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Introduction

It has been known that both types of ionotrophic gluta-

mate receptor, N-methyl-D-aspartate (NMDA) and non-

NMDA receptor, are associated with the excitotoxity in 

the central nervous system.  In the ischemia of the cen-

tral nervous system, the NMDA receptors are activated 
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followed by production of nitric oxide (NO).  NO is con-

sidered to be involved in the development of ischemic 

degeneration1-3).  In this context, there has been a series 

of reports concerning the neuroprotection by nitric oxide 

synthetase (NOS) inhibitors4-7). 

Similarly, NO is considered to play an important role in 

the ischemic degeneration of the retina8).  It has been 

also reported the possibility that NOS inhibitors may 

block the ischemic changes in the retina9,10).  However, 

it is still unclear whether NO release is mainly due to the 

activation of NMDA receptors, or in association with both 

types of receptor in the retina11,12).  The activation of 

non-NMDA receptors induced the sodium ion influx, 
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which resulted in over-hydration of the cell body, disrup-

tion of the cell membrane, and finally death of retinal 

neurons13).  Therefore, co-administration of NMDA and 

non-NMDA receptor antagonists seems necessary to 

protect the retina from deleterious effects by ischemia14). 

To examine the involvement of NO in the development 

of ischemic degeneration, we induced the simulated isch-

emia in the rat retinal ex vivo preparation by deprivation 

of glucose and oxygen.  The neuroprotective effects of 

glutamate receptor antagonists and NOS inhibitors were 

examined in the simulated ischemia.  In addition, the ef-

fects of nitric oxide donors to the control and ischemic 

retina were also examined. 

Materials and methods

Animals

All experiments were performed in accordance with 

the guidelines of the Akita University Animal Study 

Committee.  Male Sprague-Dawley rats obtained from 

Charies River Laboratories International Inc. (Wilming-

ton, Mass) at postnatal date 30. 

Chemicals

An NMDA type glutamate receptor antagonist dizocil-

pine (MK-801), and a non-NMDA type glutamate recep-

tor antagonist GYKI52446 (GYKI), four different types of 

NOS inhibitors, NG-monomethyl-L-arginine acetate 

(NMMA), N(6)-(1-iminoethyl)-L-lysine (NIL), L-N5-(1-

iminoethyl)-ornithine (NIO), and 7-Nitroindazole (7-NIA) 

were obtained from Sigma Chemical Co (St. Louis, MO).    

NMMA, NIL, NIO, and 7NIA were inhibitors against pan 

NOS, inducible NOS, endothelial NOS, and neuronal 

NOS, respectively.  NO donor, 3-morpholinosydnoni-

mine hydrochloride (SIN) and sodium nitroprusside 

(SNP), were purchased from Sigma Chemical Co. 

Retinal preparation

Retinal segments were prepared from 30 (±2)-day-old 

Sprague-Dawley rats, using previously described meth-

ods14).  Briefly, albino rats were anesthetized with halo-

thane and decapitated.  The eyes were carefully enucle-

ated and placed in chilled artificial cerebrospinal fluid 

(aCSF) (medium).  The aCSF contained (in mM) : 124 

NaCl, 5 KCl, 2 MgSO4, 2 CaCl2, 1.25 NaH2PO4, 22 

NaHCO3, 10 glucose, bubbled with 95% O2-5% CO2.    

After removal of the lens, iris, and vitreous, the empty 

eyecup was sliced into retinal segments. 

Simulated ischemia was induced by deprivation of glu-

cose from aCSF, and O2 was replaced by N2
15).  The ex 

vivo retinal preparations were incubated in the condition 

of simulated ischemia for 60 min. 

MK-801 and GYKI were used at the concentration of 

10 μM, and applied separately or simultaneously to the 

incubation medium for 60 min of simulated ischemia.  L-

NMNA (100 μM), NIL (1 mM), NIO (1 mM), and 7-NIA 

(100 μM) were also applied separately or in combination 

with glutamate receptor antagonists to the incubation 

medium for 60 min. 

NO donor, SIN and SNAP, were used at the concentra-

tion of 500 μM, and also applied separately or in combina-

tion with glutamate receptor antagonists to the incuba-

tion medium for 60 min. 

