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ABSTRACT. Much evidence points to the involvement of N-methyl-D-aspartate (NMDA) receptors in the
development and maintainance of neuropathic pain. In neuropathic pain, there is generally involved a presumed
opioid-insensitive component, which apparently can be blocked by NMDA receptor antagonists. However, in
order to obtain complete analgesia, a combination of an NMDA receptor antagonist and an opioid receptor
agonist is needed. Recent in vitro data have demonstrated that methadone, ketobemidone, and dextropropoxy-
phene, in addition to being opioid receptor agonists, also are weak noncompetitive NMDA receptor antagonists.
Clinical anecdotes suggest that the NMDA receptor antagonism of these opioids may play a significant role in
the pharmacological action of these compounds; however, no clinical studies have been conducted to support
this issue. In the present commentary, we discuss evidence for the NMDA receptor antagonism of these
compounds and its relevance for clinical pain treatment; an overview of structure–activity relationships for the
relevant opioids as noncompetitive NMDA receptor antagonists also is given. It is concluded that although the
finding that some opioids are weak noncompetitive NMDA receptor antagonists in vitro has created much
attention among clinicians, no clinical studies have been conducted to evaluate the applicability of these
compounds in the treatment of neuropathic pain conditions. BIOCHEM PHARMACOL 56;5:553–559, 1998. © 1998
Elsevier Science Inc.
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Strong opioids have been available for the last 2300 years.
From the point of identification of morphine as one of the
active ingredients in the opium poppy (Papaver som-
niferum), much focus has been directed towards the devel-
opment of morphine-like substances devoid of the side-
effects of morphine. Initially, more potent compounds were
developed and subsequently, in the light of the identifica-
tion of different opioid receptor subtypes, compounds with
preference for one subtype over the others were synthesized
and characterized. Based on in vitro test systems, these
compounds were further developed into new drugs, which,
despite the subtype selectivity, possessed most of the side-
effects characteristic of morphine-like compounds. From an
outside perspective, it may look as if most of the develop-
ment of more potent and/or subtype-selective compounds
has led primarily to drugs with significantly improved
pharmacokinetic properties, but with little or no improve-
ment in their pharmacodynamic profile. Hence, despite the
development of compounds with up to 1000 times higher
affinity for the m opioid receptor subtype than morphine

and a significantly increased m receptor subtype selectivity,
compared with morphine, most of these compounds still
have the same side-effects and show a similar therapeutic
window.

One explanation for this lack of pharmacodynamic
improvement may be that, although the compounds are
much more potent than morphine, they still exert their
effect through interaction with the m opioid receptor, the
fundamental responsible receptor for both the positive and
the negative effects of the opioids. This hypothesis is
supported by the development of m receptor knockout
mice, where morphine is devoid of analgesic effects [1].
However, opioid analgesics with preference for k or ]
receptors still exert their analgesic action in the m receptor
knockout mice, underlying the importance of these recep-
tor subtypes in the action of analgesics [1].

Another explanation may be that the in vitro determined
subtype selectivity is an artificial constant resembling the in
vivo situation only slightly. Most of the opioid analgesics
that are accessible on the market possess an in vitro
preference for the m receptor, compared to the ] or k
receptors. However, the plasma concentrations obtained in
vivo are, in most cases, of such a magnitude that some
degree of activation of the other receptor subtypes should
be expected, leading to a complex pharmacological re-

‡ Corresponding author: Bjarke Ebert, Ph.D., PharmaBiotec Research
Center, Department of Pharmacology, The Royal Danish School of
Pharmacy, 2-Universitetsparken, DK-2100 Copenhagen, Denmark. Tel.
45-3-537-0850, Ext. 380; FAX 45-3-537-4457; E-mail: bjarke@medchem.
dfh.dk.

