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1 The neurotoxic actions of kainic acid can be partly suppressed by antagonists acting at N-
methyl-D-aspartate (NMDA) receptors. The present study examined the possible role of endogenous
components of the kynurenine pathway to this phenomenon.

2 Administration of kainate (2 nmols) into the hippocampus of anaesthetized rats produced
damage in the CA1 and CA3 regions. The involvement of NMDA receptors was con®rmed by the
ability of dizocilpine (1 mg kg71) to reduce cell loss in the CA1 region from 92 to 42%.

3 The co-administration of m-nitrobenzoylalanine (20 nmols into the hippocampus), an inhibitor
of kynurenine hydroxylase and kynureninase, together with a systemic injection of the compound
(100 mg kg71, i.p.), a�orded some protection against kainate, reducing cell loss from 91 to 48%.
Protection was not exerted against damage by quinolinic acid or NMDA, excluding a direct
interaction between m-nitrobenzoylalanine and NMDA receptors.

4 The protective e�ect of m-nitrobenzoylalanine was not prevented by glycine, which would be
expected to reverse protection caused by an elevation in the levels of endogenous kynurenic acid,
arguing against a major role for increased levels of kynurenic acid.

5 The results indicate that inhibition of the kynurenine pathway o�ers protection against kainate-
induced damage. One possible mechanism for the protection is that an increased production of
quinolinic acid in the brain, possibly from glial cells and macrophages activated by the initial
kainate insult, normally contributes to the local activation of NMDA receptors and thus to kainate-
induced cerebral insults. This generation of endogenous quinolinic acid would be suppressed by m-
nitrobenzoylalanine.
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Introduction

Kainic acid is a glutamate analogue with excitatory (Shinozaki
& Konishi, 1970) and neurotoxic activity (Olney et al., 1974)
and which is frequently used as an experimental tool in the

study of excitotoxic and neurodegenerative processes, partly
because of similarities in the pattern of damage with that
resulting from ischaemia (Liu et al., 1996; Vecsei et al., 1998).

Kainate acts upon several subtypes of glutamate receptor
subunits to produce pronounced depolarization, calcium entry
into neurones, and cell damage or death after excessive

stimulation (Schwob et al., 1980; Michaelis, 1998). It has the
advantage over more non-selective neuronal poisons and
metabolic inhibitors of producing an axon-sparing lesion in
which the cell somata are normally damaged preferentially

with respect to the nerve axons (Schwarcz & Coyle, 1977).
The pharmacology of kainate receptors is quite distinct

from that of other ionotropic glutamate receptors, including

those for N-methyl-D-aspartate (NMDA), there being a range
of antagonists available to act on the di�erent receptor
subunits to achieve a selective block of kainate and NMDA-

induced excitatory e�ects on neurones. However, there are
several reports in which the neurotoxic e�ects of kainate have
been reduced by antagonists acting at the NMDA-sensitive
population of glutamate receptors, sites at which kainate is

believed to have little or no direct action (Fariello et al., 1989;

Wolf et al., 1991; Berg et al., 1993; Virgili et al., 1992; Planas et
al., 1995). The usual explanation of this phenomenon is that
the depolarizing action of kainate will initiate a cycle of events

in which glutamatergic neurons will be activated to release
glutamate which can then in turn act upon both NMDA as
well as non-NMDA receptors. The antagonism cannot be

explained as a suppression of seizure activity, since the
behavioural and electrographic correlates of kainate-induced
seizures are increased, rather than decreased, by dizocilpine

(Fariello et al., 1989).
The neurotoxic action of agents such as kainate is

accompanied by a reactive gliosis in which astroglia and
microglia proliferate and migrate into the region a�ected by

kainate, and macrophages in®ltrate the region (Jorgensen et
al., 1993). These activated glia are able to secrete a range of
in¯ammatory mediators which may a�ect the course of

neuronal damage. These include kynurenines produced from
tryptophan, with a signi®cant increase (Heyes et al., 1992;
1996) in the secretion of the selective NMDA receptor agonist

quinolinic acid (Stone & Perkins, 1981; see Stone, 1993; Espey
et al., 1997). The amounts of quinolinic acid secreted by such
cells can easily exceed those known to be neurotoxic after
prolonged exposure (Pemberton et al., 1997). Quinolinic acid

of in¯ammatory cell origin could, therefore, account at least
partly for an indirect activation of NMDA receptors by
kainate, contributing to the delayed neurodegeneration

produced by this compound. The present study was designed
to test this hypothesis.*Author for correspondence.
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Methods

