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NMDA Antagonists as Neurotherapeutic 
Drugs, Psychotogens, Neurotoxins, and 
Research Tools for Studying Schizophrenia 
John W. Olney, M.D., and Nuri B. Farber, M.D. 

Antagonists of the N-methyl-o-aspartate (NMDA) 
subtype of glutamate (Glu) receptor have become the 
focus of considerable attention as potential 
neurotherapeutic agents in view of mounting evidence 
implicating NMDA receptors in acute central neroous 
system (CNS) injury syndromes such as stroke, trauma, 
and status epilepticus. In addition, NMDA receptor 
antagonists are of potential interest for the clinical 
management of neuropathic pain and preventing the 
development of tolerance to opiate analgesics. A 
potentially serious obstacle to the development of NMDA 
antagonists as neurotherapeutic drugs is the paradoxical 
fact that whereas these agents do have significant 
neurotherapeutic potential, they also have psychotogenic 
and neurotoxic properties. We have been intensively 
investigating the mechanisms underlying these adverse 
properties and have discovered several methods of 
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NMDA RECEPTOR HYPOFUNCTION (NRH): 
A TOOL FOR STUDYING SCHIZOPHRENIA 

NMDA receptor hypofunction (NRH) is the condition 
induced in the brain of an experimental animal or hu-
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suppressing or preventing their expression. In addition, 
we have been exploring the possibility that a common 
mechanism may underlie the psychotogenic and 
neurotoxic actions of these agents and that this 
mechanism may have relevance to the pathogenesis of 
idiopathic psychotic processes such as schizophrenia. In 
this chapter, we will review our findings pertaining to 
NMDA antagonists in the dual context of their value as 
tools for exploring mechanisms underlying 
neuropsychiatric disturbances, particularly schizophrenia, 
and their potential promise as therapeutic agents. For 
additional references and a more complete elaboration of 
our hypothesis pertaining to NMDA receptor dysfunction 
and schizophrenia, please see a recent review (Olney and 
Farber 1995). [Neuropsychopharmacology 13:335-345, 
1995] 

man subject treated with an NMDA antagonist. NRH 
may also be viewed as a transmitter disturbance that 
might be induced in the human brain by a disease mech
anism and could be responsible for signs and symp
toms of the disease process. If administration of NMDA 
antagonists to animals or people reproduces signs or 
symptoms of a disease process, this makes these drugs 
useful research tools for studying the potential role of 
NRH in that disease process. Based on this principle, 
we have been using NMDA antagonists as tools for 
studying schizophrenia. Schizophrenia is an idiopathic 
illness characterized by: (1) onset in early adulthood 
of a psychotic disturbance consisting of symptoms 
broadly divided into positive, negative, and disor
ganized categories; (2) structural brain changes that 
some investigators believe originate in early life and 
others believe may originate in adulthood; (3) cogni-
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Figure 1. NMDA receptor channel complex. Associated 
with this complex are multiple recognition sites through 
which receptor channel function is modulated. Currently it 
is recognized that NMDA receptor hypofunction (NRH) 
results in psychosis in humans and cerebrocortical damage 
in rats regardless of whether the NRH is induced by agents 
(PCP, ketamine, MK-801) acting at the PCP site to perform 
an open channel block or agents (CPP, CPPene, CGS 19755) 
acting at the NMDA site to perform a closed channel block. 

tive deterioration in some patients. In this article we 
will advance the proposal that NRH is a condition that, 
if present in the brain of a schizophrenic, could explain 
much of the symptomatology and natural course of this 
baffling disorder. 

NRH Is Psychotogenic 

The remarkable discovery by Lodge and colleagues 
(1982, 1987) that phencyclidine (PCP), a well-known 
psychotomimetic drug, noncompetitively blocks the ion 
channel of the NMDA subtype of Glu receptor (Figure 
1) prompted several authors to postulate a role for 
NMDA receptors in schizophrenia. The hypothesis as 
initially formulated (Olney 1988) held that because 
blockade of NMDA receptor function by PCP is as
sociated with schizophrenia-like psychotic symptoms, 
NMDA receptor hypofunction (NRH) per se may be 
psychotogenic and may be viewed as a candidate mech
anism to explain schizophrenia. There now is new evi
dence confirming that NHR per se is psychotogenic. 
Three competitive NMDA antagonists (CPP, CPP-ene, 
CGS 19755) that block NMDA receptors by acting at 
the NMDA (rather than PCP) recognition site (Figure 
1) have now been administered to human subjects, and 
each was found in low dosage to induce a PCP-like psy
chotic reaction (Kristensen et al. 1992; Grotta 1994; Herr-
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ling 1994). Therefore, the phenomenon known for de
cades as PCP psychosis is not a PCP receptor-specific 
phenomenon, but rather is a phenomenon resulting 
from effective blockade of the NMDA receptor
ionophore complex-effective induction of NRH. 

