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Abstract

e AIM: To investigate dose-dependent effects of N-methyl-
D-aspartate (NMDA) on retinal and optic nerve morphology
in rats.
e METHODS: Sprague Dawley rats, 180-250 g in weight
were divided into four groups. Groups 1, 2, 3 and 4 were
intravitreally administered with vehicle and NMDA at the
doses 80, 160 and 320 nmol respectively. Seven days after
injection, rats were euthanized, and their eyes were taken
for optic nerve toluidine blue and retinal hematoxylin and
eosin stainings. The TUNEL assay was done for detecting
apoptotic cells.
e RESULTS: All groups treated with NMDA showed
significantly reduced ganglion cell layer (GCL) thickness
within inner retina, as compared to control group. Group
NMDA 160 nmol showed a significantly greater GCL
thickness than the group NMDA 320 nmol. Administration
of NMDA also resulted in a dose-dependent decrease in
the number of nuclei both per 100 pm GCL length and per
100 pm? of GCL. Intravitreal NMDA injection caused dose-
dependent damage to the optic nerve. The degeneration
of nerve fibres with increased clearing of cytoplasm was
observed more prominently as the NMDA dose increased.
In accordance with the results of retinal morphometry
analysis and optic nerve grading, TUNEL staining
demonstrated NMDA-induced excitotoxic retinal injury in a
dose-dependent manner.
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o CONCLUSION: Our results demonstrate dose-dependent
effects of NMDA on retinal and optic nerve morphology in
rats that may be attributed to differences in the severity
of excitotoxicity and oxidative stress. Our results also
suggest that care should be taken while making dose
selections experimentally so that the choice might best
uphold study objectives.

o KEYWORDS: glaucoma; excitotoxicity; N-methyl-D-
aspartate; retina; optic nerve; dose-dependent effects
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INTRODUCTION

laucoma is defined as a chronic eye disease with
G progressive optic neuropathy, and can result in permanent
vision loss. According to the World Health Organization, it
is one of the main cause of blindness and visual disability
worldwide. The number of individuals with glaucoma related
blindness will increase approximately to 111.8 million in
2040 Affected patients are commonly asymptomatic, and
the condition is often only detected at its later stages. The
pathology of of glaucoma remains poorly understood” ™. As
elevated intraocular pressure (IOP) has been recognised as
one of the main risk factors for glaucomatous optic nerve
damage, the current medical therapies are limited to the IOP
lowering'*”. Recent study indicates that reduction in IOP does
not always prevent retinal ganglion cells (RGC) loss and optic
neuropathy.
N-methyl-D-aspartate (NMDA)-mediated excitotoxicity
represents a common pathway for glaucomatous neuropathy
and it may therefore be considered as one of the targets in

31 To better understand involvement

neuroprotective strategies!
of excitotoxicity in the pathogenesis of glaucomatous neuropathy,
investigators in the past have intravitreally injected rats
with excitatory neurotransmitters, or their analogues [e.g.

kainite, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
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Table 1 Previous studies exploring NMDA-induced retinal excitotoxicity

Dose Evaluated parameters References

Single 2 pL intravitreal injection of 3 different NMDA concentrations H&E staining, TEM, TB and morphometry analysis 17

(10, 20 and 40 nmol)

Single 2 pL intravitreal injection of 10 mmol NMDA solution Labelling with retrograde tracer hydroxystilbamidine and RGC counting 18
in flat-mounts of retina

Single 2 pL intravitreal injection of 0.2, 1, 4, 10, or 40 mmol NMDA TUNEL, TEM and morphometry analysis 19

(corresponding to 0.8, 2, 8, 20 and 80 nmol, respectively)

Single intravitreal injection of 200 nmol NMDA H&E staining, TUNEL and immunohistochemistry staining 20, 21

Single 2 pL intravitreal injection of 20 mmol NMDA Labelling with retrograde tracer Fast Blue and RGC counting in flat- 22
mounts of retina

