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SUMMARY

Aims: Dysfunction of glutamate uptake, largely mediated by the glutamate–aspartate

transporter (GLAST), may lead to retinal cell apoptosis in diabetic retinopathy. The aim of

this study is to examine how cell apoptosis and the expression level of GLAST in neural ret-

ina of a diabetic rat model are changed and whether the neuroretinal apoptosis could be

ameliorated by the administration of glial cell line–derived neurotrophic factor (GDNF).

Methods: Diabetes was induced by intraperitoneal injection of streptozotocin (STZ) in

Sprague–Dawley rats. GLAST protein expression levels were determined by Western blot-

ting, whereas apoptosis of retinal neurons was evaluated by TUNEL staining. To assess the

role of GDNF in ameliorating the STZ-induced retinal changes, GDNF/GDNF with siRNA

directed against GLAST was injected into the vitreous after STZ injection. Results: In rat

retinas 4 weeks after the onset of STZ-induced diabetes, TUNEL-positive cells were signifi-

cantly increased, whereas GLAST levels were significantly reduced. Intraocular administra-

tion of GDNF at the early stage of diabetes remarkably increased the GLAST levels and

decreased TUNEL-positive signals in the retinas. These effects of GDNF were largely abol-

ished by coadministration of GLAST siRNA. Conclusions: GDNF, administrated at the early

stage of diabetes, could rescue retinal cells from neurodegeneration by upregulating the

expression of GLAST.

Introduction

Diabetic retinopathy is a leading cause of vision impairment and

blindness in the working-age adults [1–3]. There is much evi-

dence demonstrating that in addition to a disturbance of the reti-

nal vasculature, retinal neuronal and glial elements are also

affected in this disease [4–7]. Specifically, degeneration of major

retinal neurons has been reported in experimental and human

diabetes [6,8–14].

The level of glutamate, a major excitatory neurotransmitter, is

markedly increased in the vitreous of patients with diabetic reti-

nopathy [15,16] and in the retinas of experimental diabetes

[17,18], suggesting that diabetic retinopathy may be associated

with glutamate-induced excitotoxicity [19]. In the vertebrate ret-

ina, the glutamate–aspartate transporter (GLAST), which is exclu-

sively expressed in M€uller cells and astrocytes [20], plays a

prominent role in the removal of glutamate from the synaptic

clefts and thereby terminates glutamate signaling and protects

neurons from the excitotoxic action of glutamate [19,21–23]. The

activity of GLAST is greatly reduced in M€uller cells, freshly iso-

lated from streptozotocin (STZ)-induced diabetic rats during the

initial 13 weeks [24]. Moreover, ganglion cell (GC) death is

induced by suppressing GLAST [23].

Glial cell line–derived neurotrophic factor (GDNF) is a growth

and survival factor for neuronal cells [25,26], which is involved in

various physiological processes by activating the high-affinity

ligand-binding receptor GFRa-1 (GDNFR-a) [27] and the tyrosine

kinase receptor Ret [25]. In the retina, GDNF is localized to GCs,

outer segments of photoreceptors and pigment epithelial cells

[28], whereas GFRa-1 is predominantly expressed in M€uller cells

[28], suggesting that M€uller cells are a major target of GDNF.

GDNF has been reported to stimulate photoreceptor survival in

the retinal degeneration 1 (rd1) mouse model, an effect that may

be mediated by M€uller cells [29–34]. Furthermore, GDNF applica-

tion decreases GC loss in rats after optic nerve transection by upre-

gulating GLAST protein levels [35]. Now that GLAST levels are

reduced in diabetic rat retinas [24], it was therefore intriguing

whether the increase in neuronal apoptosis under this condition is

associated with the reduced GLAST levels and whether GDNF

administration could rescue retinal cells from neurodegeneration

in STZ-induced diabetic rats by regulating GLAST expression, just

like that observed after optic nerve transection.
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Materials and Methods

Animals and Induction of Diabetes

All experimental procedures described here were in accordance

with the National Institutes of Health guidelines for the Care and

Use of Laboratory Animals and the guidelines of Fudan University

on the ethical use of animals.