The Schizophrenomimetic Quality of 
NRH-Induced Psychosis 

Three decades ago PCP was introduced into clinical 
medicine as an anesthetic, but was soon withdrawn be
cause it caused a high incidence of psychotic "emer
gence" reactions. The mental effects of PCP included 
not only hallucinations and delusions but also blunt
ing of affect, apathy, catatonia, and thought disorder. 
Researchers in this era also noted that PCP could trig
ger a prolonged recrudescence of the acute psychotic 
state in chronic stable schizophrenics. Over the past 30 
years illicit use of PCP has resulted in countless indi
viduals being admitted to psychiatric hospitals with a 
psychotic illness difficult to distinguish from schizo
phrenia in acute, subacute, or (sometimes) chronic 
manifestations. Soon after PCP was withdrawn from 
clinical use it was replaced by ketamine, a dissociative 
anesthetic that has subsequently been identified as a 
PCP receptor ligand and, like PCP, a noncompetitive 
blocker of the NMDA receptor ion channel. Although 
ketamine induces PCP-like emergence reactions, 
anesthesiologists have learned that these reactions can 
be suppressed by benzodiazepines or prevented by bar
biturates. The psychotic reactions induced by PCP and 
ketamine are very similar, and most authors agree that 
these drugs, more faithfully than other psychotomi
metics, mimic the full spectrum of signs seen in schizo
phrenia. 

NRH Can Produce Brain Damage 

In recent years it has been shown that various NMDA 
antagonists, both competitive and noncompetitive, that 
cause psychotic reactions in humans cause neu
rodegenerative changes in corticolimbic regions of rat 
brain (Olney et al. 1989b, 1991; Hargreaves et al. 1993a). 
After a low subcutaneous dose (0.2 to 0.5 mg/kg MK-
801), the neuronal injury consists of a vacuole reaction 
that is reversible and is restricted to neurons of the 
posterior cingulate and retrosplenial (PC/RS) cortex, but 
higher doses can cause a neuron-necrotizing reaction 
that spreads beyond the PC/RS cortex to involve neu
rons in several additional neocortical and limbic brain 
regions (Fix et al. 1993; Wozniak et al. 1993; Corso et 
al. 1994; Sharp et al. 1994). In addition, it has been 
reported that repeated injections of PCP or MK-801 over 
a 3- to 4-day period induces a pattern of neurodegener
ative changes distributed over several corticolimbic 
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brain regions (Corso et al. 1992; Horvath and Buzsaki 
1993; Ellison and Switzer 1993; Ellison 1994). These 
findings signify that persistent suppression of NMDA 
receptor function-that is, persistent NRH-for only a 
few days can result in relatively subtle but permanent 
structural changes. The distribution of neuronal de
generation induced by NRH in the adult rat brain is 
roughly similar to the distribution of abnormalities 
reported in the schizophrenic brain (see Bogerts 1993 
for review), which includes the cingulate cortex (Benes 
et al. 1986), hippocampus (Kovelman and Scheibe! 1984; 
Bogerts et al. 1985, 1986; Falkai and Bogerts 1986; Jeste 
and Lohr 1989; Shenton et al. 1992), parahippocampal 
gyms (Brown et al. 1986; Shenton et al. 1992), and en
torhinal cortex (Jakob and Beckman 1986; Falkai et al. 
1988). 

NRH-Induced Brain Damage: Mechanisms 
and Prevention 

Over the past several years we have intensively stud
ied underlying mechanisms and methods of prevent
ing NRH-induced brain damage. The basic strategy 
used in most experiments was as follows: MK-801 was 
administered systemically to adult female rats in a dose 
(0.5 mg/kg SC) sufficient to induce a fully developed 
acute vacuole reaction in PC/RS neurons, and simul
taneously a neuroactive drug with specificity for a given 
transmitter system was injected intraperitoneally or 
directly into certain brain regions in an attempt to block 
the neurotoxic reaction. In some experiments we in
jected various agents directly into the PC/RS cortex in 
an effort to reproduce the vacuole reaction by activa
tion of specifically identified proximal mechanisms. 
Four hours after pharmacologic treatment(s), the 
animals were killed and the brains evaluated quantita
tively for the number of vacuolated neurons in the 
PC/RS cortex. 

From experiments, including those in which all 
agents were administered systemically, we found (Ol
ney et al. 1991, 1993; Olney and Farber 1994; Farber et 
al. 1993a, b, 1995a, b; Farber and Olney unpublished 
observations) that several classes of drugs effectively 
block the PC/RS neurotoxic action of MK-801, includ
ing: (1) muscarinic receptor antagonists; (2) GABAA 
facilitators (benzodiazepines and barbiturates); (3) 
sigma receptor ligands; (4) nonNMDA glutamate recep
tor antagonists; (5) a2-adrenergic receptor agonists; (6) 
certain typical antipsychotic agents (haloperidol. 
thioridazine, loxapine); (7) atypical antipsychotic agents 
(clozapine, fluperlapine, olanzapine). 

