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Receptor mechanisms and circuitry underlying NMDA
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NMDA glutamate receptor antagonists are used in clinical anesthesia, and are being
developed as therapeutic agents for preventing neurodegeneration in stroke, epilepsy, and
brain trauma. However, the ability of these agents to produce neurotoxicity in adult rats and
psychosis in adult humans compromises their clinical usefulness. In addition, an NMDA
receptor hypofunction (NRHypo) state might play a role in neurodegenerative and psychotic
disorders, like Alzheimer’s disease and schizophrenia. Thus, understanding the mechanism
underlying NRHypo-induced neurotoxicity and psychosis could have significant clinically rel-
evant benefits. NRHypo neurotoxicity can be prevented by several classes of agents (eg anti-
muscarinics, non-NMDA glutamate antagonists, and �2 adrenergic agonists) suggesting that
the mechanism of neurotoxicity is complex. In the present study a series of experiments was
undertaken to more definitively define the receptors and complex neural circuitry underlying
NRHypo neurotoxicity. Injection of either the muscarinic antagonist scopolamine or the non-
NMDA antagonist NBQX directly into the cortex prevented NRHypo neurotoxicity. Clonidine,
an �2 adrenergic agonist, protected against the neurotoxicity when injected into the basal
forebrain. The combined injection of muscarinic and non-NMDA Glu agonists reproduced the
neurotoxic reaction. Based on these and other results, we conclude that the mechanism is
indirect, and involves a complex network disturbance, whereby blockade of NMDA receptors
on inhibitory neurons in multiple subcortical brain regions, disinhibits glutamatergic and chol-
inergic projections to the cerebral cortex. Simultaneous excitotoxic stimulation of muscarinic
(m3) and glutamate (AMPA/kainate) receptors on cerebrocortical neurons appears to be the
proximal mechanism by which the neurotoxic and psychotomimetic effects of NRHypo are
mediated.
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Introduction

Excessive activation of NMDA glutamate receptors trig-
gers neuronal degeneration in acute brain injury con-
ditions, such as stroke, head trauma and epilepsy, and
NMDA antagonists confer protection against such
degeneration. However, NMDA antagonists have sig-
nificant side effects. In adult humans they trigger psy-
chosis,1–10 and in adult rats they produce neurotoxi-
city.11–21 Developing methods for controlling or
preventing these adverse reactions is an important
goal, as it may permit the therapeutic potential of these
agents to be realized.
In addition to the above, there are other important

reasons for studying these effects of NMDA antagon-
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ists. Because the psychotic reaction triggered by these
agents resembles the psychotic manifestations of
schizophrenia,1,2 exploring the mechanisms by which
these drugs disrupt neural circuitry may shed new light
on the nature of the network disturbances operative in
schizophrenia.22,23 NMDA receptor hypofunction
(NRHypo), the condition induced in the brain by
NMDA antagonist drugs, is a condition that is endogen-
ously present in the aging brain,24–27 and is present to
an exaggerated degree in the brains of patients with
Alzheimer’s disease (AD).28 For this reason, and
because of certain parallels between the pattern of neu-
rodegeneration in AD and the pattern induced in rat
brain by NMDA antagonists, it has been proposed that
NRHypo may act in concert with amyloidogenic mech-
anisms to drive the neuropathological process in
AD.29–31 Finally, it is important to understand both the
pathogenesis and ways of preventing NRHypo neuro-
toxicity, because certain drugs used in clinical anes-
thesia (ie ketamine and nitrous oxide (laughing gas))
are NMDA antagonists.

The pathomorphological changes induced by



Circuitry underlying NMDA antagonist neurotoxicity
NB Farber et al

33
NRHypo have been shown to be either reversible or
irreversible, depending on how long NMDA receptor
blockade is maintained. Changes induced by a low
dose of an NMDA antagonist are reversible, are
regionally selective for neurons in the retrosplenial
cortex (RSC32), and consist of vacuolar changes in mito-
chondria and endoplasmic reticulum.11 A high dose, or
more prolonged treatment, triggers irreversible neuro-
degeneration affecting neurons not only in RSC,12–16

but also in several other cerebrocortical and limbic
brain regions.17–19,21

After finding in early experiments, that two classes
of drugs—GABAA agonists and muscarinic cholinergic
antagonists—were effective in blocking the reversible
neurotoxic reaction, we proposed (Figure 1) that the
mechanism involves loss of GABAergic inhibitory con-
trol over excitatory cholinergic neurons that innervate
RSC neurons, with excessive cholinergic stimulation of
RSC neurons being the proximal mechanism of neu-
ronal injury.13 Subsequent findings have implicated
several other transmitter receptor systems in the neuro-
toxic reaction,33–35 suggesting that the underlying
mechanism may be much more complex. In the present
study, we have undertaken a series of additional
experiments designed to determine more definitively
the receptor mechanisms and complex neural circuitry
that mediate NRHypo neurotoxicity.

Materials and methods

Methods
Adult female Sprague–Dawley rats were anesthetized
with isoflurane to permit stereotaxic injection of neu-
roactive substances through a burr hole into the RSC
(AP: −5.5, ML: +0.8, DV: −1.636), anterior cingulate cor-
tex (AP: +1.2, ML: +0.4, DV: −2.0), the isocortex lateral
to RSC (AP: −5.6, ML: +4.0, DV: −2.0), vertical limb of

