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Differential action of NMDA antagonists on cholinergic
neurotoxicity produced by N-methyl-D-aspartate and quinolinic
acid
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1 Injections of N-methyl-D-aspartate (NMDA) and quinolinic acid (Quin), agonists that activate
NMDA receptors, into the rat nucleus basalis magnocellularis (nbM) produced a dose-related decrease
in cholineacetyltransferase (ChAT) activity in the cerebral cortex and amygdala 7 days after injection.
2 In order to examine the possibility that NMDA and Quin activate different sub-types of NMDA
receptors to produce central cholinergic neurotoxicity, the sensitivity of these agonists to the action of

" three different NMDA receptor antagonists, 2-amino-7-phosphonoheptanoate (AP-7), 7-chlorokynur-
enate and dizolcipine (MK801) was examined by injecting a fixed dose of NMDA (60 nmol) or Quin
(120 nmol) in combination with different doses of the antagonists into the nbM.

s 3 Both AP-7 (0.6—15nmol) and 7-chlorokynurenate (3.75-200 nmol), which block the NMDA
receptor recognition site and glycine modulatory site respectively, produced a dose-related attenuation of
the NMDA or Quin-induced decrease in ChAT activity in both the cortex and amygdala. Both
antagonists showed a greater potency against the action of NMDA than against Quin.

4 MKB801 (2200 nmol), an NMDA receptor-linked channel blocker, attenuated the Quin and NMDA
response only at a high dose. Unlike AP-7 and 7-chlorokynurenate, MK801 did not exhibit a consistent
difference in its potency as an antagonist against NMDA and Quin.

5 The differential antagonist actions of AP-7 or 7-chlorokynurenate against NMDA and Quin-induced
cholinergic neurotoxicity suggest that the excitotoxic actions of these two agonists are mediated via
distinct NMDA receptor sub-types. The NMDA- and Quin-sensitive receptors appear to differ with
respect to properties of the receptor recognition and glycine modulatory sites that are associated with
these receptors.
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Introduction

Excitatory amino acids (EAA) such as glutamic acid act on
specific receptors to produce synaptic excitation. Excessive
neuronal activation by EAA, however, results in sustained
depolarization and cell death, a phenomenon which has been
designated as excitotoxicity. One of the major EAA receptor
types implicated in excitotoxicity is the N-methyl-D-aspartate
(NMDA) receptor (Rothman & Olney, 1987; Olney, 1990), a
protein complex at which agonists such as NMDA or quino-
linic acid (Quin) act to produce synaptic excitation and ex-
citotoxicity. The NMDA receptor complex incorporates
several distinct sites, a ligand recognition site, a strychnine-
insensitive glycine site (Johnson & Ascher, 1987) and a cation
channel site (Lodge ef al., 1988), at which specific ligands can
act to influence the function of the receptor. Both pharmaco-
logical (Perkins & Stone, 1983a,b; French-Mullen et al., 1986)
and molecular biology studies (Monyer e? al., 1992; Meguro et
al., 1992; Nakanishi, 1992) have provided evidence for NMDA
receptor heterogeneity. Recent studies have suggested that
NMDA receptor subtypes may differ with respect to the
pharmacological properties of distinct sites associated with the
NMDA receptor complex (Monaghan et al., 1988; Sekiguchi er
al., 1990).

Although the functional significance of NMDA receptor
heterogeneity is not fully understood, neurotoxicity experi-
ments involving the use of different NMDA receptor agonists
such as ibotenic acid, NMDA and Quin have shown that dif-
ferent NMDA subtypes may be involved in the production of
excitotoxic damage in the brain. EAA antagonists such as 2-
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amino-5-phosphonovalerate (AP-5), a blocker of the NMDA
receptor recognition site, and kynurenic acid, a non-selective
EAA receptor antagonist, have been found to exert differential
action against Quin, NMDA or ibotenate-induced ex-
citotoxicity (Foster et al., 1984; Winn et al., 1991).