Biochemical Pharmacology, Vol. 56, pp. 553–559, 1998. ISSN 0006-2952/98/$19.00 1 0.00
© 1998 Elsevier Science Inc. All rights reserved. PII S0006-2952(98)00088-4



sponse. Strong evidence against this hypothesis are results
where brain concentrations of morphine, for example, have
been determined. These results confirm that brain concen-
trations are within the range where receptors, based on in
vitro binding profiles, are activated [2, 3]. Furthermore, the
pharmacological action of the opioid analgesics seems to be
strongly dependent on the animal model used, and in which
area the response is measured. An example of this is found
in the results by Hill et al. [4] where the effect of a systemic
dose of morphine was determined at the spinal cord level
and at the thalamic level. A three times higher dose of
morphine was needed to block nociceptive responses at the
spinal cord level than at the thalamic level. An explanation
for this observation may well be that a small reduction in
response at the single synapse may add up during the
transduction of the signal from the periphery to the brain,
ultimately leading to a blockade of the response at the brain
level, despite the very low concentration of morphine in
the brain. Only a little work has been reported in this
research area; consequently, a deeper understanding of the
relationship between opioid concentrations, receptor occu-
pancy at the different levels of the nociceptive pathways,
and the analgesic action of opioids still remains elusive.

Selective opioid receptor agonists acting preferentially at
the m subtype of the opioid receptor complex are used as
highly potent and effective analgesics in the clinic under
severe pain conditions [5]. The molecular basis of opioid
receptor-mediated analgesia is thought to be a combined
presynaptic and postsynaptic hyperpolarization, resulting in
a reduced release of an endogenous mediator(s), e.g. gluta-
mate, and a reduced sensitivity to released mediators,
respectively [6–8]. However, under certain conditions, the
effectiveness of opioids is nil or much less than expected.
Neuropathic pain occurring after amputation and/or after
severe nerve injury has been shown to respond poorly to
opioids [9]. The background of the reduced opioid respon-
siveness has been debated for years [5]. Some authors [10]
have reported that it is possible to achieve sufficient pain
relief with opioids in patients suffering from neuropathic
pain, although an increased dose is needed, whereas others
[11] find that even a high dose of opioids gives insufficient
pain relief. The common denominator of neuropathic pain
seems to involve an over-activation of the glutamate
receptor subtype, termed the NMDA* receptor [12, 13].
Based on this hypothesis, several potent and selective
noncompetitive NMDA antagonists have been investi-
gated in animal models of neuropathic pain [5, 14–16].
Noncompetitive NMDA antagonists like MK-801 [17] are
potent inhibitors of neuropathic pain in all animal models
tested [18]; however, only a few have been exposed to
clinical trials. The reasons for this are, first that severe
psychotomimetic side-effects are observed in humans when
high doses of the dissociative anaesthetics PCP and ket-

amine are applied, and, second, the finding that MK-801 in
rats induces reversible cerebral vacualization after relatively
short periods of treatment [19]. Quite interestingly, weaker
noncompetitive NMDA receptor antagonists, like meman-
tine, or more potent noncompetitive NMDA antagonists
[20] do not seem to produce the severe side-effects observed
of ketamine when administered intravenously. This sug-
gests that either peak concentrations of potent noncompet-
itive NMDA antagonists are especially problematic or that
the biotransformation of these compounds into weaker
NMDA receptor ligands may prevent the severe side-effects
[21, 22]. Thus far, no clinical data have confirmed the
hypothesis that low-affinity NMDA receptor antagonists
have significantly fewer side-effects than potent NMDA
receptor antagonists, when given in equipotent doses;
however, much attention has been drawn towards the
development of low-affinity, noncompetitive NMDA re-
ceptor antagonists in order to avoid the severe side-effects
observed from high-affinity MK-801-like compounds. Ket-
amine, which possesses a submicromolar affinity for the
[3H]MK-801-labelled binding site at the NMDA receptor
complex [23], is, in subanaesthetic doses, an effective
analgesic in neuropathic pain conditions [24], and recent
data have suggested that the strong analgesic effect of
ketamine, following oral administration, may be ascribed to
the high affinity for the NMDA receptor of the main
metabolite, norketamine [25].

Dextromethorphan, an antitussive with an affinity for
the NMDA receptor similar to that of ketamine [26], has
been tested as an analgesic in humans with only little effect
[27], although tolerance to the analgesic morphine is
reduced [28, 29]. Similar, nonconclusive data with the
weak noncompetitive NMDA receptor antagonist meman-
tine have been obtained in humans. Therefore, it is
debatable whether low-affinity, noncompetitive NMDA
receptor antagonists are able to reduce neuropathic pain in
the clinical situation, whereas the potent noncompetitive
NMDA receptor antagonist ketamine has been shown to
work under both in vitro and in vivo conditions.