From additional experiments, including those in 
which agents were administered intracranially, we 
found (Price et al. 1994; Olney and Farber 1995; Farber 
and Olney unpublished observations) that the circuit 
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mediating the PC/RS neurotoxic reaction involves neu
rons not only in the PC/RS cortex, but in the thalamus, 
basal forebrain, and brainstem. We also found that sev
eral transmitter pathways must be activated simultane
ously for the PC/RS reaction to occur. This was 
confirmed by injecting a muscarinic agonist (carbachol), 
a sigma agonist ([+]SKF 10,047) and a nonNMDA gluta
mate agonist (kainic acid) into the PC/RS region either 
as single drug injections or as a combination cocktail. 
We found that injection of only one or any two of these 
agents did not reproduce the vacuole reaction, but in
jection of all three faithfully did reproduce the full reac
tion. This suggests that the proximal mechanism 
responsible for this neurotoxic reaction is simultane
ous hyperactivation of three receptors (muscarinic, 
sigma, kainate) on the PC/RS neuron. 

Proposed Circuitry to Explain NRH-Induced 
Brain Damage 

In Figure 2 we present a circuit diagram consistent with 
our several findings that can explain NRH-induced neu
rodegeneration in terms of a complex disinhibition prin
ciple. We propose that glutamate acting through 
NMD A receptors on GABAergic neurons maintains 
tonic inhibition over three separate excitatory pathways 
that convergently innervate the PC/RS neuron. 

We propose that the first excitatory pathway 
originates locally in the PC/RS cortex and releases an 
endogenous agent that serves as a facilitative modula
tor of a sigma receptor on the PC/RS neuron. Tenta
tively we propose that the endogenous substance may 
be neuropeptide Y (NPY) in that several recent studies 
have identified NPY as a facilitative modulator of sigma 
receptors. 

The second excitatory pathway is cholinergic and 
originates in the diagonal band region of the basal fore
brain. It is known that diagonal band neurons project 
to the PC/RS cortex and account for 75% of the choliner
gic innervation of PC/RS cortex. 

The third excitatory pathway is glutamatergic and 
originates in the anterior thalamus, which is known to 
send projections to PC/RS cortex. 

We also propose that the network includes a fourth 
pathway that involves a noradrenergic neuron. Our ba
sis for proposing involvement of noradrenergic neu
rons is that a2-adrenergic receptor agonists block MK-
801 neurotoxicity (Farber et al. 1995a). We propose that 
normally the noradrenergic neuron is driven by gluta
mate through an NMDA receptor which results in re
lease of norepinephrine at an a2-receptor on choliner
gic neurons in the basal forebrain that project to PC/RS 
cortex. Thus, the basal forebrain cholinergic neurons 
are subject to two tonic inhibitory inputs, both of which 
are driven by glutamate through NMDA receptors and, 
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Figure 2. Postulated circuitry to explain the neurotoxic action of NMDA antagonists on PC/RS neurons. Glu acting at 
NMDA receptors on GABAergIC neurons maintains tonic inhibition over three excitatory inputs to PC/RS neurons. Blocking 
NMDA receptors abolishes this inhibitory control mechanism, thereby causing all three excitatory inputs to excessively 
stimulate the PC/RS neuron. In addition, we postulate that Glu also maintains tonic inhibition over one of these excitatory 
systems (the ACh system) by driving NMDA receptors on norepinephrine (NE) neurons in the brainstem. The NE neurons 
project to the fore brain and terminate at u2-adrenergic receptors either on the cell bodies of cholinergic neurons in the basal 
forebrain or on their axon terminals in the PC/RS cortex. The asterisks indicate the postulated sites where dopamine inputs 
may presynaptically regulate Glu release. In this diagram we are suggesting that an excitatory input originates locally in 
the PC/RS cortex and releases an endogenous agent that serves as facilitative modulator of a sigma ( a) receptor on the PC/RS 
neuron. Tentatively we propose that the endogenous substance may be neuropeptide Y (NPY) in that several recent studies 
have identified NPY as a facilitative modulator of sigma receptors (Monnet et al. 1990, 1992; Gue et al. 1992; Riviere et al. 
1990). An additional possibility (not illustrated) would be that the PC/RS neuron uses Glu as a transmitter and gives off 
a recurrent collateral axon which, through an NMDA receptor on a local GABAergic neuron, exerts inhibitory control over 
its own firing rate. In this case, the NMDA antagonist would abolish inhibition in the recurrent collateral circuit, thereby 
removing inhibitory restraint over firing of the PC/RS neuron (at the same time that it is being hyperstimulated by multiple 
disinhibited excitatory inputs). 

therefore, both are subject to disinhibition when NMDA 
receptors are blocked. 