If different NMDA receptor subtypes indeed mediate the
excitotoxic response, such receptor subtypes may differ with
respect to properties of some of the distinct sites associated
with the NMDA receptor protein complex. The availability of
site-selective NMDA receptor antagonists provides an oppor-
tunity to determine whether agonists such as NMDA and Quin
activate different receptor subtypes to produce neurotoxicity.
To examine this possibility the action of three distinct anti-
NMDA agents, which either block the receptor recognition site
2-amino-7-phosphonoheptanoate (AP-7), the glycine mod-
ulatory site (7-chlorokynurenate) or the cation channel site
(MKS801), on the excitotoxic response produced by focal in-
jections of NMDA and Quin has been investigated in a model
of cholinergic neurotoxicity. The neurotoxic response mea-
sured in the present study involves reduction in the activity of
cholineacetyltransferase (ChAT) in the cerebral cortex and
amygdala, following injection of NMDA receptor agonists
into the nucleus basalis magnocellularis (nbM). Previous stu-
dies, including those from this laboratory, have demonstrated
that excitotoxic damage to large cholinergic neurones in the
nbM, resulting in loss of cholinergic projections to cortex and
amygdala, is reflected in depletion of regional ChAT activity
(El-Defrawy et al., 1985; Dunnett et al., 1987; Boegman et al.,
1992). Thus, in this study the action of three distinct NMDA
receptor antagonists on the NMDA and Quin-induced de-
crease in cortical and amygdala ChAT activity was examined
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Methods

Male Sprague Dawley rats weighing between 250-350 g were
anaesthetized with 4% halothane in oxygen and maintained
on 2% halothane during surgery for focal drug injections. The
animal’s head was placed in a stereotaxic frame and a single
injection of agent under study was delivered into the nbM via
a steel cannula (0.36 mm outer diameter). The stereotaxic
coordinates for injection into the nbM were: 2.6 mm lateral to
the midline, 0.8 mm posterior to bregma and 8.0 mm ventral
to the surface of the skull (Paxinos & Watson, 1982). The
incisor bar was set at —3.3 mm. The drug infusion, made into
the right nbM, involved delivery of a 0.5 ul volume over a 70-s
period. The injection cannula was left in place for an addi-
tional 2 min to allow for diffusion of the drug to the target
site. Solutions of agents under study were made with 0.9%
saline and adjusted to pH 7.4 with NaOH. In co-injection
experiments, the excitotoxin and antagonist under study were
dissolved in the same solution and delivered as a single infu-
sion. After injection, the animal was allowed to recover from
anaesthesia and subsequently returned to its home cage. Seven
days following the focal injection, the animal was killed by
guillotine and brain tissue from injected and uninjected sides
was removed for biochemical determination of ChAT activity
(see below). In some experiments the entire brain was removed
for a histological verification of cannula placement in the
nbM.

The frontoparietal cortex and amygdala were dissected
and used for determination of ChAT activity as described in
an earlier study (Boegman et al., 1992). The cortical tissue
was obtained by placing one razor blade at the optic chiasm
and a second blade 4 mm caudal to this. A 4 mm thick
coronal slice was removed bilaterally. The amygdala was
obtained from a 2 mm wide coronal slice by frechand dis-
section. The tissues were rapidly homogenized for measure-
ment of protein content by the method of Lowry et al.
(1951), and for ChAT activity by the radiochemical method
originally described by Fonnum (1975). The ChAT activity
was expressed as nmol ACh formed per mg protein per hour.
The cortical or amygdala ChAT activity measured in tissue
from injected and uninjected hemispheres were compared and
the change in enzyme activity produced by agents under
study was expressed as percentage change relative to the
uninjected side.

In selected experiments, slices of nbM were stained for
specific acetylcholinesterase (AChE) activity to visualize da-
mage to cholinergic neurones in the nbM. It has been shown
that this damage can result in loss of AChE stain in the nbM
(Boegman et al., 1992). The animals were injected with di-
isopropylfluorophosphate (DFP) (1.8 mg kg=') 4—5 h before
perfusion with paraformaldehyde. It has been shown pre-
viously that this pretreatment enhances the visualization of
AChKE positive cells (Parent & Butcher, 1976). The animals
were anaesthetized with sodium pentobarbitone (50 mg kg~!
i.p.) and perfused transcardially with saline, followed by cold
phosphate buffer containing 4% paraformaldehyde. The
brains were then removed and post-fixed overnight in the same
fixative. They were then immersed in 30% sucrose for at least
24 h. Transverse coronal sections (45 um) were then cut on a
freezing microtome and stored in individual wells containing
0.9% saline. Brain slices were stained for AChE containing
neurones using the method described by Karnovsky & Roots
(1964).