However, neuropathic pain is not only a question of
NMDA receptor activation or poor opioid responsiveness.
Much evidence points to neuropathic pain as a complex
continuum of pains ranging from complete responsiveness
to morphine to unresponsiveness to morphine. To provide
adequate treatment of neuropathic pain, it is therefore most
likely that a combination of opioid and noncompetitive
NMDA receptor antagonists is of particular value. Even
though several in vitro experiments seem to confirm the
above-stated hypothesis [30, 31] or ultimatively any com-
bination of hyperpolarizing drugs and noncompetitive
NMDA receptor antagonists, the suggestion has yet to be
confirmed in clinical trials.

To evaluate the concept of “poly receptor targeting” or
“dirty drug pharmacology,” it is necessary to conduct
clinical trials either with mixtures of different pharmaco-
logical agents or with compounds that possess affinity for
several different receptor populations. Whereas several

* Abbreviations: A29, (RS)-3-dimethylamino-1,1-diphenylbut-1-ene; MK-
801, (RS)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cycloheptene-5,10-
imine; NMDA, N-methyl-D-aspartate; and PCP, phencyclidine.
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studies are now on the way to evaluating the significance of
combining morphine and ketamine, for example, not many
studies have been conducted with “dirty” pharmacological
compounds. The reason for this may be the lack of
understanding of the consequences of modulating several
receptor systems at the same time or the unavailability of
obvious test compounds.

KETOBEMIDONE

Ketobemidone has been used in Europe for the last 50 years
[32]. Based on clinical experience and clinical anecdotes,
our group has tried to rationalize the clinical practice in
order to select compounds suitable for the evaluation of a
combination of opioid receptor agonism and noncompeti-
tive NMDA receptor antagonism. The first compound
tested was the potent opioid receptor agonist ketobemi-
done. Clinical anecdotes described patients with opioid-
resistant pain that obtained almost complete analgesia by
switching to ketobemidone. By using [3H]MK-801 binding
and a functional assay, the rat cortical wedge preparation
[33, 34], where a number of excitatory amino acid receptor
ligands have been tested extensively, we were able to
demonstrate that ketobemidone is indeed a weak non-
competitive NMDA receptor antagonist with an approxi-
mately 30-fold lower affinity for the NMDA receptor than
ketamine (Fig. 1) [35]. It is questionable whether this very
weak affinity for the NMDA receptor seen in comparison
with a low nanomolar affinity for the m opioid receptor [36]
is more than an interesting finding. However, animal
studies clearly demonstrated that in a wind-up model, an
animal model equivalent to neuropathic pain, the NMDA
receptor antagonist component of ketobemidone clearly
was present and contributed to the pharmacological effect
of ketobemidone, which was significantly different from
that of morphine [37]. Furthermore, the effects of ketobe-
midone on neurophysiological parameters sensitive to mor-
phine were similar to those of morphine, demonstrating
that in systems primarily modulated by m opioid receptors,
the pharmacological profile of ketobemidone resembles
that of a pure m opioid receptor agonist [37]. Despite these
very promising findings, it still remains to be demonstrated
that the NMDA receptor antagonist activity of ketobemi-
done contributes to the clinical efficacy of this compound
in humans.

Three other important aspects with respect to ketobemi-
done and other weak NMDA receptor antagonists still need
to be addressed, despite the fact that some of these
compounds have been available for more than 50 years.

Do any of the metabolites of ketobemidone exert actions
at the NMDA receptor? In pharmacokinetic studies, it has
been demonstrated that following oral administration, ke-
tobemidone undergoes extensively first-pass metabolism to
norketobemidone [38]. In preliminary studies, we have
shown norketobemidone to be five times more potent than
ketobemidone at NMDA receptors, suggesting that this
metabolite may have clinical significance. However, little is

known about the pharmakokinetics and pharmacodynamics
of norketobemidone, so despite its presence in plasma, it is
still questionable whether norketobemidone or any of the
other metabolites plays a clinically significant role.