The severity of neuronal damage was assessed in each 

slice using a neuronal damage score (NDS).  The NDS 

rates changes in retinal slices on a 0-4 scale with 0 signi-

fying no neuronal damage and 4 indicating very severe 

damage.  Criteria used in establishing the degree of 

neuronal damage included the extent of swelling of den-

dritic processes in the inner plexiform layer (IPL) and 

the number of neurons in the inner nuclear layer (INL) 

showing signs of severe cytoplasmic swelling and coarse 

clumping of nuclear chromatin.  Based on prior experi-

ments, retinal neurons do not recover from the latter 

changes14). 

LDH assays

LDH levels were determined from whole retina follow-

ing gentle sonication using methods described previous-

ly16).  Whole retinas were placed in an incubation cham-

ber containing gassed aCSF for a 1-h recovery period 

following isolation.  During an experiment, each prepa-

ration was incubated at 30°C for 60 min in individual 4 ml 

vials with caps (Fisher Scientific Hampton, NH, catalogue 

#03-339-26B).  Each vial was gassed every 15 min.   

For ultrasonic manipulation, a Model 250 Sniffier with 

micro-tip (Branson Ultrasonics Corp., Danbury, CT) was 

used at minimal strength.  Sonication pulses (100-ms in 
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duration) were delivered beneath the surface of the aCSF 

(5 mm) with the tissue located at the bottom of the 

vial.  The 100-ms sonication pulses were repeated ev-

ery 2 s.  After sampling the aCSF, the tissue was washed 

and homogenized with a buffer containing 250 mM su-

crose, 10 mM imidazole, and 10 mM KCl for determina-

tion of tissue protein concentrations (BioRad, Hercules, 

CA).  LDH activity was determined from 50 μl samples 

with a Sigma LDH assay kit (Sigma Chemical Company, 

St. Louis, MO).  Based on our prior studies, there is a 

good correlation between LDH levels and histological 

measures of neuronal damage16). 

Results

Compared with the control retina (Fig. 1a), the degen-

eration induced by simulated ischemia for 60 min was 

characterized by spongy appearance of the inner plexi-

form layer and the bull’s eye formation of the inner nu-

clear layer (NDS 3.2±0.5, N=7, Fig. 1b). 

To determine whether ischemic damage results from 

activation of glutamate receptor, MK-801, a noncompeti-

tive NMDA receptor antagonist, and GYKI, a competitive 

non-NMDA receptor antagonist, were administered alone 

or in combination to retina exposed to 60-min simulated 

ischemia.  As previously described12), MK-801 did not 

inhibit the ischemic degeneration (NDS 3.0±1.5, N=3, 

Fig. 1c).  GYKI alone was also not neuroprotective (NDS 

2.8±0.9, N=3, Fig. 1d).  However, when MK-801 and 

GYKI were combined, neuroprotection was observed 

against neuronal damage in the INL (NDS 0.9±0.8, N=3, 

Fig. 1e). 

Attenuation of ischemic neuronal damage by glutamate 

receptor antagonists indicated that this damage was me-

diated by glutamate.  Because NO release occurred 

downstream of activation of NOS and NMDA receptor, 

we attempted to examine the neuroprotective effects of 

NOS inhibitors combined with glutamate receptor antag-

onists in simulated ischemia.  Each four types of NOS 

inhibitor (LMNA, NIL, NIO, and 7-NIA) alone did not 

blocked the retinal degeneration induced by simulated 

ischemia (data not shown). 

Combination of each type of NOS inhibitor (LMNA 

[Fig. 2a], NIL [Fig. 2b], NIO [Fig. 2c], and 7-NIA [Fig. 

2d]) and MK-801 did not prevent excitotoxic damage 

from simulated ischemia.  NDS was calculated as 

2.8±0.9 (N=8), 3.3±1.5 (N=7), 3.0±0.8 (N=6), and 

2.9±1.1 (N=5), respectively. 

On the other hand, NOS inhibitor showed better neu-

roprotection against the simulated ischemia combined 

with GYKI.  Combination of LMNA and GYKI offered 

substantial protection against neuronal damage (NDS 

0.7±1.0, N=4, Fig. 3a).  NIL (Fig. 3b) and NIO (Fig. 3c) 

failed to protect retinal neurons from simulated ischemia 

when co-administered with GYKI (NDS 2.9±0.8, N=7, 

and NDS 3.3±1.3, N=5, respectively).  The neuronal 

damage was markedly diminished by co-administration of 

7-NIA and GYKI offered substantial protection against 

neuronal damage (NDS 1.2±0.9, N=8, Fig. 3d). 