Single 2 uL intravitreal injection of 20 mmol NMDA Retrograde labelling with fluorescent tracer FluoroGold and RGC 23
counting in flat-mounts of retina, and immunohistochemistry staining

Single 5 pL intravitreal injection of 0.4 to 40 mmol/L NMDA Cresyl violet stain with morphometry and choline acetyltransferase 12

(corresponding to 2 to 200 nmol, respectively) assay

Single 5 pL intravitreal injection of 200 nmol NMDA solution H&E staining 24

Single 5 pL intravitreal injection of 200 nmol NMDA solution H&E staining, retrograde labelling with fluorescent tracer FluoroGold 25
and RGC counting in flat-mounts of retina

Single 5 pL intravitreal injection of 2, 10, 20 and 200 nmol NMDA  TUNEL, retrograde labelling with fluorescent tracer FluoroGold and 26

RGC counting in flat-mounts of retina, immunohistochemistry staining

H&E: Haematoxylin and eosin stain; TEM: Transmission electron microscopy; TB: Toluidine blue; RGC: Retinal ganglion cells.

acid (AMPA) and NMDA], to induce glaucomatous-like
RGC injury!**”. In particular, NMDA has been considered
as a potential agent to serve as an instrument for studying
excitotoxicity-related RGC death. Evidence from previous
studies exploring excitotoxicity following NMDA exposure
is shown in Table 1. Accordingly the excitotoxic effects of
NMDA have been studied up to a maximum dose of 200 nmol.
Since, the degree of injury caused by NMDA might vary in
a dose-dependent manner due to differences in the cellular
and molecular targets, it is important to study the effects of
NMDA at a dose range over 200 nmol. Moreover, it would be
interesting to see if at this higher dose range NMDA induced
changes in retinal and optic nerve morphology are dose-
dependent. Therefore, the aim of this paper was to elucidate
the effect of different doses of NMDA on optic nerve and inner
retinal layer morphology in rats at the dose range of 80-320 nmol.
MATERIALS AND METHODS

Ethical Approval All experimental procedures were carried
out in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, and UiTM
animal ethics guidelines (UiTM Care: 118/2015).

Animals Adult Sprague Dawley rats (180-250 g body
weight) were acquired from the Laboratory Animal Care Unit
(LACU) of Universiti Teknologi MARA (UiTM), Faculty of
Medicine, Sungai Buloh Campus. The rats were maintained
under standard laboratory conditions of a 12:12 light-
dark cycle at 22°C-23°C, with ad libitum access to food and tap
water. All animals were subjected to general and ophthalmic
examinations, and only healthy rats were later taken into the
study.

Study Design Forty rats were randomly divided into 4
groups of 10 each: Group 1: control (PBS); group 2: 80 nmol

(NMDA); group 3: 160 nmol (NMDA); group 4: 320 nmol
(NMDA).

Intravitreal injections were administered in both eyes.
Tropicamide at a 1% concentration was used to dilate pupils
10min before the injection. For anaesthesia, a mixture
of xylazine (12 mg/kg) and ketamine (80 mg/kg; Troy
Laboratories Australia Pty Ltd., Australia) was given through
intraperitoneal injection. Powdered NMDA (>98%, Sigma-
Aldrich) was dissolved in 0.1 mol/L of phosphate buffered
saline (PBS) to obtain solutions of 80, 160, and 320 nmol.
Injections were carried out with a 30-gauge needle mounted on
a 10-puL Hamilton syringe. A dissecting microscope was used
to insert the needle at the dorsal limbus of the eye. Injection
volume was 2 pL. The procedure was performed slowly, over
two minutes, to avoid reflux. Enucleation of the eyes was done
one week after injection and optic nerve was then isolated. A
suture was applied on the globe to mark the orientation, and
the enucleated eyes were fixed using 10% formaldehyde for
24h at room temperature (24°C)"**"2¥,