If we are correct that the PC /RS cortex receives con
vergent excitatory inputs from multiple subsystems, 
each of which is held under tonic inhibition by Glu act
ing at an NMDA receptor, systemic administration of 
an NMDA antagonist would simultaneously abolish 
inhibitory control over the excitatory limb of each 
subsystem, thereby causing the PC/RS neuron to be 
hyperstimulated through several signal transduction 
pathways at the same time. This would create chaotic 
disruption among intracellular second messenger sys
tems and could lead to severe derangement of psycho
logic functions subserved by the neural network con
taining these afflicted neurons. 

Age Dependency of NRH-Induced Phenomena 

Farber et al. (1992; 1995c) have shown that fetal rats and 
postnatal rats less than 1.5 months of age (roughly pu
berty in the rat) are totally insensitive to MK-801-
induced cerebrocortical neurotoxicity. Between puberty 
(1.5 months) and full adulthood (3 to 4 months), they 
gradually become fully sensitive to this toxic mecha
nism and remain so for up to at least 10 months of age. 
Similarly anesthesiologists have learned that the inci
dence of emergence reactions associated with ketamine 
anesthesia is age-dependent, with the reaction occur
ring rarely, if ever, in prepubertal children but manifest
ing in nearly 50% of young to middle-aged adults (Mar
shall and Longnecker 1990). Thus, although NMDA 
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antagonists undoubtedly induce NRH (that is, block 
NMDA receptors) in both immature rats and immature 
humans, this does not cause either morphologic neu
rotoxic effects or psychotomimetic effects during 
prepubertal periods of development. 

Latent NRH as a Developmental Mechanism 
in Schizophrenia 

It logically follows from the previously mentioned age
dependency information that a lesion having NRH 
potential could be present in the developing human 
brain at birth and this would not trigger psychopatho
logic or neuropathologic processes until late adoles
cence, at which time it presumably would spontane
ously begin to trigger schizophrenia-like psychotic 
symptoms. An in utero structural lesion having latent 
NRH psychotogenic potential that remains quiescent 
until late adolescence, would be quite consistent with 
current speculation that in utero structural brain 
changes occur in schizophrenia, and with the fact that 
psychotic symptoms potentially attributable to such 
structural changes do not begin to manifest until late 
adolescence. 

The pathogenic potential of NRH is based on a dis
inhibitory principle. If NMDA receptors in certain cir
cuits are hypofunctional, GABAergic inhibition over ex
citatory inputs to corticolimbic neurons is abolished. 
We postulate that these circuib normally mature and 
form their adult connections in late adolescence. At this 
time, if either the NMDA receptors or the GABAergic 
neurons possessing these receptors are missing or are 
impaired (due to an earlier developmental lesion), the 
newly formed circuits would be dysfunctional (unin
hibited) and would allow unmodulated stimulatory ac
tivity to flood corticolimbic brain regions, a process that 
could produce psychotic symptoms initially and ongo
ing structural changes eventually if the NRH condition 
remains severe and unremitting Highly relevant to this 
point is the fact that Benes et al. (I 991) have reported 
a specihc defect in the cerebral cortex uf schizophrenics 
consisting of a loss of GABAerg1c neurons. 

Accumulating evidence suggests that structural 
changes in cerebrocortical and limbic brain regions are 
a characteristic of schizophrenia, but opinions vary con
cerning whether such changes occur during develop
ment or in adulthood. The NRH hypothesis holds that 
both may be the case in that it posits structural changes 
of two different types, one with latent NRH potential 
that would occur during development, and another that 
would occur during adulthood and would represent the 
delayed pathological expression of the NRH potential 
of the earlier structural change. This is a compound 
unifying hypothesis that avoid.., the either-or impasse 
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and accommodates several lines of evidence and/or 
speculation from both the experimental animal and hu
man clinical literature. 

NRH Hypothesis and the Dopamine 
Transmitter System 

Traditionally, the most widely held hypothesis to ex
plain positive schizophrenic symptoms has been the 
dopamine (DA) hyperactivity hypothesis. The most 
compelling evidence for the DA hypothesis of schizo
phrenia is the fact that DA receptor antagonists are at 
least partially effective in ameliorating positive symp
toms in many cases of schizophrenia. Any schizophre
nia hypothesis that does not explain this observation 
is a weak hypothesis. It is possible to improve the ex
planatory power of either the DA or Glu hypothesis 
by incorporating the former into the latter. For exam
ple, because one action of DA receptors is to inhibit Glu 
release (Schwarcz et al. 1978; Rowlands and Roberts 
1980; Kornhuber and Kornhuber 1986; Maura et al. 
1988, 1989, 1990), a primary defect in the DA system 
(Figure 2) causing DA hyperactivity could result in ex
cessive suppression of Glu release at NMDA receptors 
with consequent hypofunction of the NMDA receptor 
system (NRH) as the basis for schizophrenia symptoms. 
Amelioration of symptoms by DA receptor blockers 
could be explained in terms of the DA receptor block
ade disinhibiting Glu release thereby correcting Glu 
h ypofunction. 