Figure 1 Circuitry originally proposed to mediate NRHypo
neurotoxicity. Based on early evidence that NRHypo neuro-
toxicity could be blocked by GABAA agonists or muscarinic
cholinergic antagonists, we proposed a simple wiring diagram
to explain NMDA antagonist neurotoxicity. It was postulated
that blockade of NMDA receptors on GABAergic interneurons
inactivated these neurons, thereby disinhibiting release of
ACh at a muscarinic receptor on the RSC neuron as the proxi-
mal mechanism of injury. ACh = acetylcholine; Glu = gluta-
mate; GABA = �-amino butyric acid; GA = GABAA subtype of
GABA receptor; mr = muscarinic cholinergic receptor;
NMDAr = NMDA subtype of Glu receptor.
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the diagonal band of Broca (AP: +0.7, ML: +0.2, DV:
−7.4), horizontal limb of the diagonal band of Broca
(AP: −0.26, ML: +1.8, DV: −9.0), nucleus basalis (AP:
−1.4, ML: +2.4, DV: −7.0), nucleus accumbens shell
(AP: +1.0, ML: +0.8, DV: −7.4), or locus coerulus (AP:
−9.8, ML: +1.3, DV: −7.2). Glass micropipettes pulled
to an orifice diameter of approximately 25–50 �m were
used for the microinjections. In experiments entailing
injections of protective agents into cortex, the agent of
interest was injected in a volume of 1.0 �l. For non-
cortical areas the injectate volume was 0.1 �l. Immedi-
ately after the intracranial injection, the scalp wound
was closed, anesthesia was discontinued and MK801
was administered subcutaneously (sc) in a dose (0.5 mg
kg−1) sufficient to induce a robust vacuole reaction in
RSC. When isoflurane anesthesia is terminated
immediately prior to the time of MK801 adminis-
tration, it does not interfere with the neurotoxic reac-
tion37 because isoflurane is rapidly cleared by the
lungs. Four hours after the injection of MK801, the ani-
mals were deeply anesthetized with chloral hydrate
and perfused with fixative (4% paraformaldehyde,
1.5% glutaraldehyde in phosphate buffer at pH 7.0)
through the ascending aorta. The brains were cut into
1-mm thick transverse slabs which were post fixed in
osmium tetroxide (1%), dehydrated in a series of etha-
nols, cleared in toluene and embedded flat in araldite.
For light microscopic evaluation, histological sec-

tions were cut 1 �m thick with an MT 2C Sorvall Ultra-
tome using 0.5 inch wide glass knives. These sections
were stained with a mixture of methylene blue and
Azure II for light microscopic evaluation. The brains
were sectioned at several rostrocaudal levels to permit
localization of the injection site and quantitative evalu-
ation of the vacuole reaction in RSC. For the latter pur-
pose, depending on the site of injection, vacuolated
neurons were counted bilaterally at one of two differ-
ent levels. For those animals that received the injection
into the RSC, counts were obtained from the section
closest to the injection site (Figure 2a). For injections
outside of the RSC, counts of injured neurons from the
RSC were obtained at the level where the neurotoxic
reaction is known to be most severe (approximately
5.5 mm caudal to Bregma, a level which is easily
located because it is where the corpus callosum ceases
decussating across the midline; Figure 2g). The investi-
gator quantifying the reaction was blind to the treat-
ment conditions. Percent protection was calculated by
dividing the mean of vacuolated neurons on the side
ipsilateral to the injection site by the mean number on
the contralateral side. The result was subtracted from
1 and multiplied by 100.
For electron microscopy, ultrathin sections were cut

and suspended over a formvar coated slot grid (1 ×
2 mm opening), stained with uranyl acetate and lead
citrate and viewed in a JEOL 100 C transmission elec-
tron microscope.
In those experiments investigating the ability of cer-

tain agent(s) to mimic NMDA antagonist neurotoxicity
when injected directly into RSC, the protocol was as
described above except that systemic administration of
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Figure 2 Blockade of NRHypo neurotoxicity by injection of protective agents into brain. (a) Low power magnification of the
RSC of a rat treated with MK801 systemically plus scopolamine directly injected into the RSC. Arrows indicate the track of
the needle that was used to inject scopolamine. Boxes indicate location of areas that are shown in panels (b) and (c). (b) Light
micrographic scene from RSC ipsilateral to the injection site. The majority of pyramidal neurons do not have vacuoles and are
normal in appearance (black arrows). One neuron remains affected (white arrow). White scale bar = 10 �m. (c) Light micro-
graphic scene from RSC contralateral to the injection site. The majority of layer III–IV pyramidal neurons (white arrows) are
injured and show the presence of vacuoles. One neuron is not affected (black arrow). Magnification is the same as that in panel
(b). (d) Bar graph illustrating the amount of protection against NRHypo neurotoxicity provided ipsilaterally by the injection of
different agents directly into the RSC. Compared to saline, scopolamine provided protection against NRHypo neurotoxicity
(treatment condition × side: F[2,15] = 11.07, P = 0.001; treatment condition on ipsilateral side: F[2,15] = 5.04; P = 0.02). The
significant effect of treatment condition was explained by the 0.01 nmol condition being significantly lower than saline (P �
0.05). NBOX also provided significant protection against NRHypo neurotoxicity (treatment condition × side interaction: F[2,22]
= 6.04, P = 0.008; treatment condition on ipsilateral side: F[2,22] = 3.74; P = 0.04). The significant effect of treatment condition
was explained by the 0.25 nmol condition being associated with fewer vacuolated neurons than the saline condition (P � 0.05).
Rimcazole provided significant protection against NRHypo neurotoxicity (treatment condition × side interaction; F[2,15] =
13.40, P = 0.0005; treatment condition on ipsilateral side: F[2,15] = 7.46; P = 0.006). The significant effect of treatment condition
was explained by the 50 nmol condition being associated with fewer vacuolated neurons than the saline condition (P � 0.005).
In contrast clonidine, when injected into the RSC, did not alter the neurotoxicity (treatment condition × side interaction; F[1,10]
= 0.95, P = 0.35). The numbers in parentheses indicate the number of animals in each condition. (e) Photograph of a whole
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MK801 was omitted. Except for the cyclothiazide
experiments, the total injected volume was 1.0 �l,
regardless of the number of agents injected. For the
cyclothiazide experiments cyclothiazide was injected
separately in a volume of 1.0 �l. In these experiments,
the brains were sectioned at several rostrocaudal levels
to permit localization of the injection site and quanti-
tative evaluation of the vacuole reaction in RSC.
Counts of injured neurons were obtained from the sec-
tion closest to the injection site.
Based upon previously obtained data, for each pro-