Drugs and chemicals

Quin and NMDA were obtained from Sigma Chemical
Company, St. Louis, MI, U.S.A. 7-CKA and MKS801 were
obtained from RBI, Natick, MA, U.S.A. AP-7 was purchased
fr9m Tocris Cookson, Bristol, England. Halothane was sup-
;phed,,by Bensen, Markham, ON, Canada. All chemicals for

tochemistry were supplied by Sigma Chemical Co. (St.
Missouris U7.§ A ).

Statistical analysis

The dose-response relationship in the cortex and amygdala was
assessed by a one way analysis of variance (ANOVA)
(P<0.05). Differences in the effect of different agents on ChAT
activity in the cortex or amygdala were assessed by Student’s
unpaired ¢ test (P<0.05).

Results

Prior to study of antagonism of NMDA and Quin-induced
neurotoxicity, the effect of saline injection and the dose-re-
sponse effects of these agonists alone on nbM cholinergic
neurones were investigated following single intra-nbM injec-
tions. Injection of saline into the nbM produced 3.9+ 1% and
12.84+5% (n=9) decrease in ChAT activity in the cortex and
amygdala, respectively. Intra-nbM injections of NMDA or
Quin produced dose-related decreases in cortical and amyg-
dala ChAT activity measured seven days following a single
injection (Figure 1). The dose-response curve for the action of
NMDA on cortical ChAT activity was shifted to the left of
that for Quin reflecting a greater potency of NMDA on the
cortical cholinergic projection. However, the dose-response
curves for the action of the two agonists on amygdala ChAT
activity showed an overlap, indicating a similar potency of
agonist action on the cholinergic projection to the amygdala.
At doses of 60 nmol NMDA and 120 nmol Quin a comparable
reduction in the cortical ChAT activity (45%) was observed.
At these doses the two agonists also produced a comparable
reduction in amygdala ChAT activity (60%). Thus these doses
of NMDA and Quin were used in subsequent experiments to
evaluate the comparative effects of different NMDA antago-
nists on the cholinergic neurotoxic response elicited by intra-
nbM injections of NMDA or Quin.

Effect of AP-7

Figure 2 shows results of experiments in which different doses
of AP-7 (0.6—15 nmol) were combined with a fixed dose of
NMDA (60 nmol) or Quin (120 nmol) and injected into the
nbM. Cortical and amygdala ChAT activity was measured

seven days following injections. The antagonist AP-7 produced
a dose-related inhibition of the NMDA and Quin effect in both
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Figure 1 Dose-response curve for the decrease in cholineacetyl-
transferase activity in the cortex (a) and amygdala (b) observed 7
days following infusions of saline, N-methyl-D-aspartate (@,
NMDA) or quinolinic acid (O, Quin) into the right nucleus basalis
magnocellularis. Values shown are expressed as percentage decrease
in enzyme activity in the cortex or amygdala relative to the
corresponding region in the uninjected side in the same animal.
Each point represents mean +s.e.mean; n=>5—6 animals. **P<0.01,
***P<0.001, values significantly different from saline-injected
animals.
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the cortex and amygdala. In both areas, the dose-response
curve for the AP-7/NMDA combination was shifted to the left
of that for the AP-7/Quin combination. Thus, AP-7 was more
potent as an antagonist against NMDA than against Quin.
The maximal inhibition of the NMDA and Quin effect by AP-
7 in the cortex was apparent at the 2.5 and 7.5 nmol dose,
respectively. In the amygdala a maximal inhibition of NMDA
and Quin effects was seen at doses of 2.5 and 15 nmol, re-
spectively. Thus, in both areas the dose of AP-7 that blocked
the action of NMDA was lower than that producing inhibition
of the Quin effect.