If the postulated defect in the DA system were con
genital or genetic in origin and, therefore, were present 
from birth, it would not be expected to produce psy
chotic symptoms until early adulthood because second
ary induction of NRH is the mechanism by which DA 
hyperactivity would produce symptoms and, as dis
cussed earlier, NRH does not trigger psychotic symp
toms until early adulthood. 

To explain cases of schizophrenia that are not 
responsive to DA receptor blockers, we propose that 
this may represent an etiologically different form of the 
disease in which NRH is present as a primary patho
genic factor in the absence of a primary disturbance in 
the DA system. To explain evidence that clozapine 
blocks NMDA antagonist neurotoxicity and is particu
larly effective in treating schizophrenic patients who 
manifest negative symptoms and who are neuroleptic 
resistant, whereas typical neuroleptics are primarily 
effective in treating positive symptoms, we propose that 
more than one neural pathway and more than one type 
of DA receptor may be involved, but in all pathways 
:\'RH may be an operative mechanism (because PCP 
and ketamine, which induce NRH, mimic both nega
tive and positive symptoms of schizophrenia). 
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Therapeutic Implications of Schizophrenia 

Schizop~re~ia is an idiopathic illness characterized by 
psychosis with onset in early adulthood, corticolimbic 
brain damage, and cognitive deterioration; NRH is a 
transmitter disturbance which, if present in the 
schizophrenic brain from birth, could explain lack of 
~ymptoms in childhood, onset of psychotic symptoms 
m early adulthood, and ongoing corticolimbic brain 
damage with associated cognitive deterioration. NRH 
would be expected to produce an authentic schizo
phrenia-type psychosis in that drugs that induce NRH 
i~ human adults reproduce both the positive and nega
tive symptoms of schizophrenia and are particularly 
effective in triggering a prolonged recrudescence of the 
a_cute psychotic state in stable chronic schizophrenic pa
tients. Also consistent with the hypothesis that an NRH 
mechanism may be operative in schizophrenia is our 
h~ding that certain drugs, including haloperidol, cloza
pme, and thioridazine, which ameliorate symptoms of 
schizophrenia also prevent NRH from inducing struc
tural damage in rat brain. If it can be shown that NRH 
is a mechanism operative in all or even some cases of 
schizophrenia, the pharmacotherapeutic implications 
are not trivial. A potentially important implication is 
that i~ the deg~ee of NRH is severe, early pharmaco
logic mtervenhon and continuous maintenance ther
apy may be necessary to prevent cognitive deteriora
tion, because permanent brain damage is a potential 
co~sequen~e o~ persistent NRH. Therefore, a high pri
onty question 1s whether medications currently being 
used to treat schizophrenia would be expected to re
duce the risk of NRH-induced neurodegeneration. 

Theoretically, in cases of schizophrenia in which 
NHR occurs secondary to a primary DA hyperactivity 
defect, the answer to the previous question should be 
yes because in such cases any form of therapy that nor
malizes DA activity would tend to correct the NRH and 
prevent NRH-induced neurodegeneration. On the 
other hand, it is possible that NRH induces some 
schizophrenic symptoms through one neural network 
and other symptoms through another, and structural 
brain changes might be induced through one or the 
other, or even through a third and different network. 
Assuming that multiple networks do exist, and that 
both a dopaminergic and NRH mechanism are involved 
in each, it is possible that D2 receptors modulate only 
one network and other DA receptor subtypes modu
late ~he other(s). If so, typical neuroleptics that act pri
~anly at D2 receptors would be effective in prevent
~ng structural brain changes only if these changes are 
mduced through the specihc network modulated bv 
D2 re~eptors. In view of evidence suggesting th;t 
negative symptoms may correlate with structural brain 
changes and cognitive deterioration and the clinical ob
servation that typical neuroleptics are relatively ineffec
tive in treating negative symptoms, there is basis for 
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concern that typical neuroleptic medications may not 
be very useful in reducing the risk of NRH-induced neu
rodegeneration. Although certain typical neuroleptics 
(haloperidol and thioridazine) block NRH-linked neu
rodegeneration in the rat, this could be explained by 
their sigma or muscarinic blocking activity, which might 
not be very strong at doses used in human neuroleptic 
therapy. Thus, at doses used in humans, these drugs 
may act on a network relevant to positive symptoms 
but have very little influence on the network(s) relevant 
to negative symptoms and structural brain damage. Al
though evidence suggesting that early pharmacologi
cal intervention results in a more favorable long-term 
outcome in schizophrenia, it is diffi.cult to sort out the 
role of typical neuroleptics versus antimuscarinic agents 
in this long-term outcome. 