Intrahippocampal injections

Male Wistar rats weighing between 200 and 250 g were used in

all experiments. All animals were housed singly and provided
with free access to food and water. Animals were anaesthetized
with chloral hydrate (360 mg kg71) and placed in a stereotaxic

frame. The scalp was incised and a burr hole made through the
skull to permit access of the injection needle into the
hippocampus at the desired co-ordinates (anteroposterior:
3.0 mm behind the bregma suture, dorsoventral: 2.8 mm

below the cortical surface and lateral: 3.0 mm from the
midline suture (Paxinos & Watson, 1986). The needle was
then inserted and left in place for 2 min before the injection of

test agents. The compounds used in this study were all
introduced through a 29 gauge needle, injections being made in
a volume of 1 ml at a constant rate of 0.3 ml min71 using a Sage

infusion pump (Jones et al., 1998). The injection needle was
allowed to remain in place for 2 min after ending the injection
so as to prevent leakage of drug along the needle track. The
scalp was then sutured and the animals left to recover for seven

days. In order to suppress seizure activity and limit the
neuronal damage produced by kainate to direct rather than
indirect actions, all animals were treated with clonazepam,

0.1 mg kg71 at the time of removal from the stereotaxic frame.
The ability of this low dose to prevent seizures but not
hippocampal toxicity has been described previously (Mac-

Gregor et al., 1993).
Quinolinic acid was dissolved in 0.1 N NaOH and then

diluted with 165 mM NaCl solution. The pH of the solution

was then adjusted using 1 N HCl to between 7 and 7.6 before
making up to volume by the addition of further saline. Kainic
acid was dissolved in 165 mM NaCl solution. Kainic acid was
injected at a dose of 2 nmols, and quinolinic acid was injected

at a dose of 120 nmols, doses which have been used frequently
in previous studies of excitotoxicity and which we had found in
preliminary work to produce a sub-total destruction of the

CA1 and CA3 regions of the hippocampus. Meta-nitroben-
zoylalanine (mNBA) was co-administered at two dose levels by
mixing solutions of the individual agents in the appropriate

proportions. A single intraperitoneal injection of mNBA at a
dose of 100 mg kg71 was also administered to all animals
receiving intrahippocampal mNBA, 24 h after removal of the

animal from the stereotaxic frame, in order to extend the
duration of the inhibition of kynurenine synthesis.

Tissue ®xing and slicing

Rats were killed by an overdose of sodium pentobarbitone 7
days after recovery from the intrahippocampal injections. The

chest was opened to expose the heart and 20 ml of 0.9% NaCl
solution was infused over approximately 1 min via a 26 gauge
needle inserted into the left cardiac ventricle. This was followed

immediately by 20 ml of a solution of 10% formalin bu�ered
to pH 7.2. The brain was then removed and stored in ®xative
for up to 1 week. At removal, all brains appeared completely

white, con®rming the ¯ushing of blood from the cerebral
vessels and rapid access of the ®xative. A slice of brain, 2 mm
thick, was prepared to include the location of the injection
track, which was normally apparent from the residual

dimpling of the cortical surface produced by the needle
penetration. The 2 mm block of brain was dehydrated and
impregnated with para�n wax throughout before embedding

in wax. Sections were cut 6 mm thick, mounted on slides and
stained with cresyl fast violet.

Sections were subsequently examined for damage under a

light microscope by an observer blinded to the drug
treatment. Normal, intact pyramidal neurones were identi®ed
as those with a clearly rounded appearance with a clear

nucleus and nucleolus (Figure 1). The damage was quanti®ed
in the CA1 region by selecting every third section at a
distance of 200 ± 250 mm from the site of the needle track
(three sections per hippocampus) and counting the number of

intact, surviving neurones in the ®eld of view at a
magni®cation of 1006. The mean number of cells from
these three sections was then calculated to give the number of

surviving neurons in that area.
Analysis of variance (ANOVA) was followed by the

Student-Newman-Keuls post-test for multiple comparisons to

determine any statistical signi®cance. Signi®cance refers to
results where P50.05 was obtained.

