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Abstract:

Background: Neuronal damage leads to capillary degeneration in an N-methyl-D-aspartate (NMDA)-induced retinal degeneration

model; however, the mechanisms underlying this phenomenon are not fully understood. The phosphatidylinositol 3-kinase

(PI3K)/Akt signaling pathway has been recognized as an intracellular pro-survival signaling system. Therefore, we used the PI3K

inhibitors LY294002 and wortmannin to investigate the role of this pathway in neuronal and blood vessel injury in the rat retina

treated with NMDA.

Methods: Male Sprague-Dawley rats weighing 220–240 g were used in this study. NMDA combined with LY294002, wortmannin,

or vehicle was administered intravitreally, and histological evaluation was performed at 2 and 7 days after injection. The effects of

LY294002 or wortmannin alone were also evaluated.

Results: The number of cells in the ganglion cell layer (GCL) was significantly reduced at 2 and 7 days after intravitreal injection of

NMDA, whereas enhanced capillary degeneration was observed at 7 days. Simultaneous injection of LY294002 with NMDA sig-

nificantly attenuated NMDA-induced retinal cell loss and capillary degeneration at 7 days. However, simultaneous injection of wort-

mannin with NMDA did not affect cell loss, but enhanced capillary degeneration. Treatment with LY294002 alone showed no effect

on neuronal or vascular cells, whereas wortmannin induced capillary degeneration without significantly affecting the cell number in

the GCL.

Conclusions: Although both LY294002 and wortmannin are known as PI3K inhibitors, they exhibit differential effects on neurons

and vascular endothelial cells in the rat retina. Therefore, the results obtained using these inhibitors should be carefully interpreted.

However, our finding that LY294002 was protective against NMDA-induced retinal damage suggests that this compound may be

an effective candidate for preventing the development of retinal diseases associated with glutamate-induced excitotoxicity.
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Introduction

Glutamate is a major excitatory neurotransmitter in

the retina, and its levels are elevated in the eyes of pa-

tients with diabetic retinopathy [5, 28, 32] and some

types of glaucoma [11, 12]. Therefore, glutamate-

induced excitotoxicity is thought to play an important

role in these retinal diseases. The neurotoxic effect of

glutamate appears to be mediated largely via stimula-
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tion of N-methyl-D-aspartate (NMDA) receptors

since receptor antagonists exert a protective effect

against retinal ischemia-reperfusion-induced cell

death [1, 21]. Moreover, excessive doses of NMDA

caused apoptotic cell death in retinal ganglion and

amacrine cells [18–20, 29]. Recently, it has been dem-

onstrated that neuronal damage leads to capillary de-

generation in an NMDA-induced retinal degeneration

model [35]. Pathological changes in retinal circula-

tion could contribute to the progression of retinal dis-

eases, including diabetic retinopathy and glaucoma

[10, 14–16, 33]. Therefore, a better understanding of

the mechanisms underlying NMDA-induced retinal

damage is important for the development of novel

therapeutics and strategies for preventing excitotoxic-

ity-related retinal diseases.

Activation of the phosphatidylinositol-3 kinase

(PI3K)/Akt signaling pathway has been implicated in

the survival of a variety of cell types, including neu-

rons. In retinal neurons, this pathway has been shown

to function as an intracellular pro-survival signaling

system against injury insults, including excessive ac-

tivation of NMDA receptors [23, 26]. However, there

have been some conflicting reports indicating that in-

hibitors of the PI3K/Akt signaling pathway promote

retinal ganglion cell survival [22, 30]. Therefore, the

present study was undertaken to determine the role of

the PI3K/Akt signaling pathway in the maintenance

of retinal blood vessels and neurons, by using PI3K

inhibitors LY294002 and wortmannin [31, 36]. The

effects of these PI3K inhibitors were evaluated in rat

retinas in both the absence and presence of NMDA

treatment since previous studies have demonstrated

that PI3K/Akt activity can be affected by injury in-

sults [17, 25].