Clozapine is effective in preventing NRH-linked 
neurodegeneration in rats and in treating both nega
tive and positive symptoms in schizophrenic patients, 
including those who are resistant to typical neurolep
tics. This suggests that a clozapine-sensitive network 
might exist through which NRH can induce both nega
tive symptoms and pathomorphologic brain changes 
and that another network may exist which is sensitive 
to both clozapine and typical neuroleptics through 
which NRH induces primarily positive symptoms, but 
may induce little or no brain damage. Further animal 
research aimed at clarifying the specific circuitry and 
receptor systems through which clozapine acts to pre
vent NRH-linked neurodegeneration may provide clues 
to the mechanism(s) by which clozapine ameliorates 
negative symptoms of schizophrenia, and it will be in
teresting in future clinical research to determine 
whether clozapine proves effective in preventing not 
only negative symptoms but structural brain changes 
and cognitive deterioration. 

It would be predicted from the NRH model that Glu 
agonists might be effective in ameliorating the symp
toms of schizophrenia. Clearly, if a specific defect in 
NMDA receptor-mediated neurotransmission were 
identified, therapy aimed at compensating for that 
specific defect would be indicated. Current efforts to 
treat schizophrenic patients with glycinergic agents are 
based on this principle (Deutsch et al., 1989; Javitt et 
al. 1994). Theoretically, Glu agonists might also be use
ful in cases where DA hyperactivity is the basic defect 
and NRH occurs secondarily due to excessive inhibi
tion of Glu release at certain NMDA receptors. Introduc
tion of a selective agonist that can act at these NMDA 
receptors would correct the Glu hypofunctional state 
even though the DA hyperactivity would not be cor
rected. However, other forms of therapy based on the 
NRH model should be considered first since these might 
be less treacherous than using an agonist of Glu recep
tors that might have excitotoxic side effects in some 
brain regions while correcting Glu tone in other regions. 
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The NRH model would suggest that activation of 
GABAA receptors may be therapeutic. Whereas a posi
tive response to benzodiazepine treatment has been 
reported in a few studies that utilized very high doses 
or that investigated the catatonic subtype of schizophre
nia or negative aspects of the illness, most studies have 
shown little or no value of benzodiazepines over 
placebo in the treatment of schizophrenia. These results 
are perhaps consistent with our fmding that diazepam 
provides only partial protection against NRH-induced 
neurodegeneration (Olney et al. 1991), which in turn 
is consistent with knowledge that benzodiazepines do 
not by themselves open the GABA chloride ion chan
nel. They act only to potentiate the action of GABA, 
and under NRH conditions GABAergic neurons are in
activated so that in the synaptic cleft there is very little 
GABA to potentiate. Certain barbiturates, those re
ferred to as anesthetic barbiturates, directly open the 
GABA chloride ion channel and, therefore, would the
oretically be more effective in schizophrenia. However, 
they would probably not be very useful because at doses 
required to open the chloride ion channel they are 
sedative-hypnotics. 

According to the NRH model, antimuscarinic 
agents might be therapeutically beneficial in schizophre
nia. Some students of schizophrenia have maintained 
that cholinergic dysfunction plays an important role in 
the disease (Tandon and Greden 1989; Tandon et al. 
1991). Specifically, it has been proposed that negative 
symptoms are caused by excessive muscarinic activity 
based on evidence that antimuscarinic drugs relieve 
negative symptoms and increase sociability (Fayen et 
al. 1988; Tandon et al., 1988), and that schizophrenic 
patients have a strong tendency to abuse antimuscarinic 
drugs in a quest for self-relief from negative symptoms 
(Fisch 1987; Wells et al. 1989). If, as posited earlier, there 
is a pathway through which NRH induces both nega
tive symptoms and structural brain changes, several 
classes of drugs that block NRH-linked neurodegener
ation in the rat, including antimuscarinics, sigma an
tagonists and nonNMDA Glu antagonists, might be ex
pected to block negative symptoms, structural brain 
changes, and cognitive deterioration in schizophrenia. 
We are not aware of any appropriately designed studies 
aimed at determining whether any of these classes of 
drugs, if administered in appropriate dosage at the on
set of schizophrenia and continuously thereafter, would 
prevent negative symptoms, structural brain changes, 
and cognitive deterioration. Antimuscarinics have been 
used extensively in schizophrenia, but not in the ab
sence of neuroleptics. Therefore, it is reasonable to pn >

pose that the ability of early pharmacologic interven
tion to improve the long-term outcome in schizophrenia 
might be explained by the practice of including antimus
carinic agents in the treatment regimen. It is also rea
sonable to propose that the powerful antimuscarinic ac-
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tion of clozapine might contribute not only to its lack 
of extrapyramidal side-effects but to its efficacy in block
ing negative symptoms, and if future research reveals 
that clozapine prevents not only negative symptoms 
but structural brain changes and cognitive deteriora
tion, its antimuscarinic action would be a prime candi
date to help explain these therapeutic benefits. 