Adult male Sprague-Dawley rats (220 � 20 g) were provided

by SLAC Laboratory Animal Co. Ltd. (Shanghai, China) and were

housed in standard 12-h light/dark schedule with food and water

ad libitum for at least 7 days before experimentation. Diabetes was

induced by a single intraperitoneal (i.p.) injection of STZ (Sigma,

St. Louis, MO, USA) (65 mg/kg), freshly dissolved in 0.1 M citrate

buffer (pH 4.2), in the morning after an overnight fast. Age-

matched normal rats were injected with an equal volume of cit-

rate buffer as control group. Blood glucose concentrations of the

injected animals were first checked 2 and 3 days after the injec-

tion and weekly thereafter, using a glucometer (Roche Diagnostics

GmbH, Sandhofer, Mannheim, Germany), and animals whose

glucose concentrations exceed 16.7 mM were selected for the

experiments [10]. The final measurements of blood glucose levels

were made just before animals were killed.

Intraocular Administration of GDNF

Referring to previous studies [13,28,35], multiple intraocular

injections of GDNF (0.5 lg/each time) in 3 lL of 0.1 M sterile

phosphate-buffered saline (PBS) or vehicle, for a total of 3 times,

were given to one eye of an animal at random every 3 days,

beginning 2 weeks after the i.p. injection of STZ. The animals

were under anesthesia with sodium pentobarbital (4%, w/v,

0.2 mL/100 g body weight) and topical anesthesia with a drop of

2% lidocaine applied to the eyes. An equal volume of vehicle

(0.1 M PBS) was injected into the vitreous space of the other eye

as control.

To determine whether GLAST may be involved in effects of

GDNF on neurons, intraocular injections of GDNF were made

along with small interfering RNAs (siRNAs) directed against

GLAST. Sequences of the siRNAs used in this study were as fol-

lows: GLAST (123) 5′-AGAGGAGAUUUCGCUUUCU-3′ and

GLAST (176) 5′-AAAGCCGUAUCAGCUGAUU-3′. The rats

received intravitreous injections of GDNF of 0.5 lg (dissolved in

1.5 lL of sterile PBS), along with 1.5 lL of an siRNA solution con-

taining 2 lg of GLAST siRNA complexed in Lipofectamine/Opti-

MEM (Invitrogen, Carlsbad, CA, USA) for each time. The injec-

tions were given every 3 days, beginning 2 weeks after the injec-

tion of STZ in diabetic rats. Control injections contained firefly

luciferase siRNA (Luc siRNA) (5′-CGUACGCGGAAUACUUCGA-

3′) substituted for GLAST siRNA. Retinas were dissected 4 weeks

after the i.p. injection of STZ. Any animal with lens damage or vis-

ible vitreous hemorrhage was rejected from the study.