Materials and Methods

Animals

Male Sprague-Dawley rats weighing 220–240 g were

maintained in a room at a constant temperature (22–

2°C) and constant humidity (55 ± 5%) in a 12-h light/

dark cycle, and were allowed free access to regular rat

chow and tap water. All of the animal procedures

were performed in accordance with the Association

for Research in Vision and Ophthalmology Statement

on the Use of Animals in Ophthalmic and Vision Re-

search, and the Regulations for the Care and Use of

Laboratory Animals in Kitasato University, which

was adopted by the Institutional Animal Care and Use

Committee for Kitasato University.

Experimental procedures

Intravitreal injection of NMDA (Nacalai Tesque, Kyoto,

Japan) was performed as previously described [24, 34,

35]. Briefly, the rats were anesthetized by intraperito-

neally injecting pentobarbital sodium (50 mg/kg). The

animals were divided into 3 groups: NMDA + vehicle

(DMSO) (n = 46), NMDA + LY294002 (50 nmol)

(n = 25), and NMDA + wortmannin (50 nmol) (n = 23).

Either LY294002 or wortmannin mixed with 200 nmol

of NMDA in a total volume of 5 µl was injected into

the vitreous cavity of one eye. The same volume of

DMSO was injected into the vitreous cavity of the

contralateral eye, which was used as a control. The in-

jections were performed under a microscope using

a 32-gauge needle, which was connected to a micro-

syringe. The needle was inserted approximately 1 mm

behind the corneal limbus. Damage to neurons and

blood vessels in the retina was assessed at 2 and 7

days after the injection. We also examined the effects

of the intravitreal treatment with either LY294002 or

wortmannin alone on retinal neurons and blood ves-

sels. In this experiment, the animals were divided into

2 groups: LY294002 (50 nmol) (n = 8) and wortman-

nin (50 nmol) (n = 8). As described above, intravitreal

injections were performed and its effects on neurons

and blood vessels were examined 7 days after the in-

jection.

Histological evaluation of the retinas

To assess the damage to retinal neurons, the rats were

anesthetized with pentobarbital sodium and their eyes

were enucleated. The eyes were immersed in a fixa-

tive mixture (37.5% ethanol, 9.3% formaldehyde,

12.5% acetic acid, and 3% glutaraldehyde) for 12 h at

room temperature as previously described [24, 35].

Fixed retinal tissues were embedded in paraffin, and

5-µm cross sections cut through the optic disc of the

eye. These sections were stained with hematoxylin

and eosin. Retinal damage was assessed by counting

the number of cells in the ganglion cell layer (GCL) at

a distance of 1000–1250 µm from the center of the

optic nerve head on both sides. The values were aver-

aged for each eye.
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To assess the damage to retinal blood vessels, we

performed immunohistochemical staining for endo-

thelial cells and vascular basement membrane as pre-

viously described [34, 35]. Briefly, the vasculature of

each rat (which was anesthetized with pentobarbital

sodium) was perfused with 1% paraformaldehyde in

phosphate-buffered saline (PBS) (pH 7.4) for 4 min at

a pressure of 120 mmHg. The perfusion was per-

formed through the aorta via a cannula in the left ven-

tricle. After the perfusion, the eyes were removed and

stored in fixative for 24 h at 4°C. The retina was sepa-

rated from the lens, vitreous, and pigment epithelium

by 4 radial cuts and then incubated in blocking solu-

tion (5% normal hamster serum) in PBS containing

0.3% Triton X-100 (PBS/0.3% Triton X-100) for 0.5

to 1 h at room temperature. The retinas were incu-

bated for 12–15 h with primary antibodies that were

diluted in 5% normal serum in PBS/0.3% Triton X-

100 at room temperature. Retinal endothelial cells and

vascular basement membrane were labeled using

mouse monoclonal anti-rat endothelial cell antigen

(RECA)-1 antibody (1 : 200, Serotec, Oxford, UK)