IMPLICATIONS FOR THE DEVELOPING 
CENTRAL NERVOUS SYSTEM 

The observation that neither fetal nor infant rats are vul
nerable to the mechanism by which NMDA antagonists 
injure cerebrocortical neurons and that immature hu
mans do not seem to be vulnerable to the psychotogenic 
actions of the NMDA antagonists, ketamine and PCP, 
is potentially important for the following reasons. It sug
gests that fetuses of PCP-abusing mothers may be at 
less risk for neurotoxic or psychotogenic side-effects 
than are the drug-abusing mothers. Moreover, it also 
suggests that NMDA antagonists may be safer for use 
as neuroprotective drugs in pediatric than adult medi
cine. This is of particular interest in view of accumulat
ing evidence that in the developing CNS there is acer
tain time interval during which the NMDA receptor, 
due to overexpression of a specific receptor subunit 
(Monyer et al. 1994), is hypersensitive to excitotoxic 
stimulation (McDonald et al. 1988; Ikonomidou et al. 
J989a, 1989b). Because other subtypes of Glu receptor 
at the same time are relatively hyposensitive (Cam
poch1aro and Coyle 1978; McDonald et al. 1991), the 
NMDA receptor may be primarily responsible for ex
citotoxic neuropathology during critical periods of de
velopment. Therefore, NMDA antagonists are of par
ticular interest as neuroprotectants for the developing 
CNS. Supporting this view is evidence that NMDA an
tagonists are very effective in preventing damage to the 
mfant rat brain induced by either hypoxia/ischemia 
(McDonald et al. 1987; Ikonomidou et al. 1989a, 1989b; 
Olney et al. 1989a) or head trauma (Ikonomidou et al. 
1994). Of course, before NMDA antagonists can be 
declared entirely safe for the immature CNS, other pos
sible side-effects, including frank teratogenicity (Walker 
and Seig 1973) or a more subtle interference in trophic 
functions of NMDA receptors (Pearce et al. 1987; Ba
lazs et al. 1988) must also be considered, especially for 
indications requiring chronic treatment. 

IMPLICATIONS FOR ADULT THERAPEUTIC 
USES OF NMDA ANTAGONISTS 

Clearly, if the psychotogenicity of NMDA antagonists 
in humans and neurotoxicity of these agents in rats are 
age-dependent with onset of vulnerability in early 
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adulthood, this poses a potential obstacle to their use 
as therapeutic drugs in adult medicine. However, as 
several classes of drugs prevent the neurotoxic effects 
of NMDA antagonists, administering such drugs to
gether with NMDA antagonists is a potential solution 
to the dilemma. Alternatively, it may be possible to de
velop an agent that incorporates within the same mol
ecule strong NMDA antagonist therapeutic activity to
gether with action at other receptors that interrupts the 
extended circuitry through which NMDA antagonist 
side-effects are mediated. Based on information pres
ently available, the prospects are as follows: 

Combining NMDA antagonists with GABAergic 
agents warrants consideration as GABAergic agents are 
known to suppress the psychotic side effects of keta
mine and they also suppress the neurotoxic action of 
various NMDA antagonists in rat brain. However, be
cause benzodiazepines are addictive and confer only 
partial protection, they may not be the agents of choice. 
Barbiturates would be expected to provide more com
plete protection, which would recommend these agents 
for conditions such as stroke and head trauma. How
ever, their strong sedating action and addiction poten
tial might disqualify them for more chronic applications. 

Various antipsychotic (neuroleptic) agents that pro
tect the rat brain against NMDA antagonist neurotox
icity are of interest. Atypical neuroleptics ( clozapine, 
fluperlapine, olanzapine) are more potent than typical 
neuroleptics (haloperidol, loxapine, thioridazine) in 
blocking NMDA antagonist neurotoxicity, and are more 
effective in ameliorating a broad range of symptoms in 
schizophrenia. Therefore, provided they are not dis
qualified because of their own side-effects, atypical neu
roleptics would seem more promising than typical neu
roleptics as adjunctive agents for reducing the adverse 
site effects of NMDA antagonists. 