Effect of 7-chlorokynurenate

Figure 3 illustrates comparative effects of the glycine site an-
tagonist, 7-chlorokynurénate (3.75-200 nmol), on reductions
in cortical and amygdala ChAT produced by intra-nbM in-
jections of NMDA or Quin. In both areas this agent produced
a dose-related attenuation of NMDA and Quin effects. As was
seen in the AP-7 experiments, the dose-response curve for the
action of 7-chlorokynurenate action against NMDA was dis-
placed to the left of that for its action against Quin. This
leftward shift of the dose-response curve was especially pro-
minent in the amygdala. However, high doses of 7-chlor-
okynurenate completely blocked the action of both agonists on
ChAT activity. The maximal effect of 7-chlorokynurenate on
the action of NMDA and Quin in the cortex was apparent at
the 30 nmol dose. In the amygdala this effect against NMDA
and Quin was seen at doses of 30 and 200 nmol, respectively.
Thus, like AP-7, 7-chlorokynurenate showed a greater potency
of action against NMDA than against Quin.

Effect of MK801

The effects of different doses of the channel blocker MK 801 on
the changes in ChAT activity produced by NMDA and Quin
injections into the nbM are represented in Figure 4. In both
areas MK801 (5—200 nmol) produced an apparent dose-re-
lated attenuation of NMDA and Quin effect on ChAT activity.
However, a statistically significant action of MK801 was only
observed after injection of a high dose. A significant inhibition
of the action of NMDA and Quin action on ChAT activity in
the cortex was seen at 60 and 25 nmol MK801, respectively. In

the amygdala, the antagonism of the action of NMDA and
Quin was seen at MK801 doses of 60 and 200 nmol, respec-
tively. It is noteworthy that it was difficult to maintain high
doses of MK80! in solution at pH 7.4, and the pH of the
injected solution had to be adjusted to 5.5. The injection of the
vehicle (0.5 ul, pH 5.5) alone produced no significant effect on
ChAT activity (not shown).

Histological examination

The staining of AChE which occurs post DFP treatment has
previously been shown to be associated with cholinergic neu-
rones (Parent & Butcher, 1976). In this study, AChE staining
was used to determine if there was a loss of neurones in the
nbM following excitoxin injections in this region.
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Figure 3 Dose-response curves for the effect of 7-chlorokynurenic
acid (7-CKA) on the decrease in cholineacetyltransferase (ChAT)
activity in the cortex (a) and amygdala (b) produced by unilateral
injections of N-methyl-D-aspartate (@, 60 nmol) or quinolinic acid
(O, 120nmol). Values shown are expressed as percentage decrease in
ChAT activity relative to the corresponding region in the uninjected
side in the same animal. Each point represents mean+s.e.mean;
n=4-5 animals; **P<0.01, ***P<0.001, indicates significantly
different from value in absence of 7-CKA.
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Figure 2 Dose-response curves for the effect of 2-amino-7-
phosphonoheptanoate (AP-7) on the decrease in cholineacetyltrans-
ferase (ChAT) activity in the cortex (a) and amygdala (b) produced
by unilateral injections of N-methyl-D-aspartate (@, 60nmol) or
quinolinic acid (O, 120nmol). Values shown are expressed as
percentage decrease in ChAT activity relative to the corresponding
region in the uninjected side in the same animal. Each point
represents mean 1 s.e.mean; n=4-10 animals; ***P <0.001, indicates
significantly different from value in the absence of AP-7.
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Figure 4 Dosec-response curves for the effect of MK801 on the
decrease in cholineacetyltransferase (ChAT) activity in the cortex (a)
and amygdala (b) produced by unilateral injections of N-methyl-D-
aspartate (@, 60nmol) or quinolinic acid (O, 120nmol). Values
shown are expressed as percentage decrease in ChAT activity relative
to the corresponding region in uninjected side in the same animal.
Each point represents mean+s.e.mean; #=3-—4 animals; **P<0.01,
*¥% P <0.001 indicates significantly different from value in absence of
MKS&01.
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Examination of AChE stained sections thus allowed vi-
sualization of large cholinergic neurones in the nbM in animals
which had been injected with saline (control group). In sections
incorporating the nbM from animals given injection of
120 nmol Quin, there was almost complete loss of neurones
staining for AChE. A similar loss of neurones was apparent in
the nbM of animals receiving injections of 60 nmol NMDA
but not saline. Injections of 30 nmol of 7-chlorokynurenate in
combination with 120 nmol Quin resulted in partial sparing of
AChE-positive neurones, while injection of this dose of an-
tagonist with 60 nmol NMDA resulted in near complete
sparing of neurones in the nbM. In all experiments involving
unilateral Quin or NMDA injections, no damage to the con-
tralateral side was observed (data not shown).

