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Short communication
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Abstract

Ž . v Ž .We investigated whether the inhibition of nitric oxide NO synthesis with N -nitro-L-arginine methyl ester L-NAME , a competitive
Ž .inhibitor of NO synthase, affects N-methyl-D-aspartate NMDA -induced neurotoxicity in the rat retina in vivo. A single intravitreal

injection of NMDA damaged the ganglion cell layer and the inner plexiform layer without affecting the other retinal layers 7 days after
Ž . Ž . w xinjection. Intravitreal injection of 5R,10S - q -5-methyl-10,11-dihydro-5H-dibenzo a,d cyclo-hepten-5,10-imine hydrogen maleate

Ž .MK-801 with NMDA significantly reduced NMDA-induced degeneration of the retina. NMDA-induced degeneration was also
prevented by intravitreal injection of L-NAME but not of D-NAME. The protective effect of L-NAME was antagonized by L-arginine.
These results suggest that NO plays an important role in NMDA-induced excitotoxic degeneration in the retina.
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1. Introduction

It has been reported that an excess release of excitatory
amino acids including glutamate occurs in ischemia, which
results in the degeneration of a number of neuronal popula-

Ž . Žtions in the central nervous system CNS Benveniste et
.al., 1984; Choi, 1988; Meldrum and Garthwaite, 1990 .

Glutamate acts as a major excitatory neurotransmitter in
the vertebrate retina and has long been known to exert a
neurotoxic effect on different populations of neurons in the

Ž .inner retina Lucas and Newhouse, 1957 . We have previ-
Ž .ously demonstrated that N-methyl-D-aspartate NMDA

receptors are the predominant route of glutamate-induced
neurotoxicity in cultured retinal neurons from rats, as
Ž . Ž .5 R ,1 0 S - q -5 -m e th y l-1 0 ,1 1 -d ih y d ro -5 H -

w xdibenzo a,d cyclo-hepten-5,10-imine hydrogen maleate
Ž .MK-801 , a specific NMDA receptor antagonist, markedly

Žinhibits the cell death induced by glutamate Kashii et al.,
.1994; Kikuchi et al., 1995 . Activation of NMDA recep-

tors by glutamate increases the intracellular Ca2q concen-

) Ž . Ž .Corresponding author. Tel.: 81-75 753-4550; Fax: 81-75 753-4579.

Ž .tration. We have recently reported that nitric oxide NO is
a key factor leading to neuronal cell death triggered by
NMDA receptor stimulation in cultured rat retinal neurons
Ž .Kashii et al., 1996 . Similar observations have been re-

Ž .ported for cultured brain neurons Dawson et al., 1993 .
Ž .Moreover, Huang et al. 1994 demonstrated that a lack of

neuronal NO synthase activity in the brain is associated
with reduced ischemic damage after middle cerebral artery
occlusion by using mutant mice that do not express the
gene for neuronal NO synthase. Thus, the following hy-
pothesis has been proposed: Ca2q influx through NMDA
receptors activates NO synthase to produce a high concen-
tration of NO. NO reacts with the oxygen radical superox-
ide, producing peroxynitrite which mediates neurotoxicity
Ž .Beckman, 1991; Dawson and Dawson, 1996 . However,
in the mammalian retina in vivo, there is little information
on the role of NO in NMDA-induced neurotoxicity. Thus,
we investigated whether NO is involved in NMDA-in-
duced neurotoxicity in the adult rat retina in vivo.

The involvement of NO production in NMDA-induced
neurotoxicity was assessed using a competitive inhibitor of

v Ž .NO synthase, N -nitro-L-arginine methyl ester L-NAME .
ŽBecause detection of NO in vivo is difficult Archer,
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.1993 , most of the evidence on the biological roles of NO
is based on the use of pharmacological agents that inhibit

Ž .the activity of NO synthase Moncada, 1992 . These agents
are N v-substituted L-arginine analogues that inhibit NO
synthase competitively and stereospecifically in many

Ž .models Nathan, 1992 . L-NAME is one of the most
widely used agents for investigating the role of NO
Ž .Iadecola et al., 1994; Traystman et al., 1995 . Therefore,
this study was performed to investigate whether the inhibi-
tion of NO synthase with L-NAME affects NMDA-induced
neurotoxicity in the rat retina in vivo.