Figure 1 Photomicrographs of the CA1 region of hippocampus in (A) a control animal, (B) 7 days following an intrahippocampal
injection of kainic acid, 2 nmols, and (C) 7 days following a combined administration of kainic acid 2 nmols and meta-
nitrobenzoylalanine (mNBA) 20 nmols. The control hippocampus shows normal healthy neurons with a full, rounded outline
containing a clear rounded nucleus and central necleolus. The damaged section in contrast has no healthy pyramidal neurons, but
the stratum pyramidal is now occupied by the small poorly-staining nuclei of degenerating neurons and there is an increase in the
number of darkly-staining nuclei of glial cells. In section (C), mNBA has largely protected against kainic acid, the majority of
pyramidal cells in this animal being normal and healthy in appearance. Scale bar 100 mm.
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Results

E�ects of dizocilpine

Kainic acid produced substantial damage to the CA3 and CA1

regions of the hippocampus (Figure 1). The dose used
produced a mean depletion of cell numbers in CA1 by between
87 and 92% in the di�erent series of animals reported here.

The injection of dizocilpine at a dose of 0.2 mg kg71 or
1 mg kg71 tended to reduce the amount of damage produced
with the protection being signi®cant at the higher dose level
(Figure 2). The amount of cell loss was reduced from 92 ±

41.7% at this dose (P50.01, n=3).

E�ect of mNBA

The administration of mNBA 20 nmols into the hippocampus
and100 mg kg71 systemically hadno e�ect onneuronal number

when administered in the absence of other agents (n=3). The
lower of the two doses tested of 5 nmols of mNBA produced no
signi®cant changes in the kainate e�ect. When combined with
kainate, however, as an intrahippocampal injection of 20 nmols

together with the subsequent intraperitoneal injection, it proved
able to suppress the kainate-induced damage, reducing neuronal
loss from 90.6% in control animals to 48% after kainate

treatment in one set of animals (P50.05, n=3; Figure 3) and
from 87 ± 49% (P50.01, n=4; Figure 4) in a second group used
in testing for the e�ects of glycine.

Combination of mNBA and glycine

In order to assess the role of the strychnine-resistant site

of the NMDA receptor in the protection a�orded by
mNBA, a series of experiments was performed in which
glycine was administered at a high dose (250 nmols ml71)
along with the kainate or the kainate plus mNBA

injections. The dose of 20 nmols mNBA showed a
protective e�ect against kainate (n=4; Figure 4) as in the
preceding set of experiments, but this was not changed by

the presence of glycine. Indeed, there was a slightly greater
mean preservation of neurones with the combined kainate/
mNBA/glycine cocktail compared with that produced by

mNBA itself though this di�erence was not statistically
signi®cant. (Figure 4).

Combinations of mNBA and quinolinic acid

In order to control for the possibility that mNBA was
able to have a direct action on the NMDA receptor,

one set of animals was prepared in which damage was
induced by quinolinic acid at a dose of 120 nmols. In
these animals, the administration of mNBA into the

hippocampus and systemically did not change the amount
of damage induced by quinolinic acid (n=4; Figure 5).
Similarly mNBA did not change the damage produced

by the injection of NMDA (2 nmols) into the
hippocampus.

Figure 2 Histogram summarizing the number of neurons surviving 7
days after an intrahippocampal injection of kainic acid 2 mols (Kain)
either alone or with an intraperitoneal injection of dizocilpine (MK)
at a dose of 0.l2 or 1 mg kg71. Results are shown as mean+s.e.
mean (n=3). Analysis was performed by ANOVA followed by the
Student-Newman-Keuls test for multiple comparisons. **P50.01
compared with kainic acid alone. ++P50.01; +++P50.001
compared with control.

Figure 3 Histograms summarizing the number of neurons surviving
after treatment with kainic acid 2 nmols (Kain) administered either
alone or together with an intrahippocampal (5 or 20 nmols) and
systemic injection of mNBA. Results are shown as mean+s.e.mean
(n=3). Analysis was performed by ANOVA followed by the Student-
Newman-Keuls test for multiple comparisons. *P50.05; compared
with kainic acid alone. +++P50.001 compared with control.
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Discussion

The pattern of damage produced by kainic acid is partly

dependent on the route of administration. Although any route
is able to produce some loss of cells in most regions of the
hippocampus, the neurones of the CA3 area are more sensitive
to damage after local, intracerebral injections (Nadler et al.,

1978; Tauck & Nadler, 1985; Kohler et al., 1979), whereas the
CA1 area shows at least as much damage as CA3 after
systemic administration (Sperk et al., 1983; Lassman et al.,

1984; Cli�ord et al., 1990; Berg et al., 1993). The relative
damage may depend on the concentration of kainate achieved
after injection at the various sites (Schwob et al., 1980). In the

present study the CA1 region was selected for quanti®cation of
cell damage, since preliminary data indicated a greater
consistency of damage (less variability) in this region.