Assessment of Retinal Morphology Using Haematoxylin
and Eosin Staining The eyes were bisected at the equator,
and then transferred through increasing concentrations of
alcohol, followed by paraffin embedding. Next, section series
were cut at 3 um thickness and stained with H&E. Images were
taken using Nikon light microscope (at 20x magnification)
and a digital camera and analysed by Image] software (NIH,
Bethesda, MA, USA). The following parameters were
observed and evaluated were independently by two researchers
on three randomly selected fields of view: thickness of
ganglion cell layer (GCL), thickness of inner retina, area of
GCL, area of inner retina, length of GCL. These parameters
were used for measuring the thickness of GCL within inner
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retina, number of nuclei per 100 pm GCL length, and number
of nuclei per 100 pum’ of GCL and inner retina*'*****, The
two observer’s measurements were averaged, and the mean
figures used for statistical analysis.

Assessment of Optic Nerve Morphology Using Toluidine
Blue Staining Optic nerve was dissected with scissors at a
distance of 1 mm from the eyeball, and overnight fixated using
10% formaldehyde. Then, the tissue was transferred through
increasing concentrations of alcohol, followed by paraffin
embedding. Section series were cut at 1 um thickness and
then were stained with 1% toluidine blue (Sigma-Aldrich,
USA). Examination of the optic nerve was carried out by two
independent masked investigators at full cross-sectional view.
Extent of injury was quantified according to the following
grades”**": grade 1: normal axon; grade 2: early, mild lesions
in one area with presence of moderate axon degeneration;
grade 3: axon degeneration spread to the other nerve area;
grade 4: severe damage to axons, with percentage of normal
axons equal to that of degenerated axons; grade 5: majority of
axons are degenerating across all regions of tissue. The data
was analysed by using the mean grades.

TUNEL Assay of Retinal Sections A TUNEL assay was done
for detecting apoptotic DNA fragmentation. The technique was
done according to manufacturer’s protocol for the ApoBrdU-
IHCTM DNA Fragmentation Assay Kit (BioVision, Inc.,
USA) as it was previously described by Nor Arfuzir et al***”
and Lambuk et al”"*

were deparaffinised, and then proteinase K antigen retrieval

I, Serial 3-pm-thick retinal sections

was performed for 20min. This was followed by rinsing
in PBS for three minutes. Then, the sections were covered
with 100 uL of 3% H,0, (1:10), diluted in methanol for five
minutes, and rinsed again. This was followed by incubation
in BrdUTP overnight at room temperature (37°C). Sections
were then washed in PBS. Next, sections were incubated for
1.5h with anti-BrdU biotin in a dark, humid chamber. The
3’-Diaminobenzidine (DAB) chromogen solution was used to
cover the entire tissue section and to incubate for 15min. This
was followed by rinsing them three times, two minutes per
rinse. Then, sections were counterstained with methyl green
for three minutes. Slides were mounted and air-dried prior to
observation under a light microscope at 20xmagnification.
Apoptotic signal measurements in the GCL were carried
out using ImagelJ software (NIH, Bethesda, MA, USA).
Assessments were completed by two masked independent
investigators, and the data were averaged for each eye.
Statistical Analysis Analysed data were presented as mean
difference (averaged between the two investigators)+=SD.
Statistical analyses were performed using one-way ANOVA
with Bonferroni’s adjustment; P<0.05 was considered
significant.
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RESULTS