Discussion

The decrease in ChAT activity following injections of NMDA
and Quin into the nbM serves as an index of the neurotoxic
action of these agonists on cholinergic neurones projecting
from nbM to the cerebral cortex or amygdala (Dunnett ef al.,
1987; Boegman et al., 1992). Previous studies have suggested
that the cholinergic neurones projecting to the two regions are
distinct (Boegman et al., 1992; Heckers et al., 1994). The re-
sults of NMDA antagonist experiments revealed a differential
antagonism of NMDA and Quin-induced cholinergic neuro-
toxicity by the two distinct anti-NMDA agents, AP-7 and 7-
chlorokynurenic acid. This finding suggests that the actions of
NMDA and Quin resulting in cholinergic neurone damage, are
mediated by subtypes of NMDA receptors. The difference in
antagonist potency most likely reflects differences in the
properties of the AP-7 and 7-chlorokynurenate-sensitive sites
which are associated with the NMDA receptor subtypes acti-
vated by NMDA and Quin. As differential antagonism was
seen both in the cortex and amygdala, these two NMDA re-
ceptor subtypes appear to be associated with both cholinergic
projections originating from the nbM.

In a previous study of nbM involving antagonism of neu-
rotoxicity produced by Quin, NMDA and ibotenic acid by AP-
5 (which acts like AP-7), Winn et al. (1991) reported a differ-
ential antagonism of the action of Quin and ibotenate but not
of Quin and NMDA by this agent. However, in the present
study using AP-7, the action of Quin was distinguishable from
that of NMDA on the basis of its lower sensitivity to this
antagonist. The discrepancy between the results of the two
studies may be related to different methods used to assess
neurotoxicity. Winn ez al. (1991) used the volume of the nbM
lesion as a measure of neurotoxicity whereas the present study,
which focused on damage to cholinergic neurones in the nbM,
employed a decrease in cortical or amygdala ChAT activity as
an index of toxicity. Previous studies have demonstrated that
changes in this biochemical marker indeed result from damage
to cholinergic neurones in the nbM (El-Defrawy et al., 1985;
Dunnett et al., 1987; Boegman et al., 1992). The greater an-
tagonist potency of AP-7 action on the NMDA than on Quin-
induced response suggests that the receptor recognition site to
which NMDA binds has a higher affinity for AP-7 than that to
which Quin binds to produce neurotoxicity.

The anti-NMDA agent, 7-chlorokynurenate, which blocks
the strychnine-insensitive glycine site associated with the
NMDA receptor complex, was also more potent in blocking
NMDA than Quin-induced neurotoxicity. This potency dif-
ference was especially prominent for cholinergic projections to
the amygdala. Previously, Winn ez al. (1991) have reported
that low doses of kynurenic acid, an agent which also blocks
the glycine site but is less elective than 7-chlorokynurenate
(Kemp et al., 1988; Kessler ez al., 1989), were more effective in
blocking NMDA- than Quin-induced neurotoxicity. However,
higher doses of kynurenic acid were found by Winn et al.
(1991) to be more effective against the action of Quin. In the
present study, in which several doses of 7-chlorokynurenate
- Wwere examined, the dose-dependent reversal of potency was

not observed. Examination of the dose-response curves
showed 7-chlorokynurenate to be a consistently more potent
blocker of the action of NMDA than Quin. It would thus
appear that the 7-chlorokynurenate-sensitive glycine site as-
sociated with the NMDA-sensitive receptor has a higher affi-
nity for the antagonist than that associated with the Quin-
sensitive NMDA receptor.