To determine whether ischemic damage results from 

direct effect of NO, NO donors, SIN and SNP, were ad-

ministered alone to the control retina (NDS 0.3±0.4, 

N=3 and NDS 0.5±0.3, N=3, respectively).  While SIN 

(Fig. 4a) and SNP (Fig. 4b) did not induce ischemic de-

generation in the control retina, the administration of 

Fig. 1.  a.  Control retina incubated for 3 h in drug-

free solution.  b.  Sixty min of simulated ischemia in-
duces extreme swelling of the cell bodies with pykno-
sis in the inner nuclear layer accompanied by severe 
dendritic swelling.  In addition, irregular spaces are 
observed in the outer nuclear layer.  c.  Retinas ex-
posed to 60-min simulated ischemia treated with 10 
μM MK-801 alone shows a similar irregular appear-
ance in the ONL, along with neuronal and dendritic 
swelling in the INL and IPL.  d.  Similarly, 10 μM 
GYKI alone does not inhibit excitotoxic damage in a 
retina exposed to 60-min simulated ischemia.   e.   
Combination of MK-801 and GYKI diminishes the neu-
ronal changes in the INL and IPL, although the irregu-
larity of photoreceptor cells in the ONL remains.   
Scale bar=30 μm
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both NO donors (Fig. 4c and d) overcame the neuropro-

tection of MK-801 and GYKI to the retina treated with 

simulated ischemia (NDS 3.2±0.6, N=3 and NDS 

3.5±1.3, N=3, respectively). 

To qualify retinal degeneration under ischemic condi-

tions, we assayed LDH release into the media using pre-

viously described methods16).  As shown in Table 1, 

LDH release 60 min after simulated ischemia was not 

(12)

Fig. 3.  a.  Combination of LMNA and GYKI shows 
nearly complete neuroprotection against the simulated 
ischemia, although the irregularity of photoreceptor 
cells in the ONL remains.  b.  Combination of NIL and 
GYKI only partially blocks the ischemic degenera-
tion.  c.  Combination of NIO and GYKI also shows 
partial attenuation of the excitotoxic damage in a retina 
exposed to 60-min simulated ischemia.  d.  Combina-
tion of 7-NIA and GYKI deceases the retinal damage in 
the IPL and the INL.  However, this combination does 
not prevent the irregular appearance in the ONL.   
Scale bar=25 μm.

Fig. 4.  a.  SIN, NO donor, does not induce excitotoxic 
damage in the control retina.  b.  Administration of 
SNP does not alter morphology in the normal condi-
tion.  c.  While SNP does not induce the excitotoxic 
damage in the control retina, neural damage is clear 
when administration of SIN is combined with simulated 
ischemia in the presence of MK-801 and GYKI.   d. 
Administration of SNP shows deleterious effects in the 
simulated ischemia-induced retina, when combined 
with simulated ischemia in the presence of MK-801 
and GYKI.  Scale bar=30 μm.

Table 1. ‌�LDH release from the retinal preparation.  In 
four sets of experiments, LDH levels were de-
termined after 60 min incubation of whole reti-
na using gentle sonication as described in the 
Methods.  Retinas were exposed to 60 min si-
lulated ischemia (IS) in the presence of GYKI 
or GYKI plus 7-NIA.   Data are mean±S.E.

Condition n LDH U/mg protein

Control 5   5±4

Simulated ischemia (IS) 6 206±59

IS + MK801 7 204±69

IS + GYKI 5 189±45

IS + MK801 + GYKI 7 *82±32

IS + GYKI + 7-NIA 5 *75±45

IS + MK801 + GYKI + SNAP 6 199±75

Asterisks mean the significant reduction of LDH (p<0.001) 
compared with simulated ischemia.

Fig. 2.  a.  Combination of pan-NOS inhibitor, LMNA, 
and MK-801 does not inhibit excitotoxic damage in a 
retina exposed to 60-min simulated ischemia.  b.  Ret-
inas exposed to 60-min simulated ischemia treated 
with combination of inducible NOS inhibitor, NIL, and 
MK-801 show similar irregular appearance in the 
ONL, along with neuronal and dendritic swelling in the 
INL and IPL.  c.  Combination of endothelial NOS in-
hibitor, NIO, and MK-801 fails to offer neuroprotection 
under the simulated ischemia.  d.  Retinas exposed to 
60-min simulated ischemia treated with combination of 
neuronal NOS inhibitor, 7-NIA, and MK-801 show 
similar retinal damage induced by 60-min simulated 
ischemia.  Scale bar=25 μm.
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blocked by GYKI alone.  Consistent with our histology 

experiments, co-administration of MK-801 and GYKI or 

7-NIA and GYKI significantly diminished the LDH re-

lease (p<0.001).