Effect of Various Doses of NMDA on Retinal Morphology
H&E-stained sections were used for morphometric analysis
of retinal layers. Microscopic examination showed relatively
thinner inner retina and GCL, and reduced number of nuclei
within GCL and inner retina, in all NMDA-injected groups, as
compared to the vehicle-injected group. Both layers showed
greater thinning with increasing NMDA doses (Figure 1).
Quantitative evaluation of retinal morphometric changes in
response to NMDA exposure, is presented in Figure 2. The
parameters measured included, thickness of GCL within inner
retina (%), and number of nuclei within GCL and inner retina.
All groups treated with NMDA (80, 160 and 320 nmol) showed
significantly reduced GCL thickness, with mean values of
33.61£3.82 (P>0.05), 27.98+3.76 (P<0.001), and 20.64+4.09
(P<0.001), as compared to the control group with mean value
of 37.75+5.61 (all values %; Figure 2A). Group NMDA 160 nmol
showed a significantly greater GCL thickness than the group
NMDA 320 nmol (P<0.01). Administration of NMDA also
resulted in a dose-dependent decrease in the number of nuclei
per 100 pm GCL length. Number of nuclei per 100 pm GCL
length in NMDA 160 and NMDA 320 nmol groups was
decreased by 1.89-fold, a significant difference as compared
to the control group (P<0.01, P<0.001, respectively). No
significant difference was observed between the NMDA
80 nmol and PBS groups (P>0.05; Figure 2B). The
same parameter in the NMDA 160 nmol and NMDA
320 nmol groups was 1.75- and 1.68-fold lower (P<0.01,
P<0.05, respectively) than that in the NMDA 80 nmol group.
Number of nuclei per 100 pum” of GCL was 1.72-, 1.96-
and 2.03-fold lower in the NMDA 80, 160 and 320 nmol
groups, respectively, than in the control group (P<0.001,
P<0.01, P<0.001; Figure 2C). However, the observed
effect was not dose-dependent, and no significant difference
was observed among the NMDA 80, 160, and 320 nmol
groups. The number of retinal cell nuclei per 100 pm” of inner
retina, which includes the GCL and the inner plexiform layer
(IPL), is shown in Figure 2D. Group NMDA 320 nmol showed
the lowest retinal cell nuclei density, with a mean value of
0.34+0.01 nuclei per 100 pm’; the control group showed a
mean value of 0.07+0.02 (P<0.01). However, there were no
significant differences between groups NMDA 160 and
320 nmol, as shown in Figure 2D. Groups NMDA 80
and 160 nmol, with mean retinal cell densities of 0.06+0.01,
0.04+0.02 nuclei per 100 pm®, respectively, showed no
significant differences when compared to the control group
(P>0.05).

Effect of Various Doses of NMDA on Optic Nerve
Morphology Toluidine blue staining was used to grade
morphological degenerative changes of the optic nerve.
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Figure 1 Representative microphotographs of rat retinal sections stained with H&E after administering different doses of NMIDA A:
The PBS group, normal retinal histology; B-D: The NMDA 80, 160 and 320 nmol groups, respectively. NMDA injection, particularly at higher
doses, caused severe degenerative changes, with an initial stage of massive cellular swelling, and subsequently, retinal cells loss. Scale bar

represents 100 pm. GCL: Ganglion cell layer; IPL: Inner plexiform layer.

A 50 ;
45 |
& 4{ I .
» 35 c
§ % 30 1 cde
£ £ 25
£3 20
— 15 4
8 101
5 P
0 PBS NMDA NMDA NMDA
C 80nmol 160 nmol 320 nmol
04
> 0.35
Q I
T Q 0.3
S 9Q 025
c o
5 NE 0.2 c b c
§ 2 015 2 .
€38 o1
Z 005
0
PBS NMDA NMDA NMDA
80 nmol 160 nmol 320 nmol

B 8
w7
(OS] 1
238 & ]
2%
gg 5
S o 4 cd
“5 c
5 L2 3 b,d
g5 2 :
0
PBS NMDA NMDA NMDA
D 80 nmol 160 nmol 320 nmol
0.12 -
g 01
T X
3L 08|
§ 5 0.08 a
s g_ 0.06 - T
2 8 0.04 { - 1
g ~
2 0.02 -
0 4
PBS NMDA NMDA NMDA
80 nmol 160 nmol 320 nmol

Figure 2 Quantitative morphometric analysis of inner retinal changes in response to various doses of NMDA A: Thickness of GCL within
inner retina (%); B: No. of ganglion cells nuclei per 100 um GCL length; C: No. of ganglion cells nuclei per 100 pm® of GCL; D: No. of nuclei
per 100 um’ of inner retina. Group 1 was injected with PBS (vehicle), group 2 was injected with 80 nmol NMDA, group 3 was injected
with 160 nmol NMDA, and group 4 was injected with 320 nmol NMDA. Inner retina=GCL+IPL. »=10, "P<0.05 vs PBS, °P<0.01 vs PBS,
°P<0.001 vs PBS, “P<0.001 vs NMDA 80 nmol, and °P<0.01 vs NMDA 160 nmol.