2. Materials and methods

2.1. Drugs

The animals were anesthetized with sodium pento-
Žbarbital Nembutal, Abbott Laboratories, North Chicago,

.IL, USA . The pupil was dilated with 1% atropine sulfate
Ž .Nacalai Tesque, Kyoto, Japan . The following drugs were

Ž .dissolved in 0.1 M sterile phosphate buffer pH 7.4 for
Žintravitreal injection: N-methyl-D-aspartate NMDA;

. Ž . Ž .Sigma, St. Louis, MO, USA , 5R,10S - q -5-methyl-
w x10,11-dihydro-5H-dibenzo a,d cyclo-hepten-5,10-imine

Ž . Žhydrogen maleate MK-801 Research Biochemicals In-
. vternational, Natick, MA, USA , N -nitro-L-arginine methyl

Ž . vester L-NAME; Sigma , N -nitro-D-arginine methyl ester
Ž . ŽD-NAME; Sigma and L-arginine Nacalai Tesque, Kyoto,

.Japan .

2.2. Animals

Experiments were performed on adult male Sprague-
Ž .Dawley rats 160–220 g . Animals were housed at room

temperature on a 12-h lightr12-h dark cycle. Food and
water were freely available.

Ž . Ž .Fig. 1. Light micrographs of transverse sections of rat retinas 7 days postinjection. A The retina from an uninjected eye a . The retinas following
Ž . Ž . Ž . Žintravitreal injection of vehicle b , 200 nmol NMDA c or 200 nmol NMDA and 10 nmol MK-801 d . Note that the administration of NMDA 200

. Ž . Ž .nmol resulted in cell loss in the ganglion cell layer and a reduction in the thickness of the inner plexiform layer c . B The retinas following intravitreal
Ž . Ž . Ž . Ž . Ž .injection of vehicle a or 200 nmol NMDA b . NMDA 200 nmol was coinjected with 3 pmol L-NAME c , with 3 nmol L-NAME d , with 3 nmol

Ž . Ž .D-NAME e , or with 3 nmol L-NAME plus 300 nmol L-arginine f . Abbreviations: GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; ONL, outer nuclear layer. Scale bars50 mm.
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2.3. IntraÕitreal injection of drugs

Rats were anesthetized with an intraperitoneal injection
of 50 mgrkg of sodium pentobarbital. Intravitreal injec-
tions were carried out using a 33-gauge needle connected
to a Teflon tube with a 25-ml Hamilton syringe, following
pupil dilation with 1% atropine sulfate. The 5-mm tip of
the needle was inserted through the dorsal limbus of the
eye under a stereoscopic microscope. Injections were com-
pleted over a period of 1 min. A single 5-ml intravitreal

Žinjection of 40 mM NMDA corresponding to 200 nmol
.per injection was administered into the right eye. Assum-

ing that the vitreous humor volume is about 60 ml in rat
eyes, the actual concentration of NMDA delivered to the
retina was about 3.3 mM. The following drugs were

Ž .administered with NMDA 200 nmol in a similar fashion:
Ž . Ž .MK-801 10 nmol , L-NAME 3 pmol, 3 nmol , D-NAME

Ž . Ž . Ž3 nmol and L-NAME 3 nmol plus L-arginine 300
.nmol .

2.4. Histological analysis

Seven days postinjection, animals were killed and both
eyes were enucleated. Eyes were immersed in fixative

Ž . Ž .Fig. 2. Effect of MK-801 A and L-NAME B,C on NMDA-induced retinal damage 7 days postinjection. All the drugs were intravitreally injected:
Ž . Ž . Ž . Ž . Ž .vehicle, NMDA 200 nmol , MK-801 10 nmol , L-NAME 3 pmol, 3 nmol , D-NAME 3 nmol and L-arginine 300 nmol . The degree of protection