tective agent we hypothesized that a specific region
mediated its protective effect—diagonal band for cloni-
dine, RSC for scopolamine, NBQX and rimcazole. For
each of these region-agent combinations, an ANOVA
model with two independent factors, treatment con-
dition and side, and one dependent measure, severity
of neurotoxicity was used to evaluate the data. For
those ANOVAs with a significant interaction term, the
ANOVA was decomposed to determine if there was a
significant effect of condition on the ipsilateral side.
For those experiments that had multiple doses of the
active compound, significant findings were further ana-
lyzed with planned comparisons to determine which
dose was most likely to explain the finding. For each
region-agent combination other regions were sub-
sequently tested as controls in order to demonstrate the
specificity of the finding. Anterior cingulate and isocor-
tex lateral to the RSC were examined for rimcazole,
scopolamine and NBQX. Medial septum, nucleus bas-
alis, locus coeruleus, nucleus accumbens, RSC and
anterior cingulate were examined for clonidine.
Previously we found that numerous antimuscarinic

agents can block NRHypo neurotoxicity and we ranked
these agents in order of their ED50 blocking potencies.13

brain of a rat that received an injection of clonidine (1.0 nmol)
into the vertical limb of the diagonal band of Broca immedi-
ately before being treated systemically with MK801 (0.5 mg
kg−1, sc). Vertically oriented lines indicate approximate level
from which sections in (f) and (g) were taken. Numbers above
lines indicate distance of lines from Bregma in mm. (f) Low
power light micrograph of section located at 0.7 mm relative
to Bregma. Arrows indicate track made by injection needle
showing its placement into the vertical limb of the diagonal
band of Broca. (g) Section of RSC cut at −5.5 mm from Bregma
from the brain depicted in (e). This section was used for eval-
uating the severity of NRHypo neurotoxicity. The cortex from
the corpus callosum (CC) to the white line is the part of the
RSC that is susceptible to NRHypo neurotoxicity. (h) Bar
graph illustrating the amount of protection against NRHypo
neurotoxicity in RSC provided by the injection of clonidine
(1.0 nmol) directly into the vertical limb of the diagonal band
of Broca. Clonidine provided statistically significant protec-
tion against NRHypo neurotoxicity in the RSC ipsilateral to
the injection site compared to that seen with saline (treatment
condition × side interaction: F[1,10] = 60.51, P � 0.0001; treat-
ment condition on ipsilateral side: F[1,10] = 7.46; P = 0.02).
Clonidine also provided statistically significant protection (P
= 0.0001) in the RSC on the side ipsilateral as compared to
the side contralateral to the injection site. The numbers in
parentheses indicate the number of animals in each con-
dition.
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Five different molecular subtypes of the muscarinic
receptor have been cloned and numerous antimuscar-
inic agents have been studied by Bolden and col-
leagues38 for their in vitro binding affinities to each of
the five muscarinic receptor subtypes. In order to
explore which muscarinic receptor subtype may be
involved in the neurotoxic reaction, we compared the
order of potencies of antimuscarinic agents for block-
ing NMDA antagonist neurotoxicity with their order of
binding affinities to each of the muscarinic receptor
subtypes. To judge statistical significance of these com-
parisons, we used the conservative Spearman corre-
lation coefficients test which does not make assump-
tions about the underlying data.

Materials
MK801, scopolamine HBr, NBQX, clonidine, carba-
chol, and cyclothiazide were purchased from Sigma-
Aldrich (St Louis, MO, USA). Kainic acid (KA) and
AMPA were purchased from RBI (St Louis, MO, USA).
(+) SKF-10,047 was obtained from the NIDA Drug
Safety System (Bethesda, MD, USA). Rimcazole was a
gift from Burroughs Wellcome (Research Triangle Park,
NC, USA).

Results

Receptor identification and localization experiments

Non-RSC localization of NMDA receptor To deter-
mine whether the NMDA receptors through which
NMDA antagonist drugs trigger a neurotoxic reaction
in RSC are located in the RSC, we injected the powerful
NMDA antagonist, MK801 (0.5 nmoles and 5 nmoles)
directly into the RSC. As Table 1 indicates, this did not
cause neurotoxic changes in RSC neurons. Since this
amount of MK801 should effectively block all NMDA
receptors in the RSC, these findings indicate that sys-
temic MK801 interacts with NMDA receptors in non-
RSC brain regions to produce the RSC neurotoxic reac-
tion. It must also be assumed that at least two neu-
rons—the injured RSC neuron and an NMDA receptor-
bearing neuron located outside of the RSC—are
involved in this neurotoxic syndrome.

RSC localization of muscarinic receptor Previously
we have demonstrated that a series of muscarinic
antagonists, when administered systemically, prevent
MK801 neurotoxicity, the most potent agent in this ser-
ies being scopolamine.13 In the present study we
injected scopolamine directly into RSC and found that
it dose dependently prevented the MK801-induced
vacuole reaction in RSC neurons (Figures 2a–d). A
dose of 0.01 nmol provided 67% blockade of the toxic
reaction ipsilateral to the injection site (P � 0.05; Fig-
ure 2d). Injections of scopolamine into more distal
cortical areas (adjacent isocortex (n = 6) and anterior
cingulate (n = 6)) did not significantly reduce the toxic
reaction on the ipsilateral compared to the contralat-
eral side (P � 0.25). These observations suggest that
hyperactivation of a muscarinic receptor in RSC is a
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Table 1 Inability to reproduce NRHypo neurotoxicity by RSC injection of specific agents