Intravitreal NMDA injection caused dose-dependent damage
to the optic nerve. The PBS group featured healthy, intact optic
nerve morphology, with no injury to axons with the lowest
mean grade (Figure 3). Groups NMDA 160 nmol and 320 nmol
showed 1.5- and 1.65-fold higher mean values than did the
PBS group (P<0.05 and P<0.001, respectively; Figure 4).
NMDA 320 nmol group had a 1.52-fold higher mean grade
than did group NMDA 80 nmol (P<0.05). No significant
differences were found between between the NMDA 80 nmol and
PBS groups. The degeneration of nerve fibres, with increased
clearing of cytoplasm, was observed more prominently as the
NMDA dose increased.

Effect of Various Doses of NMDA on Retinal Cell
Survival In order to detect the presence of apoptotic cells in
GCL, a TUNEL assay was performed on retinal sections. In
accordance with the results of H&E staining, TUNEL assay
further demonstrated a dose-dependent effect on retinal cell

apoptosis by NMDA. As seen in Figure 5, there is a clear trend
of increase in the number of apoptotic cells with increasing
NMDA dose. Number of TUNEL-positive signals was most
abundant in the NMDA 320 nmol group, with 5.7-, 2.89-, and
1.69-fold higher values than those in the PBS, NMDA 80 nmol
and NMDA 160 nmol groups, respectively (Figure 6). Despite
the lower number of apoptotic cells in the NMDA 80 nmol
group, 1.97-fold higher than the PBS group, no significant
difference among the groups was evident. NMDA 160 nmol
group showed a significantly higher number of apoptotic cells
than did the PBS group, a 3.37-fold increase (P<0.01), but this
figure was comparable with that of the NMDA 80 nmol group.
Intravitreal NMDA injection, particularly at 320 nmol, caused
massive degeneration of retinal cells.

DISCUSSION

The deleterious effect of glutamate on RGCs is mediated by
NMDA receptors. In excitotoxicity, glutamate triggers the
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Figure 3 Representative microphotographs of optic nerve semithin sections stained with toluidine blue A: The PBS group, normal optic

nerve histology; B-D: Groups of NMDA 80, 160 and 320 nmol, respectively; B: Comparable distribution of glial cells to the control group with

slight degeneration of nerve fibers; C: Denser glial cells with degeneration of nerve fibers; D: Presence of glial cells and extensive vacuolation

indicates progressive degenerative changes occupying the entire section. Scale bar represents 50 um. Asterisk indicates nerve fiber degeneration;

Triangle symbol indicates vacuolation.
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Figure 4 Quantitative estimation of the effect of intravitreal
administration of different doses of NMDA on optic nerve
morphology PBS group served as the control. n=6, "P<0.05 vs PBS,
°P<0.001 vs PBS, ‘P<0.05 vs NMDA 80 nmol.

elevation in intracellular Ca”", followed by the upregulation
of neuronal nitric oxide synthases, reactive oxygen species
production by mitochondria, dysfunction of mitochondria,
and activation of endoplasmic reticulum stress signalling
pathways!****¥. Accordingly, the therapeutic potential of NMDA-
receptor antagonists has been investigated as tools to inhibit
the RGCs loss and to delay sight loss from glaucoma®**".