In our opinion, high priority should be given to an 
evaluation of antimuscarinic drugs for their ability to 
protect human subjects against the psychotogenic side 
effects of NMDA antagonists. Antimuscarinics have not 
been evaluated for efficacy in preventing the psychotic 
side effects of ketamine, but we would predict that they 
might be at least partially effective, and if this were 
shown to be the case in carefully controlled human 
trials, this would add strong support to the proposal 
that a similar mechanism and similar circuitry are in
volved in producing the neurotoxic side effects in rat 
brain and psychotic side-effects in humans. It might be 
considered a contradiction to propose that an antimus
carinic such as scopolamine might prevent a PCP psy
chosis as it is known that a high dose of scopolamine 
by itself can induce psychotic symptoms. However, we 
propose that a certain level of muscarinic tone in 
cerebrocortical circuits is required for normal mental 
function and if this tone is either increased or decreased 
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to an abnormal degree it may be psychotogenic. In the 
case at hand, administration of an NMDA antagonist 
would cause abnormal release of muscarinic activity in 
the PC/RS and possibly other corticolimbic brain regions 
and this abnormal muscarinic hyperactivity would be 
corrected by co-administration of scopolamine. Pro
vided the scopolarnine dose were adjusted to just coun
teract the abnormal cholinergic activation syndrome, 
it should be therapeutic without psychotoxic liability. 
Based on this reasoning, we would recommend that 
in the setting of NMDA antagonist therapy for stroke, 
neuropathic pain, or opiate dependence, antimuscarinics 
be given in a carefully controlled manner to determine 
whether the psychotic side-effects can thereby be 
brought under control. If they can, it may be assumed 
that the potential of the NMDA antagonist to induce 
cerebrocortical neuronal injury is probably also being 
blocked, and a class of drugs (NMDA antagonists) that 
have considerable neurotherapeutic potential would be 
rescued from ignominy by a principle as simple as ad
ministering two classes of drugs together in a carefully 
controlled manner. 

The observation that a2-adrenergic agonists block 
MK-801 neurotoxicity (Farber et al. 1995a) is of poten
tial interest, especially in relation to the therapeutic 
management of neuropathic pain, because both a2-
adrenergic agonists (Puke et al. 1993; Zeigler et al. 1992) 
and NMDA antagonists (Backonja et al. 1994; Davar et 
al. 1991; Kristensen et al. 1992) reportedly have an 
ameliorating effect on neuropathic pain. It will be of con
siderable interest in future research to determine 
whether combined treatment with agents of these two 
classes can provide superior control over neuropathic 
pain while simultaneously eliminating or reducing the 
adverse side-effects of NMDA antagonists. 

Concerning the prospects of developing NMDA an
tagonists free from side-effects, it has been reported that 
agents that block NMDA receptor function by acting 
at the glycine site or polyamine site provide neu
roprotection against hypoxic/ischemic neuronal de
generation without causing neuronal injury in the rat 
PC/RS cortex (Duval et al. 1992; Hargreaves et al. 
1993b). It will be important for other laboratories to 
confirm these preliminary observations with respect to 
both the neuroprotective and neurotoxic actions of these 
compounds. In the meantime, healthy skepticism is 
warranted as other classes of NMDA antagonists pro
duce neurotoxic side-effects in direct proportion to their 
efficacy in blocking NMDA receptors. If these agents 
are free from side-effects, it suggests that either they 
do not effectively block the specific NMDA receptors 
responsible for these side-effects, or else they interact 
with other receptor systems (muscarinic, sigma, GABA, 
a2-adrenergic) through which these side-effects can be 
counteracted. 
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SUMMARY AND CONCLUSIONS 

NMDA antagonists pose a complex dilemma for the 
pharmaceutical industry, regulatory agencies, and neu
romedical sciences. These agents are potentially valu
able for neurotherapeutic application in a wide variety 
of neuropsychiatric disorders, including stroke, CNS 
trauma, epilepsy, neuropathic pain syndrome, opiate 
dependence, and possibly chronic neurodegenerative 
diseases such as amyotrophic lateral sclerosis, Alzhei
mer's disease, and AIDS dementia. However, they also 
harbor treacherous potential for producing harmful 
side-effects that include induction of a schizophrenia
like psychosis in humans and cerebrocortical neuronal 
injury in rats at doses not far removed from the range 
required for therapeutic benefits. In this article, we have 
reviewed recent research efforts aimed at clarifying the 
mechanism underlying the neurotoxic and psychoto
genic potential of NMDA antagonists, described sev
eral methods that may be useful for controlling or 
preventing these harmful side-effects, and emphasized 
yet an additional fascinating aspect of the NMDA an
tagonist story, namely that these agents may prove to 
be exceedingly valuable research tools for clarifying 
mechanisms underlying psychotic symptom formation 
and pathomorphologic brain changes in idiopathic psy
chotic illnesses such as schizophrenia. 
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