Are the concentrations obtained in different compart-
ments of the body of such a magnitude that a reasonable
level of NMDA receptor blockade may be expected? Based
on the in vitro determined binding affinities and the in vivo
optimal clinical concentrations of most of these com-
pounds, only a marginal reduction in the NMDA response
in the presence of the compounds may be expected.
However, as in the case with opioids, it may well be that
the neuronal network(s) responsible for the processing of
pain from the periphery to the central nervous system only
needs a very small inhibition at some of the “relay stations”
in order to obtain a full blockade of the signal to the brain.
Therefore, more research into the understanding of the
relationship between the NMDA receptor blockade at
different “relay stations” and the output of a neuronal
circuit is needed.

Does the in vivo analgesic activity of the characterized
weak noncompetitive NMDA receptor antagonists corre-
late with the activity determined in vitro? Much attention
has been directed towards the development of NMDA
receptor antagonists as novel drugs for the treatment of
neuropathic pain, and the clinical activity of ketamine
points towards the validity of this approach. However,
ketamine, like most of the other compounds possessing an
amino group and an aromatic group (Fig. 1), interacts with
a number of neurotransmitter systems [39]. Therefore, if
ketobemidone turns out to be an effective analgesic drug for
the treatment of neuropathic pain, it may well be that
either the sum of different receptor actions is the key point
for the clinical effect or that none of the determined
affinities of ketobemidone is responsible for this analgesic
action and that a thus far unidentified receptor subtype may
play an important role. This situation seems to have been
the case with respect to the tricyclic antidepressants of the
imipramine and amitriptyline type. Amitriptyline is a
noradrenaline/serotonin uptake inhibitor [40] and a non-
competitive NMDA receptor antagonist [41]. Clinical stud-
ies have shown that amitriptyline is active against neuro-
pathic pain [42]. Based on these findings it was initially
hypothesized that the effect at noradrenaline/serotonin
uptake systems was responsible for the analgesic action [43].
However, with the development of selective noradrenergic
and serotonin uptake inhibitors, devoid of NMDA receptor
affinities, the neuropathic analgesic effects vanished. Ami-
triptyline is at present thought to exert its analgesic action
via the NMDA receptor [43]; however, this has not been
proven clinically.

At present, ketobemidone is available exclusively in
Scandinavia, either alone or in combination with the
cholinergic antagonist A29 [44]. The combination of A29
and ketobemidone has long been questioned in light of the
finding that cholinergic antagonists, in general, do not
exert analgesic actions. However, after the introduction of
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pure ketobemidone, reports of the need to increase the dose
of pure ketobemidone, as compared with the mixture,
indicated that A29 under certain circumstances may have
an analgesic action. We recently disclosed that A29, in
addition to being a cholinergic antagonist, is also a non-
competitive NMDA receptor antagonist, equipotent with
ketobemidone [45], which may explain, in part, some of the
clinical experience with the comparison of ketobemidone

plus or minus A29. However, as in the case of ketobemi-
done, little is known about the pharmacokinetics of A29, so
it is too premature to use A29 as a “novel” noncompetitive
NMDA receptor antagonist. Furthermore, A29 is exten-
sively metabolized in the liver to nor-A29 [38], which our
preliminary studies suggest also is a noncompetitive NMDA
receptor antagonist. Knowledge concerning the pharmaco-
dynamic properties of ketobemidone and A29 is, therefore,

FIG. 1. Structures of a series of opioids and their Ki values determined by evaluating their affinity in [3H]MK-801 binding assays as
previously described [26].
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sparse, and it still remains to be demonstrated that ketobe-
midone, alone or in combination with A29, exerts clinical
relevant NMDA receptor antagonism in vivo. However,
such clinical studies are now underway.