Since use of glutamate in experimental procedures produces
effects involving all glutamate subtype of receptors, NMDA
is used as an instrument to study RGC death due to NMDA-
specific excitotoxicity. Hence, previous studies have explored
retinal excitotoxicity following exposure to NMDA. At
lower doses, acute intravitreal injection of NMDA can injure
the GCL and IPL, without prominent effect on other retinal

M2 Importantly, it appears likely that intravitreal

layers
glutamate injection induced excitotoxic effects in the adult rat
retina leading to degenerative changes may be dose-dependent.
In one of the studies using a low dose of NMDA (1 pmol) over
prolonged period of 2mo, it was observed that degenerative
changes in retina progressed in two degenerative stages: 1)
the first stage is characterised by massive cellular swelling,
and 2) the second stage is characterised by necrotic cell death.
Degenerative changes observed in the GCL and inner nuclear
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Figure 5 Representative TUNEL stained microphotographs of

retinal sections A: PBS group, no apoptotic signal was detected
in control group; B-D: Groups of NMDA 80, 160 and 320 nmol,
respectively; B: Few detection of apoptosis ganglion cells; C: Several
apoptotic signals were detected; D: A multiple presence of apoptotic
signals was observed. Scale bar represents 100 um; arrows indicate
the presence of apoptotic cells. GCL: Ganglion cell layer; IPL: Inner

plexiform layer.

layer cells and decreased inner retina thickness appeared
concurrently. Two months after injection, degenerative changes
in rod cells and some loss of cone photoreceptors nuclei were
also observed™. However, in order to use NMDA to induce
acute degenerative insult, it is important to determine the
optimal dose of NMDA that can induce intended severity of
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Figure 6 Quantitative estimation of the retinal cell apoptosis in
response to various doses of NMDA, as measured by TUNEL
staining PBS served as the control. n=6, “P<0.01 vs PBS, °p<0.001
vs PBS, °P<0.01 vs NMDA 80 nmol, *P<0.01 vs NMDA 160 nmol.

retinal degeneration. In one of the studies, intravitreal NMDA
in the dose range of 0.1-40 mmol led to dose-dependent
cleavage of nuclear DNA into internucleosomal fragments
that appeared as TUNEL-positive nuclei in the inner retina.
Ultrastructural features consistent with apoptotic changes were
described in degenerating RGCs and the cells of inner nuclear
layers. Finally a conclusion was drawn that NMDA-induced
excitotoxicity involved caspase-involved apoptosis!'”.

In the current study, we used the dose range of 80-320 nmol
of NMDA and studied the morphological evidence of dose-
dependent NMDA-induced inner retina cell loss, and optic
nerve damage. We also studied if morphological changes
mirrored dose-dependent increases in the number of TUNEL-
positive cells. It was clearly demonstrated that NMDA
induces retinal and optic nerve morphological changes in a
dose-dependent manner and in accordance with changes in
morphology we observed increasing number of TUNEL+
cells with increasing dose of NMDA. The findings in the
current study are in accordance with previous studies that also
demonstrated dose-dependent loss of RGCs and damage to IPL
in a dose-dependent manner with NMDA 20-200 nmol">*,
Siliprandi et al''”' showed that the sensitivity of RGCs to
NMDA is affected by the size of RGCs and moreover amacrine
cells may have dose-dependent sensitivity to NMDA-induced
excitotoxicity. In cultured neonatal rat cardiomyocytes, NMDA
in the dose range of 107 to 10 mol/L was shown to cause
dose-dependent increase in intracellular Ca** and cell death™.
In hippocampal neuronal cultures, NMDA has been shown
to induce production of reactive oxygen species in a dose-
dependent manner*”. It also causes activation of caspase-3
in a dose-dependent manner'*”. Hence, the findings of the
current study may be attributed to dose-dependent effects of
NMDA on several intracellular events. It is, however, likely
that the proportion of NMDA-induced morphological changes
may not match the proportional change in the dose. Hence, it
is important to optimize the NMDA dose based on the study
objectives. Our results suggest that care should be taken while

making dose selections experimentally, so that the choice

might best uphold study objectives.
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