter was calculated by subtracting the sponta-
neous e�ux of radioactivity from the total over¯ow of radio-
activity during stimulation and the following 10 min. Since the
release of both neurotransmitters returned to basal levels
during the next 10 min period, a linear decline from the 10 min
interval before to that 20 ± 30 min after the onset of stimula-
tion by NMDA was assumed for calculation of the sponta-
neous e�ux of radioactivity. The spontaneous e�ux of

radioactivity from neostriatum slices labelled with [3H]-dopa-
mine and [14C]-ACh was 0.32 ± 0.36% min71 and 0.22 ± 0.25%
min71, respectively, of total tissue radioactivity. The evoked
release was expressed as % of the content of radioactivity of
the slices at the start of the stimulation period.

In order to calculate the apparent pD2 values of opioid
receptor agonists and IC50 values of antagonists, the release
data were ®tted by means of the non-linear curve-®tting pro-
gramme ALLFIT. Statistical analysis of the data was carried
out with a two-way analysis of variance, followed by Duncan's
multiple range test, by use of SPSS/PC+V2.0 (SPSS, Inc).
Drug e�ects are expressed as percentage of respective control
values.

Materials

[14C]-choline (15 mCi mmol71) and [3H]-dopamine (47 Ci
mmol71) were purchased from the Radiochemical Centre
(Amersham). N-methyl-D-aspartate, naloxone, D-penicilla-
mine2-D-penicillamine5-enkephalin (DPDPE), Tyr-D-Ala-Gly-
(NMe)Phe-Gly-ol (DAMGO), dynorphin A1±13 and nor-bi-
naltorphimine (nor-BNI) were obtained from Bachem. The
following drugs were kindly donated: (7)-ethylketocyclazo-
cine (EKC) by Stirling-Winthrop, (5a,7a,8b-(7)-N-methyl-N-
[7-(1-pyrrolidinyl)-1-oxaspiro(4,5)dec-8-yl]phenyl-benzeneace-
tamide) (U69593) by Upjohn and naloxone benzoylhydrazone
(NalBzoH) by Dr GW Pasternak.

Results

Striatal [3H]-dopamine and [14C]-ACh release: opioid
receptor agonism

[3H]-dopamine and [14C]-ACh release, induced by exposure of
the neostriatal slices to a half-maximally e�ective concentra-
tion (10 mM) of NMDA for 10 min, amounted to 4.53+0.08%
and 2.94+0.06% (n=152) of total tissue radioactivity, re-
spectively. Preliminary experiments revealed that this concen-
tration of NMDA did not induce neurotransmitter release in
the absence of Ca2+ in the superfusion medium (data not
shown).

The k receptor agonists (7)-EKC, U69593 and dynorphin
A1±13 caused a 30 ± 40% reduction in the NMDA-induced re-
lease of [3H]-dopamine with apparent pD2 values of 9.0+0.2,
8.5+0.1 and 8.2+0.2, respectively, whereas the m receptor
agonist DAMGO and the d receptor agonist DPDPE were
ine�ective (Figure 1a). (7)-EKC and dynorphin A1±13 caused
a similar inhibitory e�ect on NMDA-induced [14C]-ACh re-
lease, albeit with lower apparent pD2 values (6.2+0.1 and
6.7+0.1, respectively, P50.01 vs [3H]-dopamine release),
whereas U69593 did not a�ect neurotransmitter release in this
case at all (Figure 1b). Figure 1b also shows that DPDPE
caused a 40% reduction in NMDA-induced [14C]-ACh release
with an apparent pD2 value of 7.2+0.3, whereas the m-opioid
receptor agonist DAMGO was ine�ective.

At their maximally e�ective concentrations the opioid re-
ceptor agonists also caused a slight (although not signi®cant)
decrease (by 10 ± 15%) in the spontaneous e�ux of radioac-
tivity.

Striatal [3H]-dopamine and [14C]-ACh release: opioid
receptor antagonism

As shown in Figure 2a, 1 mM naloxone completely antagonized
the inhibitory e�ects of submaximally e�ective concentrations
of (7)-EKC (3 nM), U69593 (10 nM) and dynorphin A1±13

(30 nM) on NMDA-induced [3H]-dopamine. Similarly, 1 mM
naloxone prevented the inhibition of NMDA-induced [14C]-
ACh release by 3 mM (7)-EKC, 0.3 mM DPDPE and 1 mM
dynorphin A1±13 (Figure 2b). The d receptor antagonist nal-
trindole antagonized the inhibitory e�ect of 0.3 mM DPDPE on
NMDA-induced [14C]-ACh release with an IC50 of
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1.1+0.2 nM. However, the inhibitory e�ects of 1 mM dynor-
phin A1±13 and 3 mM (7)-EKC on [14C]-ACh release, as well as
those of 30 nM dynorphin A1±13, 10 nM U69593 and 3 nM
(7)-EKC on [3H]-dopamine release were not a�ected by nal-
trindole (Figure 3).