In this study, normal intact pyramidal neurones were

identi®ed as those with a clearly rounded appearance with a
clear nucleus and nucleolus (Figure 1). Kainic acid produced
substantial damage to both the CA1 and CA3 areas of the

hippocampus. The induction of damage also resulted in the
in®ltration of the pyramidal cell layers and surrounding tissue
by glial cells (Figure 1). Of the damaged areas, the CA1 region

was selected for the quanti®cation of the damage and
protection.

Dizocilpine

The partial protection produced by dizocilpine supports the
view that the neuronal damage produced by intrahippocam-

pally administered kainate is partly attributable to the

activation of NMDA-sensitive glutamate receptors (Wolf et
al., 1991; Guarnieri et al., 1993; Fariello et al., 1989; Planas et

al., 1995; Foster et al., 1988; Lason et al., 1988; Cli�ord et al.,
1990; Lerner-Natoli et al., 1991). While the mechanism of this
involvement has in the past been attributed to the stimulated
release of glutamate which can then act upon NMDA as well

as non-NMDA receptors, the present results suggest an
alternative mechanism since the damage can also be reduced
by the co-administration of mNBA.

Meta-nitrobenzoylalanine (mNBA)

Meta-nitrobenzoylalanine (mNBA) is one of a series of alanine
derivatives which have been developed following the demon-
stration that nicotinylalanine is able to increase the formation
of the amino acid antagonist kynurenic acid in the brain

(Connick et al., 1992; Moroni et al., 1991; Russi et al., 1992).
MNBA is a potent inhibitor of kynurenine hydroxylase (IC50

value of 0.9 mM) and has weaker activity (IC50 of 100 mM)

against kynureninase (Pellicciari et al., 1994; Natalini et al.,
1995) two of the key enzymes in the kynurenine metabolic
pathway from tryptophan to quinolinic acid and ultimately

nicotinic acid (Figure 6; see Stone, 1993; 2000).
Since mNBA proved able to reduce the neuronal damage

produced by kainate, the present results suggest that the

kynurenine pathway may contribute to the neurotoxic activity
of kainate. The inhibition of kynurenine hydroxylase activity
will decrease the levels of quinolinic acid in the brain but, in
addition, inhibition of kynurenine hydroxylase by this

compound will also tend to elevate the endogenous levels of
kynurenic acid. The administration of mNBA to rats and
gerbils, for example, has been shown to raise the levels of

Figure 5 Histogram summarizing the number of neurons surviving 7
days after an intrahippocampal injection of quinolinic acid 120 nmols
(quin) either alone or in combination with mNBA at a dose of
20 nmols. Results are shown as mean+s.e.mean (n=4). Analysis was
performed by ANOVA followed by the Student-Newman-Keuls test
for multiple comparisons. ++P50.01 compared with control.

Figure 4 Histograms summarizing the number of neurons surviving
after treatment with kainic acid 2 nmols (Kain) administered either
alone or together with combined treatments with kainic acid, mNBA
and glycine (25 nmols). Results are shown as mean+s.e.mean (n=4).
Analysis was performed by ANOVA followed by the Student-
Newman-Keuls test for multiple comparisons. **P50.01 compared
with kainic acid alone. ++P50.01; +++P50.001 compared with
control.
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kynurenic acid in the blood and brain (Carpenedo et al., 1994;
Chiarugi et al., 1995; 1996) as have related kynurenine

hydroxylase inhibitors such as 3,4-dichlorobenzoylalanine
(Speciale et al., 1996). Kynurenic acid is a component of the
kynurenine pathway which was originally described as an

antagonist at several types of glutamate receptor (Perkins &
Stone, 1982) although it is frequently used for its preferential
activity as antagonist at the strychnine-resistant glycine
allosteric site on the NMDA receptor (Birch et al., 1988). A

rise in kynurenic acid levels could antagonize the e�ects of
kainic acid and NMDA receptor stimulation and account for
the protection seen with mNBA. The results show, however,