Agent(s) and dose n Comments

MK801
0.5 nmoles 4 no vacuolated neurons
5 nmoles 4 no vacuolated neurons

Carbachol
50 nmoles 4 excitotoxicity; an occasional vacuolated neuron
5 nmoles 5 no vacuolated neurons

AMPA
1 nmole 4 excitotoxicity present to varying degrees
0.1 nmoles 4 no vacuolated neurons

KA
1 nmole 4 excitotoxicity present to varying degrees
0.1 nmoles 4 no vacuolated neurons

(+)SKF-10,047
100 nmoles 5 no vacuolated neurons

(+)SKF-10,047 + Carbachol
50 nmoles + 5 nmoles 6 no vacuolated neurons
5 nmoles + 5 nmoles 5 no vacuolated neurons

(+)SKF-10,047 + KA
25 nmoles + 1 nmole 4 excitotoxicity present to varying degrees
5 nmoles + 0.1 nmoles 4 no vacuolated neurons

critical factor in the mediation of NRHypo neurotoxic-
ity. Consistent with this interpretation, we have found
that systemically administered NMDA antagonists
induce excessive release of ACh in RSC.39

Identification of the muscarinic receptor subtype
Bolden et al38 have evaluated the affinity of various
muscarinic antagonists for binding to each of the five
molecular subtypes of muscarinic receptors. We pre-
viously had evaluated the potencies of each of the same
muscarinic antagonists for blocking NRHypo neurotox-
icity.13 Comparing the order of potencies of these mus-
carinic antagonists for blocking NRHypo neurotoxicity
with their order of binding affinities, a significant cor-
relation was found only for the m3 receptor subtype (r
= 0.865; P � 0.05; Table 2). Therefore, we tentatively

Table 2 Potency of antimuscarinics in preventing NRHypo
neurotoxicity vs binding affinity to the five molecular sub-
types of muscarinic receptors

Compound ED50 Kd in nMb

tested mg kg−1,
ipa

m1 m2 m3
c m4 m5

Scopolamine 0.13 1.1 2.0 0.44 0.8 2.07
Benztropine 1.29 0.23 1.4 1.1 1.1 2.8
Trihexyphenidyl 2.42 1.6 7 6.4 2.6 15.9
Atropine 2.67 0.5 0.9 1.1 0.6 1.7
Biperiden 3.70 0.48 6.3 3.9 2.4 6.3
Procyclidine 4.52 4.6 25 12.4 7 24
Diphenhydramine 17.54 100 120 229 112 260

a As reported by Olney et al.13
b As reported by Bolden et al.38
c P � 0.05, Spearman rank correlation coefficient, two-tailed.

propose that the cholinergic contribution to the neuro-
toxic mechanism may be mediated via the m3 recep-
tor subtype.

RSC localization of non-NMDA glutamate receptor In
addition to inducing vacuolization of RSC neurons,
NMDA antagonists also trigger abnormal expression of
heat shock protein (Kd 72) in the same RSC neu-
rons,13,40 both responses being apparently a manifes-
tation of the same toxic process. Sharp and colleagues
have found that DNQX, a non-NMDA receptor antagon-
ist, when administered systemically, can block PCP-
induced HSP-72 expression,41 which suggests that a
non-NMDA receptor could be involved in the neuro-
toxic reaction. We have confirmed this by two
approaches: (1) to MK801-treated adult rats, we sys-
temically administered NBQX, another antagonist of
the non-NMDA receptor (30 mg kg−1, sc × 3 doses), and
found that it confers 75% protection against NRHypo
neurotoxicity (P = 0.02; Figure 3). (2) We also injected
NBQX directly into RSC and found that it produced
a significant dose-dependent reduction in the vacuole
reaction on the ipsilateral side. A dose of 0.25 nmoles
suppressed the neurotoxic reaction on the ipsilateral
side by 53% (P � 0.05, Figure 2d). Injecting NBQX into
the anterior cingulate (n = 7) or adjacent lateral isocor-
tex (n = 6) did not significantly influence the neuro-
toxic reaction in RSC (P � 0.25 for both locations),
indicating that the non-NMDA receptor being blocked
by NBQX is located in the RSC. These findings suggest
that hyperactivation of a non-NMDA glutamate recep-
tor in RSC is also a critical factor in the mediation of
NRHypo neurotoxicity. Consistent with this interpret-
ation is a recent report that NRHypo causes excitatory
amino acid release in RSC.42



Circuitry underlying NMDA antagonist neurotoxicity
NB Farber et al

37

Figure 3 Ability of systemic NBQX to protect against
NRHypo neurotoxicity. NBQX, when administered sys-
temically (30 mg kg−1, sc, × 3) to adult rats treated with
MK801 0.5 mg kg−1, sc, significantly decreased (P = 0.02) the
number of vacuolated neurons in the RSC compared to ani-
mals treated with MK801 alone (control). Number in paren-
theses indicates the number of animals in each condition.

RSC localization of sigma site/receptor In prior
experiments, rimcazole and DTG, both relatively selec-
tive but not very potent sigma ligands, blocked
NRHypo neurotoxicity when injected systemically.33

Another sigma ligand, (+)SKF-10,047, counteracted
this blocking action. In the present experiments, when
rimcazole was injected directly into the RSC, it dose-
dependently suppressed the vacuole reaction ipsilat-
eral to the injection (Figure 2d). A dose of 50 nmoles
provided 76% blockade of the toxic reaction ipsilateral
to the injection site (P � 0.005). Injections into anterior
cingulate (n = 6) and adjacent lateral isocortex (n = 7)
were ineffective (P � 0.25 for both locations) in block-
ing the RSC neurotoxic reaction. These findings indi-
cate that the RSC is the site of action of rimcazole and
suggest that a sigma recognition site in the RSC is
involved in the circuitry that mediates NRHypo neuro-
toxicity.