Determination of GLAST Levels in Retina

Glutamate–aspartate transporter levels were determined by Wes-

tern blotting. For procedures of Western blot analysis, refer to

the study by [36], with some modifications. Nine animals were

assigned to each group. In brief, three rat retinas (as one sam-

ple) were freshly isolated and sonicated in lysis buffer contain-

ing 1 M Tris–HCl (pH 7.5), 0.5 M EDTA, 10% SDS, NP-40

(nonidet p-40), sodium deoxycholate, CHAPS, and Triton X-

100, and a protease inhibitor cocktail (Sigma). Protein concen-

trations were determined using a standard bicinchoninic acid

(BCA) assay kit (Pierce Biotechnology, Rockford, IL, USA). The

extracted samples (50 lg, 20 lL in volume) were loaded, sub-

jected to 10% SDS-PAGE, and then transferred onto PVDF

membranes (Millipore Co. Bedford, MA, USA). Non-specific

binding was blocked for 2 h at room temperature in blocking

buffer consisting of 20 mM Tris–HCl, pH 7.4, 137 mM NaCl,

0.1% Tween-20, and 3% bovine serum albumin. The blot was

incubated with the anti-GLAST antibody (1:20000 dilution,

Chemicon, Temecula, CA, USA) overnight at 4°C, followed by

horseradish peroxidase–conjugated donkey anti-guinea pig IgG

(1:2000 dilution, Jackson Labs, West Grove, PA, USA) for 2 h at

room temperature, and finally visualized by enhanced chemilu-

minescence (Amersham Biosciences, Piscataway, NJ, USA). The

experiments were performed in triplicates. For the quantifica-

tion of Western signals, X-ray films with blotting bands were

scanned, and the intensity of the bands was quantified by

Image-Pro analysis system.

To avoid any possible effects of circadian rhythm, all experi-

ments were performed in the morning (09:00–11:00). As GLAST

expression may be regulated by dark/light, as shown in bullfrog

retina [37], we first examined changes in GLAST expression in rat

retina as a function of time in the dark. The animals were first

light-adapted by a constant white light with an intensity of 1600

lux at the cornea level for 2 h and then left in the dark for differ-

ent periods of time (30, 60, 90, 120 min). Western blotting

revealed that the GLAST level reached a peak in retinas dark-

adapted for 90 min, but declined when retinas were dark-adapted

for longer periods (>120 min). As a result, all retinas used in this

study were prepared from rats dark-adapted for 90 min.

Tissue Preparation

After anesthetization, animals were perfused transcardially with

0.9% saline, followed by 4% paraformaldehyde in 0.1 M PB (pH

7.4). The retinas and retinal sections were prepared as previously

described with some modifications [38,39]. The isolated eyecups

or retinas were immediately postfixed in 4% paraformaldehyde

and chilled sequentially in 10% (w/v), 20%, and 30% sucrose in

0.1 M PB at 4°C. The eyecups were then embedded in OCT (Miles

Inc., Elkhart, IN, USA), frozen by liquid nitrogen, and sectioned

vertically at 14 lm thickness on a freezing microtome (Leica,

Nussloch, Germany). The sections were mounted on gelatin–chro-

mium-coated slides. The isolated retinas and the retinal sections

were treated with a modified terminal transferase dUTP nick-end

labeling (TUNEL)-FITC assay and immunocytochemistry.

In situ Detection of DNA Fragmentation by
TUNEL Assay

TUNEL-FITC was performed in whole isolated retinas or in 14-lm
sections using the DeadEndTM Fluorometric TUNEL Detection Sys-
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tem kit (Promega, Madison, WI, USA), following the manufac-

turer’s instruction. The retinas or sections were counterstained

with DAPI (Vector Lab, Burlingame, CA, USA) for labeling nuclei

of neurons. The TUNEL-labeled retinas were whole-mounted on

slides, with the ganglion cell layer (GCL) upward. To distinguish

between autofluoresced structures and TUNEL-positive ones, the

tissue was sequentially examined with the rhodamine and FITC

filters. Autofluorescent structures were visible under both filters,

whereas TUNEL-positive cells were detectable only with the FITC

filter. The tissue was further examined with the UV filter (for

DAPI) to confirm the colocalization of TUNEL signals with the cell

nuclei. The number of TUNEL-positive cells was counted in

whole-mounted retinas. Total number of apoptotic cells of each

retina, which was scanned at different focal planes, was recorded

using a computer-based Neurolucida system (Microbrightfield,

Williston, VT, USA) with a 209 objective on an Olympus micro-

scope (Olympus Corporation, Tokyo, Japan). Five animals were

used for each group.