The k antagonist nor-BNI appeared to be extremely potent
in reversing the inhibitory e�ect of a submaximally e�ective
concentration of (7)-EKC (3 nM), U69593 (10 nM) and dy-
norphin A1±13 (30 nM) on NMDA-induced [3H]-dopamine re-
lease with an IC50 as low as 0.02+0.01, 0.03+0.01 and
0.02+0.01 nM, respectively. Nor-BNI also readily antagonized
inhibitory e�ects of (7)-EKC and dynorphin A1± 13 on
NMDA-induced [14C]-ACh release with an IC50 of 3.0+0.1
and 3.2+0.1 nM, respectively (P50.01 vs [3H]-dopamine re-
lease). On the other hand, the inhibitory e�ect of DPDPE on
evoked [14C]-ACh release was antagonized by about 100 fold
higher concentrations of nor-BNI than observed with (7)-
EKC or dynorphin A1± 13 as agonist (IC50 210+20 nM,

P50.01 vs IC50 values with (7)-EKC or dynorphin A1± 13 as
agonist, Figure 4). A similar low apparant a�nity of nor-BNI
was observed when antagonism of the inhibitory e�ects of
other d-opioid receptor agonists such as Met-enkephalin and
D-Ala2-D-Leu5-enkephalin was investigated (data not shown).
Finally, as shown in Figure 5, the k3 receptor antagonist
NalBzoH did not discriminate between the inhibitory e�ects of
dynorphin A1±13 and (7)-EKC on the release of either neu-
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Figure 1 Inhibitory e�ects of various opioid receptor agonists on
NMDA (10 mM)-induced [3H]-dopamine (DA) release (a) and [14C]-
ACh release (b) from superfused rat neostriatal slices. The data
points represent means of 12 ± 16 observations obtained in 3 ± 4
separate experiments; vertical lines show s.e.mean.
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Figure 2 Antagonism by naloxone of the inhibitory e�ect of k
receptor agonists on NMDA (10 mM)-induced [3H]-dopamine (DA)
release (a) and [14C]-ACh release (b) from superfused rat neostriatal
slices. Data are means of 12 observations obtained in 3 separate
experiments: vertical lines show s.e.mean. Open columns: inhibition
by the indicated (submaximally e�ective) agonist concentrations;
solid columns; opioid agonist e�ects in the presence of 1 mM
naloxone. Naloxone alone did not a�ect neurotransmitter release.
*P50.01 vs control release in the absence of opioids.
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rotransmitter but antagonized their inhibitory e�ects, like that
of U69593 on [3H]-dopamine release, with the relatively high
IC50 of about 100 nM.

Discussion

The possible existence of at least two (U69593-sensitive and
-insensitive) subtypes of the k-opioid receptor in the brain has
so far been primarily based on ligand-receptor binding studies
(Zukin et al., 1988; Clark et al., 1989; Nock et al., 1990;
Rothman et al., 1990). Moreover, whereas the putative k1 re-
ceptor and a k3 receptor-related protein were recently cloned
(Meng et al., 1993; Yasuda et al., 1993; Pan et al., 1995), a
distinct primary structure of the putative k2 receptor has not
yet been established. Although ligand-receptor binding data
and the identi®cation of the genes that encode for distinct re-
ceptor binding sites provide evidence for the existence of re-
ceptor multiplicity, it is crucial to demonstrate unequivocally
the functional relevance of the proposed receptor classi®cation.
Considering the possible existence of k1 and k2 receptors, the
present study is the ®rst to provide such functional evidence.