Basal forebrain localization of �2 adrenergic recep-
tor Previous studies have shown that a series of �2

adrenergic agonists, when administered systemically to
adult rats, prevent the neurotoxic action of NMDA
antagonists.34 Moreover, in microdialysis studies we
have demonstrated that the release of ACh in RSC
induced by systemic MK801 is suppressed by systemic
administration but not by direct intra-RSC injection of
the �2 adrenergic agonist, clonidine.39 This latter result
indicates that the �2 adrenergic receptor with which
clonidine interacts to suppress the release of ACh in
RSC is not located within the RSC. Consistent with the
microdialysis result, in the present study direct injec-
tion of clonidine into the RSC at a dose of 1 nmole (n
= 6) did not provide neuroprotection (Figure 2d; P =
0.35) against MK801 neurotoxicity in RSC. If the �2

adrenergic receptors are not located within the RSC,
the most likely place where they might be located
would be in the basal forebrain where the vast majority
of cortical-projecting cholinergic cell bodies reside.43,44

These cholinergic cell bodies are dispersed over a large
area but tend to cluster within four major zones—
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medial septal nucleus, vertical limb of the diagonal
band of Broca, horizontal limb of the diagonal band of
Broca and the nucleus basalis. It is neurons in the verti-
cal diagonal band zone that provide the majority of the
cholinergic input to the RSC.44 Consistent with this
anatomical observation, injection of clonidine
(1 nmole) into the vertical limb of the diagonal band
blocked 33% of the damage ipsilateral to the injection
(P = 0.02; Figures 2e–h). Injections of clonidine into
the horizontal limb of the diagonal band (n = 5) pro-
vided less protection (24%; P = 0.03) consistent with
the interpretation that this area provides a minor
amount of cholinergic input to the RSC.44 Injection of
1 nmole of clonidine into the medial septum (n = 6),
which lies just superior to the vertical limb of the diag-
onal band, or injection into the nucleus basalis (n = 4)
provided no protection (P � 0.25 for both). Injection
into other areas was also ineffective (locus coeruleus
(n = 4), nucleus accumbens (n = 7), anterior cingulate
(n = 5); P � 0.25 for each site). These results indicate
that the site of action of clonidine is in an area of brain
that contains cholinergic cell bodies that project to
the RSC.

Recreating NRHypo neurotoxicity by activating
proximal receptor systems
Blockade of muscarinic, non-NMDA glutamatergic and
sigma receptors in the RSC prevents MK801’s neuro-
toxic action indicating that hyperactivation of each of
these receptors may contribute to the mechanism by
which NMDA antagonists injure RSC pyramidal neu-
rons. However, it is unknown from these results
whether hyperactivation of one, two or all three of
these receptors would be sufficient for inducing the
damage.
To determine if excessive activation of any one of

these three receptors alone is sufficient to cause a vacu-
ole reaction, we injected into RSC either the muscar-
inic agonist, carbachol, or a non-NMDA receptor agon-
ist (either KA or AMPA), or (+) SKF-10,047. Neither
carbachol, AMPA, KA, nor (+) SKF-10,047 reproduced
NRHypo neurotoxicity (Table 1). These results suggest
that hyperactivation of just one of these receptor sys-
tems in the RSC region is not sufficient to produce the
neurotoxic reaction.
In light of evidence that NMDA antagonists, when

given sc, cause an excessive cerebrocortical release of
both ACh39,45,46 and Glu,47,48 we examined whether car-
bachol in combination with a non-NMDA Glu agonist
(KA or AMPA) would reproduce the RSC neurotoxic
reaction. The combined injection of carbachol and
AMPA (5 nmoles + 1 nmole; or 5 nmoles + 0.1 nmoles)
tended to produce either excitotoxic-like changes with-
out the formation of vacuoles or no discernible pathol-
ogy (Figure 4g and Figure 5). Injections of the combi-
nation of carbachol and KA (5 nmoles + 1 nmole)
produced a mild vacuole reaction but excitotoxic
changes (ie swollen dendritic processes) were also
present (data not shown). Lowering the dose of KA to
0.3 nmoles in the carbachol-KA cocktail resulted in a
mild vacuole reaction (Figure 5). Carbachol (5 nmoles)
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Figure 4 Recreation of NRHypo neurotoxicity by the injection of muscarinic and non-NMDA agonists. (a) Light micrograph
taken from the RSC of a rat systemically injected with saline. Pyramidal neurons (black arrows) are normal in appearance.
White scale bar = 50 �m. (b) Electronmicrograph (EM) of a pyramidal neuron from layer III–IV of the RSC of a saline-treated
control animal. Mitochondria (M) and endoplasmic reticulum (ER) are normal. Black scale bar = 0.5 �m. (c) Light micrograph
taken from the RSC of a rat injected systemically with MK801 (0.5 mg kg−1, sc). Several pyramidal neurons (white arrows) are
damaged and demonstrate hallmarks of NRHypo neurotoxicity (cytoplasmic vacuoles and swollen cytoplasm). White scale bar
= 50 �m. (d) EM of a layer III–IV RSC pyramidal neuron from a rat treated with systemic MK801. Endoplasmic reticulum (ER)
and mitochondria (M) are dilated. Black scale bar = 0.5 �m. (e) Light micrograph taken from the RSC of a rat injected into the
RSC with carbachol (5 nmol) and KA (0.1 nmol). Several pyramidal neurons (white arrows) are damaged and demonstrate
cytoplasmic vacuoles and swollen cytoplasm. These neurons are indistinguishable from those damaged by the systemic injection
of MK801. White scale bar = 50 �m. (f) EM of a layer III–IV RSC pyramidal neuron from an animal treated with carbachol and
KA. Endoplasmic reticulum (ER) and mitochondria (M) are dilated. White scale bar = 0.5 �m. (g) Light micrograph taken from
the RSC of a rat injected with carbachol (5 nmol) and AMPA (0.1 nmol). The pyramidal neurons (black arrows) are normal in
appearance and are indistinguishable from those seen in saline-treated animals. White scale bar = 25 �m. (h) Light micrograph
taken from the RSC of a rat injected with carbachol (5 nmol), AMPA (0.1 nmol) and cyclothiazide (25 nmol). Several pyramidal
neurons (white arrows) are damaged and demonstrate the hallmarks of NRHypo neurotoxicity. White scale bar = 25 �m.
(i) EM of a layer III–IV RSC pyramidal neuron from an animal treated with carbachol, AMPA and cyclothiazide. Endoplasmic
reticulum (ER) and mitochondria (M) show changes similar to those seen in (d) and (f). Black scale bar = 0.5 �m.
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Figure 5 Quantification of the severity of NRHypo neurotox-
icity recreated by the injection of different agents. Animals
received an injection of several different cocktails and the
number of vacuolated neurons were subsequently enumer-
ated. Numbers in parentheses above each bar are the number
of animals in that condition. Numbers in parentheses in the
legend are the amount of each agent in nmoles injected into
the RSC. Total volume for each condition was 1 �l. C = carba-
chol, A = AMPA, K = KA, S = (+)SKF-10,047.