and rabbit polyclonal anti-type IV collagen antibody

(1 : 8,000; Cosmo Bio Co. Japan), respectively. After

incubation with the primary antibodies, the retinas

were rinsed with PBS/0.3% Triton X-100 and incu-

bated for 4 h at room temperature by using FITC- or

Cy3-labeled, species-specific secondary antibodies

against anti-RECA antibody (anti-mouse) and anti-

type IV collagen antibody (anti-rabbit) (1 : 400; Jack-

son ImmunoResearch Laboratories Inc., West Grove,

PA, USA). The retinas were then rinsed with

PBS/0.3% Triton X-100, and retinal flat mounts were

prepared using a fluorescence mounting medium

(Vectashield, Vector Laboratories, Burlingame, CA,

USA). Images were obtained using a fluorescent mi-

croscope system BZ-9000 (Keyence, Osaka, Japan) or

a confocal laser-scanning microscope LSM 510 Meta

(Zeiss, Oberkochen, Germany). To count the empty

basement membrane sleeves, 5 images of regions in

the mid-peripheral retina (fields at 10×, correspond-

ing to a retinal area of 1.58 mm2 each) were obtained

from each retinal flat mount. All of the morphometric

analyses were performed in a blind manner.

Statistical analyses

All of the values were presented as the means ± SE.

A statistical comparison of the mean values was per-

formed using one-way ANOVA followed by Tukey’s

multiple comparison test (GraphPad Software, Inc.,

San Diego, CA, USA); p-values less than 0.05 were

considered statistically significant.

Results

Representative microscopic images of the retinal sec-

tions at 7 days after treatment revealed that compared

to the effects observed in the vehicle-treated retinas,

the retinas treated with an intravitreal injection of

NMDA (200 nmol/eye) showed a reduction in cell

number in the GCL and thickness of the IPL (Fig.

1Aa, Ab). Cells in the GCL were better preserved in

the retinas treated with LY294002 (50 nmol/eye) and

NMDA compared to the retinas treated with NMDA

alone (Fig. 1Ac). The thickness of the inner nuclear

layer, the outer plexiform layer, and the outer nuclear

layer were unchanged. Fluorescence photomicro-

graphs of retinal flat mounts revealing RECA-positive

endothelial cells and type IV collagen-positive base-

ment membrane are shown in Figure 1B. The immu-

noreactivity of type IV collagen was nearly com-

pletely co-localized with RECA staining of blood ves-

sels in the vehicle-treated retinas (Fig. 1Ba, Ba’,

Ba’’). However, 7 days after NMDA treatment, the

number of empty basement membrane sleeves signifi-

cantly increased (Fig. 1Bb, Bb’, Bb’’). The vascular

damage observed in the NMDA-treated retinas was

markedly prevented by LY294002 treatment (Fig.

1Bc, Bc’, Bc’’). Although some RECA-positive cells

were found in the retinal parenchyma, no difference in

the number of cells was observed among the groups.

The summary data are shown in Figure 2. The

number of cells in the GCL reduced 2 days after in-

travitreal NMDA injection (Fig. 2A). Seven days after

NMDA treatment, further retinal cell loss was observed

(Fig. 2B). Simultaneous injection of LY294002 with

NMDA showed no significant effect on cell loss at

2 days (Fig. 2A), but suppression of further cell loss

was observed (Fig. 2B). There was no significant in-

crease in the number of empty basement membrane

sleeves at 2 days after NMDA treatment (Fig. 2C).

However, 7 days after NMDA treatment, the number

of empty sleeves in the injured retina was signifi-

cantly higher than that in the control retina (Fig. 2D).