The channel antagonist MK801, unlike AP-7 and 7-chlor-
okynurenate, did not show a consistent difference in the po-
tency of antagonist action against the NMDA and Quin-
induced decrease in ChAT activity. A significant blockade of
the two NMDA receptor agonists was only seen at a high dose
of MKS801 and the regional consistency of action seen in ex-
periments with AP-7 and 7-chlorokynurenate was not seen in
the MK801 experiments. As MKS801 is an open channel
blocker, its differential action against various NMDA receptor
agonists may result more from differences in the functional
state of the cation channel than from potential differences in
properties of the MKS801 binding sites. Interestingly, in ex-
periments involving expression of cerebral and cerebellar
NMDA receptor types in Xenopus oocytes, the channel blocker
phencyclidine (PCP), which shares the action of MK801, has
not been as useful as 7-chlorokynurenate in distinguishing
between these receptors (Sekiguchi et al., 1990). Thus, in this
study MK801 was not as useful as the other two antagonists in
distinguishing between the actions of NMDA and Quin. It
should be noted that MK801 was relatively less effective in
blocking Quin-induced neurotoxicity, especially in the amyg-
dala. In a previous study MKB801 was reported to block
completely the action of Quin on striatal cholinergic neurones
(Foster et al., 1988). However, in that study MK801 was given
systemically as pretreatment and the neuronal population
(cholinergic interneurones) targeted by MK801 was different
from that in the present study. These factors may partly ex-
plain the differences in the effectiveness of MKS801 in various
brain regions.

The differential effects of the two NMDA antagonists ap-
pear not to result from variable levels of receptor activation by
NMDA and Quin since doses of the two agonists used here
produced similar responses (loss of ChAT activity) in the
cerebral cortex and in the amygdala. In the cortex, 120 nmol
Quin and 60 nmol NMDA were equieffective, producing
maximal depletion of ChAT activity. In the amygdala these
doses also produced a maximal depletion of ChAT activity.
The magnitude of effect produced by 60 and 120 nmo! Quin in
the amygdala was not statistically significant. However, the
higher dose was used since it allowed investigation of an-
tagonist action against equieffective doses of Quin and NMDA
on the two cholinergic pathways in the same animal. This ex-
perimental approach minimized the influence of extrinsic fac-
tors, such as anaesthesia, stereotaxic injections and tissue
dissection, on the neurotoxic response in two pathways which
originate from the same brain region. The relative resistance of
amygdala to antagonist action may depend on certain distinct
neurochemical characteristics of cholinergic neurones project-
ing to this area (Heckers et al., 1994).

Previous studies involving [*H]-glutamate binding to dif-
ferent brain regions or expression of NMDA receptors in
Xenopus oocytes have identified cerebellar and cerebral
NMDA receptor subtypes distinguishable on the basis of their
sensitivity to glycine. In [PH]-glutamate binding studies,
Monaghan et al. (1988) found that the cerebellar type of
NMDA receptor was resistant to glycine. Sekiguchi et al.
(1990) reported that in electrophysiological experiments on
Xenopus oocytes expressing cerebellar and cerebral NMDA
receptors, the former were resistant to blockade by 7-chlor-
okynurenate. Thus, in the present study a relative resistance to
7-chlorokynurenate of Quin-sensitive receptors might suggest
that these receptors correspond to the cerebellar subtype of
NMDA receptor originally described by Monaghan et al.
(1988). However, other observations tend to argue against this
notion. Monaghan & Beaton (1991) showed that the cerebellar
NMDA receptor is Quin-insensitive. Additionally, Sekiguchi
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et al. (1990) could not readily differentiate between the cere-
bellar and cerebral type on the basis of sensitivity to D-APV. In
the present study the Quin-sensitive receptor was considerably
less sensitive to AP-7, an agent which shares the action of D-
APV. Thus, the Quin-sensitive receptor mediating cholinergic
neurotoxicity, while being relatively resistant to 7-chlor-
okynurenate blockade, does not appear to correspond to the
cerebellar NMDA receptor described in other studies. Re-
cently, molecular biology studies have identified a number of
NMDA receptor types. However, the relationship of the
NMDA and Quin-sensitive receptors mediating neurotoxicity
to these receptor types is not known.

The apparent potencies of Quin and NMDA with regard to
the neurotoxic response were similar while Quin has been re-
ported to be much weaker than NMDA in receptor binding
experiments (Patneau & Mayer, 1990). This discrepancy may
be due to other factors which influence Quin-induced neuro-
toxicity. The neurotoxic action of Quin, but not NMDA, re-
quires the presence of presynaptic glutamatergic afferents to
target neurones (Schwarcz et al., 1984). Thus, the level of
glutamatergic input to cholinergic neurones may be a factor in
the discrepancy between potencies of Quin and NMDA in vitro
and in vivo.

The difference between the actions of NMDA antagonists
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