Our data show that only those opioids displaying a high
a�nity towards k-opioid receptor binding sites, such as (7)-
EKC, U69593 and the endogenous opioid peptide dynorphin
A1±13, cause inhibition of NMDA-induced [3H]-dopamine re-
lease from rat neostriatal slices, in agreement with the invol-
vement of k-opioid receptors as previously described
(Scho�elmeer et al., 1988; Heijna et al., 1990; Mulder et al.,
1991). Moreover, the very high a�nity of the k1 receptor-se-
lective antagonist nor-BNI (Zukin et al,. 1988; Clark et al.,
1989; Portoghese et al., 1991) for these receptors observed in
our present study strongly suggests the occurrence in rat
neostriatum of U69593-sensitive k1-opioid receptors mediating
presynaptic inhibition of dopamine release. On the other hand,
with regard to the inhibitory e�ect of higher concentrations of
(7)-EKC and dynorphin A1±13 on NMDA-induced [14C]-ACh
release, our functional experiments revealed the involvement of
k2-opioid receptors. This conclusion is based on the following
observations. (1) The selective m-opioid receptor agonist
DAMGO did not a�ect NMDA-induced [14C]-ACh release,
indicating the absence of release-inhibitory m receptors. (2) In
contrast to the inhibitory e�ect of the d-opioid receptor se-
lective agonist DPDPE on [14C]-ACh release, the inhibitory
e�ects of (7)-EKC and dynorphin A1±13 were not reversed by
the d1/d2-opioid receptor antagonist naltrindole (Sofuoglu et
al., 1991). (3) Whereas the k receptor antagonist nor-BNI
(Portoghese et al., 1991) appeared to reverse the inhibitory
e�ect of DPDPE, this antagonistic e�ect occurred at 100 fold
higher concentrations of nor-BNI than observed with (7)-
EKC or dynorphin A1±13 as agonist. (4) The apparent a�nity
of the k-opioid receptor ligands studied here were considerably
lower at the receptors mediating inhibition of [14C]-ACh re-
lease than at those mediating inhibition of [3H]-dopamine re-
lease, in agreement with the involvement of receptors with a
low a�nity k2 and high a�nity k1 binding site, respectively
(Zukin et al., 1988). (5) Our observations that the potent k1
receptor selective agonist U69593 (Zukin et al., 1988; Clark et
al., 1989) did not a�ect NMDA-induced [14C]-ACh release
(whereas this compound strongly inhibited the NMDA-in-
duced release of [3H]-dopamine with a high apparent a�nity),
is fully consistent with the involvement of the proposed
U69593-insensitive k2 receptor subtype. (6) Since the putative
U69593-insensitive k3 receptor binding site has been charac-
terized by displaying a high a�nity towards benzomorphans,
such as (7)-EKC and the antagonist NalBzoH (Clark et al.,
1989), the low apparent a�nity of these ligands for the [14C]-

100


90


80


70


60


50




10       9        8        7        6 

– log Naltrindole concentration (M)

N
eu

ro
tr

an
sm

it
te

r 
re

le
as

e 
(%

 o
f 

co
n

tr
o

l) (–)-EKC

U 69593

Dyn A1-13

(–)-EKC

DPDPE

Dyn A1-13

[3H]-DA

[14C]-ACh

Figure 3 Antagonism by naltrindole of the inhibitory e�ects of
opioid receptor agonists on NMDA (10 mM)-induced [3H]-dopamine
(DA) and [14C]-ACh release from superfused rat neostriatal slices.
Data are means of 12 observations obtained in 3 separate
experiments; vertical lines show s.e.mean. The slices were exposed
to the submaximally e�ective agonist concentrations indicated in
Figure 2. Naltrindole alone did not a�ect neurotransmitter release.
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Figure 4 Antagonism by nor-binaltorphimine (nor-BNI) of the
inhibitory e�ects of opioid receptor agonists on NMDA (10 mM)-
induced [3H]-dopamine (DA) and [14C]-ACh release from superfused
rat neostriatal slices. Data are means of 12 ± 16 observations obtained
in 3 ± 4 separate experiments; vertical lines show s.e.mean. The slices
were exposed to the submaximally e�ective agonist concentrations
indicated in Figure 2. Nor-BNI alone did not a�ect neurotransmitter
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Figure 5 Antagonism by naloxone benzoylhydrazone (NalBzoH) of
the inhibitory e�ects of opioid receptor agonists on NMDA (10 mM)-
induced [3H]-dopamine (DA) and [14C]-ACh release from superfused
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ACh release-inhibitory receptors strongly argues against the
involvement of this putative receptor subtype. Moreover,
DAMGO was shown to have a high a�nity for the k3 receptor
binding site (Clark et al., 1989), whereas the opioid peptide did
not a�ect NMDA-induced [14C]-ACh release in the present
study.

Taken together, our data provide neurochemical evidence
for the existence of pharmacologically and functionally distinct
k1 and k2 receptors in rat neostriatum, as predicted by previous
ligand-receptor binding studies. In this respect, our functional
in vitro study suggests that in rat neostriatum activation of k1-
opioid receptors causes inhibition of dopaminergic neuro-
transmission, whereas that of k2 receptors causes inhibition of
the activity of cholinergic interneurones. It may therefore be of

interest to develop highly selective k2 receptor (ant)agonists,
which are not yet available. From a pathophysiological point
of view, selective k2-opioid receptor agonists might be of re-
levance to ameliorate, for example, extrapyramidal disorders
involving hyperactivity of neostriatal cholinergic interneur-
ones, such as Parkinsonian symptoms and neuroleptic-induced
symptoms resembling Parkinson's disease and neuroleptic-in-
duced tardive dyskinesias (Lehman & Langer, 1983).

We would like to thank Dr G.W. Pasternak (Memorial Sloan-
Kettering Cancer Center, New York) for his generous gift of
NalBzoH.
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