The increase in the number of empty sleeves was

markedly attenuated by treatment with LY294002

(Fig. 2D).
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Fig. 1. Effects of LY294002 on neuronal and vascular damage in NMDA-treated retinas. (A) Representative photomicrographs of retinal cross
sections 7 days after intravitreal injection of vehicle (a, Control), NMDA (b) or NMDA + LY294002 (c). Scale bar: 30 µm. (B) Fluorescence photo-
micrographs of retinal flat mounts showing RECA-positive endothelial cells (red) and type IV collagen-positive basement membrane (green).
White arrowheads indicate empty basement membrane sleeves that were left as remnants of the vessels. Some RECA-positive cells were ob-
served in the retinal parenchyma (yellow arrowheads). a-a�: Control, b-b�: 7 days after intravitreal injection of NMDA, c-c�: 7 days after in-
travitreal injection of NMDA + LY294002. Scale bar: 100 µm. NMDA: N-methyl-D-aspartate; GCL: ganglion cell layer; IPL: inner plexiform layer;
INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; RECA: rat endothelial cell antigen
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Fig. 2. Effects of LY294002 on neu-
ronal and vascular damage in NMDA-
treated retinas. Retinal cross sections
or flat mounts obtained at 2 and 7 days
after intravitreal injection of vehicle,
NMDA, and NMDA + LY294002 were
examined. The number of cells in the
GCL (A, B) and empty basement
membrane sleeves (C, D) in each
group are shown. Each column with
a vertical bar represents the mean
+ SE of 5�16 animals. * p < 0.05.
NMDA: N-methyl-D-aspartate; GCL:
ganglion cell layer

Fig. 3. Effects of wortmannin on neu-
ronal and vascular damage in NMDA-
treated retinas. Retinal cross sections
or flat mounts obtained at 2 and 7 days
after intravitreal injection of vehicle,
NMDA, and NMDA + wortmannin were
examined. The number of cells in the
GCL (A, B) and empty basement
membrane sleeves (C, D) in each
group are shown. Each column with
a vertical bar represents the mean
+ SE of 3�13 animals. * p < 0.05.
NMDA: N-methyl-D-aspartate; GCL:
ganglion cell layer



Unlike LY294002, wortmannin did not show any

protective effect against retinal cell loss in the GCL

(Fig. 3A, B). However, the number of empty base-

ment membrane sleeves in the NMDA-treated retina

was significantly increased in the retina treated with

both NMDA and wortmannin (Fig. 3C, D).

Seven days after the injection of LY294002 alone,

no significant effects on the number of cells in the GCL

and empty basement membrane sleeves were observed

(Fig. 4A, B). Similarly, there was no visible change in

the retinal sections after the injection of wortmannin

alone, whereas the number of empty sleeves of the

basement membrane increased (Fig. 4C, D).

Discussion

A single intravitreal injection of NMDA into the eye

is commonly used as an in vivo model of retinal dam-

age. Recently, injury to the retinal microvasculature,

including capillary degeneration, has been demon-

strated in the same model [4, 34]. Using this model,

we assessed the effects of PI3K inhibitors on retinal

neurons and blood vessels and found that: (i) in-

travitreal injection of NMDA induced retinal neuronal

damage and enhanced capillary degeneration as indi-

cated by a decrease in the cell number in the GCL and

an increase in the number of empty basement mem-

brane sleeves; (ii) LY294002 significantly attenuated

both neuronal and capillary degeneration induced by

NMDA, whereas it had no significant effect on neu-

rons and blood vessels in the retina when adminis-

tered alone; and (iii) wortmannin enhanced capillary

degeneration without altering cell number in the GCL

in the retinas, independent of NMDA treatment. Thus,

LY294002 and wortmannin appear to show different

effects on neurons and vascular endothelial cells in

the rat retina, despite both compounds being widely

recognized as PI3K inhibitors.