that the administration of a high dose of glycine to reverse the
kynurenic acid blockade of the allosteric glycine site, does not
modify the protective e�ect of mNBA, whereas it would be

expected to reverse at least that portion of damage attributable
to NMDA receptors (and re¯ected in the protective e�ect of
dizocilpine). This would suggest that an increase of kynurenic

acid is not likely to contribute to the protection by mNBA,
although the present data cannot exclude this possibility. A
de®nitive comparison between the relative roles of quinolinic
acid and kynurenic acid would require direct measurements of

their respective concentrations.
An alternative explanation of the results could be that

mNBA was acting directly as an antagonist at the NMDA

receptors, preventing the activation of these sites either by

glutamate released from neurones by kainate (Ferkany et al.,
1982), or by quinolinic acid secreted from glial cells. This has
been excluded by the ®nding that mNBA did not modify the

neurotoxic e�ects of quinolinic acid or NMDA themselves.
It is known that any injurious stimulus to the brain

parenchyma will result in the proliferation and in®ltration of
the compromised region both by activated glial cells within

the CNS, and by activated peripheral macrophages which
are able to penetrate into the CNS across a weakened
blood-brain barrier as occurs in response to local injury and

will be produced by the physical damage by the
intrahippocampal injection needle (Jorgensen et al., 1993).
These activated cells exhibit induction of the kynurenine

synthetic enzymes (Alberatigiani et al., 1996; 1998;
Pemberton et al., 1997) and a greatly enhanced secretion
of quinolinic acid synthesized from tryptophan (Heyes et al.,

1992; 1996; Espey et al., 1997). Since quinolinic acid is a
selective agonist at NMDA-sensitive receptors (Stone &
Perkins, 1981), causing excitation (Stone & Perkins, 1981)
and neuronal damage (Schwarcz et al., 1983), it is possible

that quinolinic acid originating from activated glia and
macrophages is at least partly responsible for the apparent
involvement of NMDA receptors in the neurotoxic e�ects of

kainic acid. This possibility is strongly supported by the
report of Speciale & Schwarcz (1988) that kainic acid
administration increased the activity of the quinolinic acid

synthesizing enzyme 3-hydroxyanthranilic acid oxygenase in
the rat hippocampus, localized to those areas damaged by
the kainate injection.

One di�culty with this explanation, however, is that
kainic acid-induced damage of neurons in culture also
involves NMDA receptors (Jensen et al., 1999), even
though kainate has little a�nity for NMDA receptors, and

in these systems there is clearly no possibility that
peripheral in¯ammatory cells could contribute to the
toxicity by releasing quinolinic acid. It may be that the

depolarization produced by kainate is su�cient to remove
the voltage-dependent blockade of NMDA receptor
channels by magnesium, allowing the activation of these

receptors by glutamate present in the culture medium. This
glutamate could in turn arise as release or leakage from
the neurons themselves, or from reversal of the glutamate
transporter which is inhibited by kainate. The possibility

of a non-speci®c mechanism of this type in cultured cells
is supported by the fact that NMDA receptors also
contribute to the excitotoxic e�ects of quisqualate (Pai &

Ravindrath, 1992) and the kainate analogue domoate, for
which an increase in the extracellular level of glutamate
has been demonstrated directly in neuronal cultures

(Berman & Murray, 1997).
A further argument for the involvement of di�erent

mechanisms operating in vivo and in vitro is that the

concentrations of kainate required for excitotoxicity are
di�erent in these situations. In vivo, neuronal death is
produced by local injections of around 2 mM kainate
(usually in a volume of 1 ml), whereas NMDA and

quinolinic acid require to be administered at concentra-
tions of around 100 mM or more. In vitro, the toxic
potency of kainate is similar to (Carroll et al., 1998) or

less than (Deupree et al., 1996) that of NMDA. Such
di�erences suggest that additional toxic processes, such as
the recruitment of in¯ammatory cells postulated here,

which raise the toxic potency of kainate, may be operating
in vivo. This enhancement of toxicity may, in turn, re¯ect
the ability of quinolinic acid to cause damage partly, by
the generation of oxidative stress (Behan et al., 1999).

Figure 6 A summary of the major components of the kynurenine
pathway relevant to this study, indicating the enzymes, kynurenine
hydroxylase and kynureninase which are targets for m-nitrobenzoy-
lalanine.
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