combined within even lower dose of KA (0.1 nmoles)
induced an apparently stronger vacuole reaction (P =
0.06) with only minimal to no excitotoxic-like changes
(Figure 5). The histological changes produced by this
combination occurred in layer III-IV pyramidal neu-
rons (Figures 4e and 4f) and was similar in quality to
the changes that occur when NMDA antagonists are
injected systemically (Figures 4c and d). Further
reductions in the amount of KA (0.03 nmoles) led to a
diminution of severity of the neurotoxic reaction (P =
0.05; Figure 5). Maintaining the amount of KA at its
optimum dose (0.1 nmole) while increasing carbachol
to 10 nmoles or decreasing it to 1 nmole resulted in
loss of the ability to produce the neurotoxicity
(Figure 5).
The combined injection of (+)SKF-10,047 and carba-

chol or (+)SKF-10,047 and KA did not reliably repro-
duce the neurotoxic reaction (Table 1). Finally, the
injection of all three agents (SKF-10,047 + carbachol +
KA (5 nmoles + 5 nmoles + 0.1 nmoles)) did reproduce
the neurotoxicity (Figure 5). The mean number of dam-
aged neurons was not appreciably different from that
seen with carbachol and KA (P = 0.8). Additional modi-
fications of the amount of each agent did not produce
a more robust vacuole response (data not shown).
Thus, we conclude that hyperactivation of ACh and
non-NMDA receptors on the RSC pyramidal neurons is
probably the critical and final step in NRHypo neuro-
toxicity and that the sigma receptor may modify
activity at either the ACh or non-NMDA receptor.
To determine whether the sigma receptor modifies
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the cholinergic or glutamatergic arm, either KA or car-
bachol was injected into the RSC of rats that had been
treated with MK801 (0.5 mg kg−1, sc) and a neuropro-
tective dose of the sigma antagonist, rimcazole (30 mg
kg−1, ip). If rimcazole affects the cholinergic arm, then
unilateral injection of carbachol should override rimca-
zole’s protective effect and allow the neurotoxicity to
occur on the ipsilateral side, while the contralateral
side would remain free from vacuoles, because rimca-
zole’s action would still be operative on the contralat-
eral side. A similar logic would apply to the KA injec-
tions. Carbachol-injected rats had significantly more
neurotoxicity on the ipsilateral side vs the contralateral
side (P = 0.02; Figure 6). In contrast the KA animals
did not demonstrate any contra- ipsi-difference (P =
0.6; Figure 6). These findings suggest that rimcazole via
a sigma site in the RSC may modulate the cholinergic
arm of the circuit.
Thus, we conclude that simultaneous hyperactiv-

ation of both a muscarinic and non-NMDA Glu recep-
tor on the same neuron results in NRHypo neurotoxic-
ity. While the ability of carbachol+KA and not
carbachol+AMPA to reproduce the neurotoxicity
would seem to implicate a kianate receptor subtype, it
is possible that KA produces the damage because
AMPA receptors do not desensitize to KA but do
desensitize to AMPA. To further explore the subtype
of the non-NMDA receptor involved in NRHypo neuro-
toxicity, we examined whether cyclothiazide, which
eliminates AMPA receptor desensitization, if added to
the carbachol+AMPA cocktail, would enable the cock-
tail to produce NRHypo neurotoxicity. Adding cyclo-
thiazide (75 nmoles (n = 9)) to the carbachol+AMPA
(5 nmoles + 0.1 nmoles) cocktail resulted in an RSC
neurotoxic reaction (Figures 4h and i), whereas this
combination of carbachol and AMPA alone did not
(Figure 4g). This result suggests that an AMPA prefer-
ring receptor might be involved in this neurotoxic syn-
drome.

Figure 6 Carbachol’s reversal of rimcazole’s protection
against NRHypo neurotoxicity. Animals were treated with
MK801 (0.5 mg kg−1, sc) and rimcazole (30 mg kg−1, ip). In
addition either carbachol (5 nmol, n = 10) or KA (0.1 nmol, n
= 9) was directly injected into the RSC. Ipsilateral = side of
brain that received the injection of carbachol or KA. Contrala-
teral = side of brain that did not receive the injection.
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Discussion