Previous studies have shown that PI3K/Akt is one

major signaling pathway that promotes cell survival

[7, 9, 13, 39]. However, there is also evidence sug-

gesting that the PI3K pathway can accelerate cell

death. For example, in renal epithelial cells, LY-

294002 has been reported to increase bcl-2 levels and
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Fig. 4. Effects of LY294002 and wort-
mannin on retinal neurons and blood
vessels. The number of cells in the
GCL (A) and empty basement mem-
brane sleeves (B) were not signifi-
cantly affected by LY294002 alone. In
contrast, wortmannin enhanced capil-
lary degeneration without significantly
affecting the cell number in the GCL
(C and D). Each column with a vertical
bar represents the mean + SE of 4 ani-
mals. * p < 0.05. GCL: ganglion cell
layer



inhibit apoptosis [8]. In a rat cardiomyocyte-derived

cell line H9c2, PI3K has been shown to accelerate ne-

crotic cell death during hypoxia [2] and glucose depri-

vation [3]. In the retina, LY294002 was shown to ex-

ert a protective effect on retinal ganglion cells in the

absence of ciliary neurotrophic factor (CNTF)/cAMP

after peripheral nerve-optic nerve surgery [30]. Fur-

thermore, PI3K/Akt pathway inhibitors enhanced reti-

nal ganglion cell survival after an optic nerve ax-

otomy [22]. In contrast, Manabe and Lipton [23] re-

ported that LY294002 enhanced retinal ganglion cell

death induced by a low dose of NMDA (10 nmol/eye),

whereas it did not further increase cell death induced

by a higher dose of NMDA (200 nmol/eye) 1 day after

injection. Furthermore, Nakazawa et al. [26] showed

that LY294002 decreased the number of surviving

retinal ganglion cells after optic nerve clamping com-

pared to injury alone. Therefore, the effects of

LY294002 may be influenced by experimental condi-

tions, such as the type of insult, degree of injury, and

observation period.

The mechanisms underlying the protective effects

of LY294002 on retinal neurons and blood vessels are

still unclear. Luo et al. [22] previously demonstrated

that LY294002 promoted retinal ganglion cell sur-

vival and axon regeneration via activation of macro-

phages. Therefore, the protective actions of PI3K in-

hibitors on retinal injury induced by optic nerve ax-

otomy may be attributed to indirect effects mediated

by other cellular components in the retina [22]. In-

deed, increases in the expression of pro-inflammatory

cytokines, endothelial adhesion molecules and leuko-

cyte recruitment were observed several hours after in-

travitreal injection of NMDA, and blockade of in-

flammation and leukocyte recruitment prevented reti-

nal ganglion cell death in NMDA-induced injury [27].

In the present study, LY294002 did not show any sig-

nificant effect on cell loss at 2 days, but it did sup-

press further cell loss. These findings may imply that

actions of LY294002 on inflammatory cells contribute

to the protective effects on neuronal and vascular

cells. Moreover, treatment with LY294002 alone ex-

erted no significant effect on retinal neurons and ves-

sels may support this hypothesis.

In the present study, wortmannin, another PI3K in-

hibitor, did not show any significant protective effect

on retinal cell loss. However, treatment with wort-

mannin damaged blood vessels in the retina independ-

ent of NMDA treatment. Thus, the effects exerted by

wortmannin and LY294002 were very different. Cur-

rently, the mechanisms underlying the differential ef-

fects of LY294002 and wortmannin are unclear. These

2 compounds are structurally distinct PI3K inhibitors

that function to suppress the activity of this enzyme

via different mechanisms [31, 36, 37] and may affect

other enzymes and channels in a PI3K-independent

manner [6, 38]. Thus, further studies are required to

elucidate the mechanisms of effects of LY294002 and

wortmannin on retinal neurons and vessels.

Taken together, our results using LY294002 sug-

gest that activation of the PI3K pathway enhances

NMDA-induced retinal damage. However, the effects

of LY294002 and wortmannin on retinal neurons and

vessels were quite different, although both com-

pounds are well-known PI3K inhibitors. Therefore,

the results obtained with these inhibitors should be in-

terpreted carefully. Nevertheless, our finding that

LY294002 treatment was protective against NMDA-

induced retinal damage suggests that this compound

may be an effective candidate for preventing the de-

velopment of retinal diseases associated with gluta-

mate-induced excitotoxicity.
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