Ž . Ž .against NMDA-induced retinal damage was quantified by measuring the density cellsrmm of cells in the ganglion cell layer GCL within 1 mm of the
Ž . Ž . Ž .optic disk and the thickness of the inner plexiform layer IPL , the inner nuclear layer INL , and the outer nuclear layer ONL about 0.5 mm from the

Ž . Ž .optic disk. Mean values for the right eye of each animal were normalized to those for the left eye intact eye and are shown as percentages abscissa .
) P-0.05, ) ) P-0.01.
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solution containing 1% glutaraldehyde and 4% formalin in
Ž .0.1 M phosphate buffer pH 7.4 overnight at 48C, fol-

lowed by fixation in 10% formalin in 0.1 M phosphate
Ž .buffer pH 7.4 for at least 24 h at 48C, followed by

dehydration and paraffin embedding. Transverse sections
Ž .of retinas through the optic disk 5 mm were stained with

hematoxylin and eosin.
Three slices for each eye were used for morphometric

analysis. The degree of NMDA-induced retinal damage
Ž .was quantified by measuring the density cellsrmm of

cells in the ganglion cell layer within 1 mm of the optic
disk, and the thickness of the inner plexiform layer, the
inner nuclear layer, and the outer nuclear layer about 0.5
mm from the optic disk with NIH Image freeware. Data
from 3 slices were averaged for each eye. Mean values for
the right eye of each animal were normalized to those for

Ž .the left eye intact eye and are shown as a percentage.

2.5. Statistics

The data are expressed as means"S.E.M. from 4–5
animals. The statistical significance of the data was deter-
mined by the Mann-Whitney’s U-test.

3. Results

3.1. Neurotoxicity induced by NMDA and effect of MK-801
on NMDA-induced retinal damage

Fig. 1A shows an example of MK-801-induced protec-
tion against NMDA. No histological alterations were ob-
served 7 days following the intravitreal injection of vehi-

Ž .cle. The administration of NMDA 200 nmol resulted in a
loss of cells in the ganglion cell layer and a reduction in
the thickness of the inner plexiform layer without affecting
the thickness of the inner nuclear layer and the outer
nuclear layer. To assess the specificity of the observed
neurotoxic action of NMDA, the protective effect of MK-
801, a non-competitive NMDA receptor antagonist, was

Ž .examined. The administration of MK-801 10 nmol with
Ž .NMDA 200 nmol completely prevented the loss of cells

in the ganglion cell layer and the reduction in the thickness
of the inner plexiform layer induced by NMDA.

To quantify the degree of NMDA-induced retinal dam-
age, morphometric analyses were performed by measuring

Ž .the density cellsrmm of cells in the ganglion cell layer
within 1 mm of the optic disk and the thickness of the
inner plexiform layer, the inner nuclear layer and the outer

Ž .nuclear layer about 0.5 mm from the optic disk Fig. 2A .
Ž .The administration of NMDA 200 nmol resulted in an

approximately 50% loss of cells in the ganglion cell layer
and an about 70% reduction in the thickness of the inner
plexiform layer. Although there was a tendency for a
reduction in the thickness of the inner nuclear layer, there
was no significant difference between eyes treated with

vehicle and those treated with NMDA. There were no
obvious alterations in the thickness of the outer nuclear

Ž .layer. The administration of MK-801 10 nmol with
Ž .NMDA 200 nmol significantly prevented the degenera-

tion of the inner retinal layers induced by NMDA.

3.2. Effect of L-NAME on NMDA-induced retinal damage

Fig. 1B shows an example of L-NAME-induced protec-
Žtion against NMDA. Intravitreal injection of L-NAME 3

. Ž .pmol or 3 nmol with NMDA 200 nmol significantly
prevented the loss of cells in the ganglion cell layer and
reduced the thickness of the inner plexiform layer induced

Žby NMDA in a dose-dependent manner. D-NAME 3
.nmol , an inactive enantiomer of L-NAME, had no signifi-

Ž .cant effect on NMDA 200 nmol -induced retinal damage.
Ž .The protective effect of L-NAME 3 nmol was abolished

Ž .by simultaneous injection of L-arginine 300 nmol . Mean
data from 4–5 animals are summarized in Fig. 2B and C.