In prior studies involving systemic administration of
pharmacological agents or microdialysis methods, sig-
nificant clues had been gained regarding the general
nature of the toxic process triggered by NMDA antag-
onists and the complex array of receptor mechanisms
involved. Here we have explored in greater detail
important aspects of the circuitry that mediates
NRHypo neurotoxicity. The focus of our experiments
was confined to the reversible reaction selectively
affecting RSC neurons, the intention being to expand
the focus to the more widespread irreversible reaction
after gaining better insight into the reversible process.
In the present study, the first point addressed was

whether a blocking action of an NMDA antagonist at
NMDA receptors within the RSC is sufficient to trigger
the RSC neurotoxic reaction, and the answer is clearly
no. Although the neurotoxic reaction manifests selec-
tively in neurons of the RSC, injection of the NMDA
antagonist, MK801 directly into the RSC at doses calcu-
lated to block NMDA receptors throughout RSC did not
reproduce the neurotoxic reaction. This signifies that
it requires blockade of NMDA receptors at one or more
sites outside the RSC to trigger this neurotoxic reaction.
Building on prior evidence that the RSC neurotoxic

reaction can be blocked by systemic administration of
antimuscarinic agents, we have now demonstrated that
the RSC neurotoxic reaction can also be blocked by
injecting the cholinergic muscarinic antagonist directly
into the RSC, but not by injecting it into other nearby
regions. Together with microdialysis evidence that sys-
temic MK801 causes a sustained massive release of
ACh in the RSC region, this finding supports the
interpretation that hyperactivation of a muscarinic
receptor plays an important role in mediating the neur-
otoxic reaction.
Based on a comparison of in vitro receptor binding

affinities and in vivo neuroprotective potencies of mus-
carinic receptor antagonists, we tentatively conclude
that it is the m3 subtype of muscarinic receptor that
mediates the neurotoxic reaction. This type of analysis
is fraught with potential error due to the many vari-
ables that are different between the two types of data
being compared. Several pharmacokinetic variables (eg
different rates of penetration of blood–brain barriers
and different elimination half-lives) will affect the in
vivo neuroprotective potency data but not the in vitro
receptor binding data. However, until new agonists and
antagonists are developed that are highly selective for
each muscarinic receptor subtype, this is the best
approach available.
Based on recent evidence that NRHypo causes excit-

atory amino acid release in RSC,42 and on our present
finding that either systemic administration or direct
intra-RSC injection of NBQX, a non-NMDA Glu recep-
tor antagonist, blocks the RSC neurotoxic reaction
induced by MK801, we propose that hyperactivation of
a non-NMDA Glu receptor on the RSC neuron may be
an additional critical component of the mechanism
that mediates this neurotoxic reaction.

From the above information, it would be predicted
that direct injection into the RSC of an agent that acti-
vates muscarinic receptors and/or an agent that acti-
vates non-NMDA glutamate receptors would locally
reproduce NRHypo neurotoxicity. The present experi-
ments revealed that direct RSC injection of either a
muscarinic receptor agonist or a non-NMDA glutamate
receptor agonist alone was not sufficient to reproduce
the neurotoxic reaction. Since the simplest explanation
for this result would be that it required hyperactivation
of both a muscarinic and non-NMDA Glu receptor on
the same neuron to reproduce the neurotoxic reaction
in that neuron, we injected cocktails containing vari-
ous amounts of a muscarinic agonist (carbachol) and a
non-NMDA Glu agonist (AMPA or KA) and found that
the reaction was faithfully reproduced by a combi-
nation of carbachol and KA, but not by carbachol and
AMPA. While this would seem to implicate a KA-
receptor subtype, one cannot be confident in this con-
clusion for the following reasons: (1) AMPA and KA
receptor ligands show a very high degree of receptor
cross-reactivity; (2) when AMPA or KA are applied
continuously to AMPA-preferring receptors, a desensi-
tization mechanism is triggered in response to AMPA
but not to KA.49,50 For further clarification, we used
cyclothiazide, an agent that is known to prevent AMPA
receptor desensitization. Consistent with a role for an
AMPA preferring receptor, we found that the addition
of cyclothiazide to the carbachol+AMPA cocktail
allowed the neurotoxic reaction to be expressed. It will
be important to test new antagonists, when available,
that show a high degree of specificity for AMPA vs KA
receptor subtypes in order to determine whether
AMPA receptors, KA receptors, or both are involved.

Any of several classes of agents that either mimic or
potentiate the action of GABA at GABAA receptors,
when administered systemically, are effective in pro-
tecting against NRHypo neurotoxicity, with benzodia-
zepines being less effective than barbiturates or GABA-
ergic anesthetics.13,37,51 This implies that GABAA

receptors play a very important role. While the present
experiments were not designed to identify the specific
loci in the brain where the critical GABAA receptor
interactions occur, the functional role(s) of the GABAA

receptor must include regulation of the activity of chol-
inergic neurons because in microdialysis experiments
we have shown that drugs that activate GABAA recep-
tors prevent or reverse the action of MK801 in releasing
ACh in the RSC.39 We tentatively postulate that the
locus of integration between GABAergic and chol-
inergic neurons is in the diagonal band region of the
basal forebrain in that it is well established that there
are clusters of GABAergic neurons that co-localize with
and modulate the activity of magnocellular cholinergic
neurons in all subregions of the basal forebrain.

Consistent with the above findings, we propose that
the mechanism of NRHypo neurotoxicity is indirect,
and involves a polysynaptic chain of events whereby
blockade of NMDA receptors in multiple non-RSC
brain regions results in excessive release of both ACh
and glutamate at muscarinic (probably m3) and
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AMPA/KA receptors, respectively, on RSC neurons.
We propose that simultaneous excessive stimulation of
RSC neurons by these two excitatory transmitters is the
proximal mechanism by which neuronal injury occurs.
As Figure 7 illustrates, the most likely type of wiring
to explain how blockade of excitatory (NMDA) trans-
mission can lead to release of excessive activity in both
cholinergic and non-NMDA glutamatergic excitatory
pathways, would be if the NMDA receptors are located
on inhibitory neurons, and through these NMDA
receptors glutamate tonically drives the inhibitory neu-
rons, thereby maintaining tonic inhibitory restraint
over the two excitatory pathways.
While the proposed circuitry is specific for the

reversible neurotoxicity in the RSC, a similar disinhi-
bition mechanism might underlie the more widespread
degeneration seen in other corticolimbic brain regions