Discussion 

The present study demonstrated that the simulated 

ischemia induced the degeneration characterized by 

spongy appearance of the inner plexiform layer and the 

bull’s eye formation in the inner nuclear layer.  Such 

histological appearance seems corresponding to that in-

duced by the application of non-NMDA antagonist, kai-

nite, to the normal ex vivo retinal preparation14).  While 

NMDA itself does not usually induce the excitotoxicity in 

the adult rat14,17), the involvement of NMDA receptor in 

the development of ischemic degeneration is considered, 

because anti-NMDA receptor antagonist is necessary to 

block the ischemic degeneration18).

The present study revealed that the co-administration 

of NMDA receptor antagonist (MK801) and non-NMDA 

antagonist (GYKI) blocked the ischemic degeneration of 

the retina.  These results indicate that glutamate may 

induce excitotoxicity in the ischemic retina via both 

NMDA and non-NMDA receptors. 

It has been known that the activation of NMDA recep-

tor opens calcium ion channels in the post-synaptic 

membrane, and increases the intracellular concentration 

of calcium ion, which induces a series of cellular events 

involving the NO release19).  In the hippocampus, which 

is the most vulnerable portion to ischemia in the central 

nervous system, NO release after activation of the 

NMDA receptor is involved in the cellular death by isch-

emia3).  It has been shown that NO is produced by induc-

tion of NOS after activation of NMDA receptors20), and 

involved in the ischemic neuronal death in the retina21,22). 

Therefore, NOS is the key enzyme for the development 

of ischemic degeneration.  There are three types of 

NOSs (iNOS, eNOS, and nNOS), in which iNOS was re-

ported to be concerned to the development of ischemia22). 

Although there are few reports concerning the involve-

ment of NOS to the development of ischemic degenera-

tion in last decades24), the immediate activation of nNOS 

under the ischemia has been recently reported25). 

Our present results that nNOS inhibitor, 7NIA, demon-

strated the neuroprotective effect against the simulated 

ischemia under the presence of GYKI, indicate the in-

volvement of NOS to the development of retinal isch-

emia.  These results also indicated that nNOS is induced 

after activation of NMDA receptor.  In addition, the 

present results that NO donors overcome the neuropro-

tective effects of glutamate receptor antagonists suggest 

that NO release may be apparently involved in the devel-

opment of ischemic neural death. 

In the present study, the most effective NOS inhibitor 

against the simulated ischemia was nNOS inhibitor.  The 

similar protective effect by LMNA, pan NOS inhibitor, 

seems due to containing nNOS activity.  These results 

were corresponding to the previous reports of the isch-

emia in the central nervous system26,27).  On the other 

hand, iNOS inhibitor and eNOS inhibitor only showed 

weak protection against the ischemic degeneration. 

However, the present results were due to the acute 

experiments.  The other conclusions, in which iNOS or 

eNOS are associated with ischemia, might be considered, 

when the chronic experiment is adopted using ischemia-

reperfusion model. 

NO donor, sodium nitroprusside (SNP), has been used 

in the treatment of malignant hypertension28).  Although 

SNP induce the degeneration in the hippocampus29), 

there are no report of the retinal degeneration by SNP30). 

In fact, our present study did not reveal the toxicity of 

NO donor in the single administration.  However, the 

present results suggest the possibility that NO donor 

might induce the toxic effect against the retina under the 

ischemia.  It should be careful to use NO donor includ-

ing SNP in the retinal ischemia such as diabetic retinopa-

thy, retinal vein occlusion, or retinal artery occlusion.   

Although it was not confirmed the target of NO in the 

ischemic retina, the risk of abuse of vasodilators with NO 

release effect should be mentioned in concern with the 

retinal protection. 

The present study revealed that the activation of both 

types of glutamate receptors, NMDA and non-NMDA re-

ceptors, were involved in the development of retinal 

ischemic degeneration.  The activation of neuronal NOS 

also associated with ischemic neural death.

(13)
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