Ž . Ž .L-NAME 3 nmol or L-arginine 300 nmol alone did not
Žinduce any morphological changes in the retinas data not

.shown .

4. Discussion

In this study, we investigated whether inhibition of NO
synthesis with L-NAME, a competitive inhibitor of NO
synthase, affects NMDA-induced neurotoxicity in the rat
retina in vivo. NMDA was used in these experiments to
avoid the reuptake and metabolism of excitotoxins by
retinal cells. A single intravitreal injection of NMDA in
adult rats caused the loss of cells in the ganglion cell layer
and a reduction in the thickness of the inner plexiform
layer 7 days after injection. The ganglion cell layer con-
tains 2 neuronal populations: ganglion cells and displaced

Ž .amacrine cells in the rat retina Perry, 1981 . The inner
plexiform layer involves synapses between ganglion cells
and amacrine or bipolar cells. No marked changes were
observed in the more distal retinal layers such as the inner
nuclear layer and the outer nuclear layer. NMDA-induced
degeneration of the retina was prevented by a non-compe-
titive NMDA receptor antagonist, MK-801, indicating that
NMDA receptor stimulation is a major cause of NMDA-
induced neurotoxicity in the retina. These results are con-
sistent with those of an in vivo study by Siliprandi et al.
Ž .1992 and with those of our previous studies in vitro
Ž .Kashii et al., 1994; Kikuchi et al., 1995 . Moreover, the
present findings are in line with the finding that NMDA
receptors exist in ganglion cells and displaced amacrine
cells in the ganglion cell layer and subsets of amacrine

Ž .cells in the inner nuclear layer Brandstatter et al., 1994 .¨
Ž .Recently, Perez et al. 1995 suggested that NO synthase

exists in displaced amacrine cells in the ganglion cell layer
and amacrine cells in the inner nuclear layer. Therefore, it
is speculated that NO is generated from L-arginine in
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displaced amacrine cells having NO synthase as well as
NMDA receptors, and NO diffuses to adjacent ganglion
cells in the ganglion cell layer.

The involvement of NO production in NMDA-induced
neurotoxicity was assessed using a competitive inhibitor of
NO synthase, L-NAME. Intravitreal injection of L-NAME
with NMDA completely prevented NMDA-induced degen-
eration such as cell loss in the ganglion cell layer and the
reduced thickness of the inner plexiform layer. These
findings are consistent with our previous in vitro study,

v Ž .which showed that N -nitro-L-arginine 300 mM , an in-
hibitor of NO synthase, prevents NMDA-induced neuro-

Ž .toxicity in cultured retinal neurons Kashii et al., 1996 . In
Ž .addition, Geyer et al. 1995 previously showed, in an in

vivo study, that intravenous injection of NO synthase
inhibitors protected against retinal injury induced by tran-
sient ischemia. The concentration of L-arginine in the
vitreous humor is approximately 80 mM in the rat
Ž .Heinamaki et al., 1986 . We injected 3 nmol L-NAME in¨ ¨
this study. Assuming that the vitreous volume is 60 ml,
then the intravitreal concentration of L-NAME was calcu-
lated to be 50 mM. Thus, the estimated ratio of the
concentration of L-arginine and L-NAME is 1.6. This value
is compatible with the ratio of L-arginine in the medium
and an NO synthase inhibitor in our previous study with
cultured retinal neurons. In that study, although the medium
contained 720 mM L-arginine, 300 mM N v-nitro-L-arginine

Ž .inhibited NMDA neurotoxicity Kashii et al., 1996 .
Therefore, it is likely that the dose of intravitreously
injected L-NAME is sufficient to have a specific effect on
NO synthase. Moreover, D-NAME, an inactive enantiomer
of L-NAME, had no effect on NMDA-induced retinal
damage. The protective effect of L-NAME was completely
abolished by simultaneous intravitreal injection of an over-
dose of L-arginine, the normal substrate for NO synthase.
These results indicate that L-NAME-induced protection is
due to its specific effect on NO synthase in the retina.
Therefore, NO may play an important role in NMDA-in-
duced excitotoxic degeneration in the retina.
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