Figure 7 Circuitry proposed to mediate NRHypo neurotoxic-
ity. To explain NRHypo neurotoxicity in the RSC, we propose
that Glu, acting through NMDA receptors on GABAergic and
noradrenergic neurons, maintains tonic inhibitory control
over two major excitatory pathways that convergently innerv-
ate RSC neurons. Systemic administration of an NMDA antag-
onist would block NMDA receptors, thereby abolishing
inhibitory control over both of the excitatory inputs to the
RSC neuron. The disinhibited excitatory pathways then
would simultaneously hyperactivate the RSC neuron, which
would create chaotic disruption of multiple intracellular sig-
naling systems, thereby causing immediate derangement of
cognitive functions subserved by the afflicted neurons
(psychotomimetic effects), and reversible or irreversible neu-
ronal injury, depending on how long the disruption lasts.
Although our present findings do not clarify the origin of the
glutamatergic cell bodies that project to the AMPA/KA recep-
tors in the RSC, we postulate these cell bodies are located in
the anterior thalamus because RSC is known to receive a
dense glutamatergic projection from the anterior thalamus73

and MK801-induced HSP72 expression in RSC can be pre-
vented by injections of muscimol into the anterior thalamus.74

This circuit diagram focuses exclusively on RSC neurons. We
hypothesize that a similar disinhibition mechanism and simi-
lar but not necessarily identical neural circuits and receptor
mechanisms mediate damage induced in other corticolimbic
brain regions by sustained NRHypo. (+) = excitatory input; (−)
= inhibitory input; ACh = acetylcholine; NE = norepi-
nephrine; Glu = glutamate; GABA = �-amino butyric acid; �2

= �2 subtype of adrenergic receptor; GA = GABAA subtype of
GABA receptor; m3 = m3 subtype of muscarinic cholinergic
receptor; AMPA/KA = AMPA/KA subtype of Glu receptor;
NMDA = NMDA subtype of Glu receptor; � = sigma site.
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with more prolonged periods of NRHypo. Consistent
with this proposal NMDA antagonists produce excess-
ive release of Glu42,47,48,52 and ACh45,46,53,54 in multiple
corticolimbic regions. The excessive release of neuro-
transmitters and subsequent overexcitation also might
underlie the ability of NMDA antagonists (eg MK801,
ketamine and PCP) to increase metabolism in several
corticolimbic regions.55–68

If the NRHypo circuitry is present in several cortico-
limbic regions, why then does the reversible neurotox-
icity appear only in the RSC and not in the other
regions? Because the dose response curve for inducing
the neurotoxicity in the RSC is an inverted U-shape
(Figure 5), we suspect that the selectivity of the revers-
ible neurotoxicity for the RSC is a function of the rela-
tive stimulation of the muscarinic vs non-NMDA recep-
tor. Thus, other regions might not develop the
reversible neurotoxicity because in these other regions
there might be too much or too little Glu release com-
pared to ACh release. The result would be the inability
to produce the reversible neurotoxicity in these other
regions with a low dose of an NMDA antagonist. How-
ever, higher doses would produce a severe enough dis-
inhibitory state that irreversible degeneration would
occur. Another possibility is that there could be subtle
differences in the circuit. It will be important to
explore these possibilities in future studies.
Previously we have found that systemically adminis-

tered �2 adrenergic agonists, including clonidine, pro-
tect against NRHypo neurotoxicity34 and can reverse
the excessive release of Ach induced in RSC by NMDA
antagonists.39 However, because clonidine was not
effective in reversing the excessive ACh release when
it was directly injected into the RSC, we reasoned that
clonidine suppresses ACh release in RSC by interacting
with �2 adrenergic receptors on cholinergic elements
outside of the RSC. An additional implication would
be that the axon terminals given rise to ACh release do
not originate from cholinergic neurons within RSC.
Our present findings support the interpretation that
clonidine’s protective activity against the RSC neuro-
toxic reaction is due to an action in the diagonal band
region of the basal forebrain where cholinergic cell
bodies, which project to the RSC, are concentrated. We
propose, therefore, that noradrenergic neurons in the
locus coeruleus send axonal projections that terminate
on �2 adrenergic receptors on basal forebrain cho-
linergic neurons, and modulate the activity of these
neurons (Figure 7).
The exact role of sigma receptors remains unclear,

but based on our present findings we propose that
sigma receptor ligands influence NRHypo neurotoxic-
ity by interacting in the RSC region with the chol-
inergic limb of the circuit. This interpretation is con-
sistent with evidence that sigma ligands inhibit the
stimulatory effects of cholinergic agents, including car-
bachol, on PI turnover.69 Thus, in our model we have
tentatively placed the sigma site adjacent to the musca-
rinic receptor (Figure 7). Other features of the proposed
circuitry (eg, location of 5HT2A receptors and location
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of glutamatergic cell bodies that project to the
AMPA/KA receptor) remain to be elucidated.
Our findings contribute to an improved understand-

ing of the mechanisms by which an NRHypo state can
result in neurotoxicity and psychosis. These findings,
therefore, may have practical significance in relation to
disease processes putatively mediated by an NRHypo
mechanism (eg, Alzheimer’s disease, and idiopathic
psychotic disorders). While a detailed discussion of the
putative role of an NRHypo mechanism in these dis-
ease processes is beyond the scope of the present writ-
ing, this information has recently been reviewed.70–72

Improved understanding of the circuitry underlying
NRHypo neurotoxicity may also provide insights into
methods for preventing the psychotomimetic and neur-
otoxic actions of NMDA antagonist drugs, and thereby
allow the considerable therapeutic potential of these
drugs to be realized.
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