METHADONE

Methadone, which is a synthetic m opioid receptor agonist
with an affinity for the m receptor comparable to that of
morphine [46], is used mainly for the treatment of drug
addicts and, to a much lesser extent, as an analgesic. The
reason for this is mainly that methadone has a highly
variable biological bioavailability and a long and variable
biological half-life, making it an optimal treatment for
patients suffering from more complicated pain. When
comparing the chemical structure of methadone with that
of A29 (Fig. 1), the similarity is striking, and the charac-
terization of methadone in binding assays and functional
assays showed the compound to be a potent noncompeti-
tive NMDA receptor antagonist with an affinity for the
MK-801 binding site of approximately 1 mM, equal to that
of ketamine [35]. In vitro studies of the enantiomers have
shown both enantiomers to possess noncompetitive
NMDA receptor antagonist affinity [47]. Again, it still
remains to be demonstrated that the NMDA antagonist
activity of methadone contributes to its clinical efficacy.
However, as studies with opioid dependency have shown
that the withdrawal symptoms are much less pronounced
when opioid agonists are combined with noncompetitive
NMDA receptor antagonists [29, 48], it can be speculated
that the use of methadone in the treatment of drug addicts
may depend, to some degree, on the noncompetitive
NMDA receptor antagonism. As in the case of ketobemi-
done, when given orally, methadone is metabolized exten-
sively to normethadone, which spontaneously cyclizes to
2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine [49].
The pharmacological profile of this metabolite has yet to be
described.

DEXTROPROPOXYPHENE

Dextropropoxyphene is a weak opioid receptor agonist,
which during the last 40 years has been used for the
treatment of pain. The potency of dextropropoxyphene is
much lower than that of morphine and codeine, reflecting
a low affinity for the m opioid receptor. Structurally,
dextropropoxyphene is very similar to methadone (Fig. 1),
suggesting that dextropropoxyphene may act as a non-
competitive NMDA receptor agonist. In vitro studies sub-
sequently have shown that dextropropoxyphene is a non-
competitive NMDA receptor antagonist with an affinity of
5 mM, which is approximately five times weaker than that
of methadone [50]. It still remains to be demonstrated in
clinical studies that the NMDA receptor antagonism of
dextropropoxyphene plays an important role for clinical
efficacy.

STRUCTURE–ACTIVITY RELATIONSHIPS FOR
MORPHINE-LIKE OPIOIDS

To further determine which structural characteristics are
essential for the interaction of opioids with the NMDA
receptor, we characterized a series of commercially available
opioids with respect to their affinity for the [3H]MK-801-
labelled NMDA receptor complex and in the rat cortical
wedge preparation. As illustrated in Fig. 1, where the
compounds are grouped according to the affinity deter-
mined in [3H]MK-801 binding, the presence of any polar
group in or close to the 6 position of the ring system seems
to prevent NMDA receptor affinity, whereas protection of
the 6-hydroxy group (as in thebaine and 6-Me-morphine)
or the absence of polar groups (dextromethorphan) facili-
tates the binding to the MK-801 binding site. Noscapine,
an antitussive that is a weak opioid receptor agonist, too, is
a weak noncompetitive NMDA receptor antagonist, re-
flecting that the key structural determinants for MK-801
affinity are an amino group and an aromatic group. This
structure–activity relationship is very similar to the rela-
tionship seen for MK-801-like ligands, where introduction
of hydrophilic substituents into the MK-801 structure
reduces binding affinity significantly [51, 52]. As shown in
Fig. 1, when tested in [3H]MK-801 binding, the affinity of
the active compounds is in the mid-micromolar range,
underlining that the compounds are weak antagonists at
the NMDA receptor. An earlier study by Choi and Viseskul
[53] showed that most opioids, including fentanyl, are able
to protect cultured neurones against NMDA-mediated
neurotoxicity in a naloxone-independent manner. As fen-
tanyl does not inhibit [3H]MK-801 binding as well as
NMDA responses in the rat cortical wedge preparation
(Fig. 1), these findings may reflect that different mecha-
nisms may take place during prolonged NMDA exposure in
the cultured neurones and the relatively short exposure to
NMDA in the rat cortical wedge preparation.

CONCLUSION

Although the finding that some opioids are weak non-
competitive NMDA receptor antagonists in vitro has cre-
ated much attention among clinicians, no clinical studies
have evaluated the applicability of these compounds in the
treatment of neuropathic pain conditions. The present
knowledge about the action of these compounds with
respect to NMDA receptors in vivo is so sparse that much
basic research is still needed.
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