Immunocytochemistry in Combination with
TUNEL-FITC Labeling

To determine the identity of neurons undergoing apoptosis, im-

munostaining with specific markers for different types of retinal

neurons, followed by TUNEL-FITC labeling, was further per-

formed in diabetic retinas. For the procedures of immunocyto-

chemistry, refer to our previous work [36,39]. Briefly, the whole

retinas or sections were preincubated as usual. Rabbit antirecover-

in (RC) polyclonal antibody (1:1000 dilution, Chemicon) and

mouse antisyntaxin clone HPC-1 (HPC-1) monoclonal antibody

(1:2000 dilution, Sigma) were, respectively, used for labeling pho-

toreceptors and amacrine cells (ACs). Goat anti-Brn3a polyclonal

antibody (1:400 dilution, Santa Cruz Biotechnology, Santa Cruz,

CA, USA) was used for labeling GCs. Immunostaining experi-

ments were carried out by incubating with the corresponding pri-

mary antibody for 5 days (for whole retinas) or 3 days (for

sections) at 4°C in a medium containing 3% normal donkey

serum, 0.2% Triton X-100, and 0.5% bovine serum albumin in

PBS (DT-PBS). Binding sites of the primary antibody were

revealed by incubating with the secondary antibody for 2 h at

room temperature in DT-PBS. Secondary antibodies used in this

work were as follows: Alexa Fluor 555-conjugated donkey anti-

rabbit IgG for labeling RC; Alexa Fluor 555-conjugated donkey

anti-mouse IgG for HPC-1; and Alexa Fluor 555-conjugated don-

key anti-goat IgG for Brn3a (all 1:200 dilution, Invitrogen). After

completion of the immunostaining, TUNEL-FITC labeling was fur-

ther carried out. Five animals were used for each group.

Images were taken with a digital camera (Zeiss AxioCam HRc,

Carl Zeiss Inc., Oberkochen, Germany) mounted on a Zeiss Axio-

skop 40 microscope using a 209 objective.

Statistical Analysis

Statistically significant differences between the data obtained in

different groups were detected using Student’s t-test, with values

of P < 0.05 being taken as significant. All data were presented as

mean � SEM.

Results

Characterization of Diabetic Rat

Table 1 shows the blood glucose levels and body weights for age-

matched control and diabetic rats treated with different experi-

mental manipulations in this study. The average blood glucose

levels in all groups of diabetic rats were significantly higher than

the control levels (P < 0.001). No significant difference in average

blood glucose levels was observed between the diabetic groups

treated with different experimental manipulations. The rats with a

blood glucose level lower than 16.7 mM were excluded from this

work. All diabetic rats gained significantly less weights than their

respective control rats (P < 0.001).

TUNEL Analysis of Diabetic Retinas

We examined changes in number of apoptotic cells in whole-

mounted retinas in diabetic animals by TUNEL staining analysis.

The spatial distribution of TUNEL-positive nuclei was mapped

using Neurolucida system with an Olympus microscope, and the

data were expressed as the number of TUNEL-positive cells per

0.5 cm2 of retina. As shown in Figure 1A, the control rat had few

TUNEL-positive cells in the whole mount. In contrast, the diabetic

Table 1 Average blood glucose levels and weights of control and diabetic rats treated with different experimental manipulations

Duration of

diabetes Treatment group n

Blood glucose

(mM) Weight (g)

4 week Control 33 5.52 � 0.37 419.53 � 4.59

4 week STZ 35 31.41 � 1.02*** 326.72 � 3.67***

4 week STZ + Vehicle 16 30.14 � 2.04*** 319.41 � 2.98***

4 week STZ + GDNF 16 29.83 � 1.64*** 333.50 � 1.99***

4 week STZ + GLAST siRNA(123) 11 32.33 � 1.16*** 299.86 � 3.66***

4 week STZ + GLAST siRNA(176) 11 30.06 � 1.57*** 304.71 � 3.01***

4 week STZ + Con Luc siRNA 11 31.30 � 0.89*** 310.49 � 2.63***

4 week STZ + GDNF + GLAST siRNA (123) 9 32.25 � 1.83*** 328.58 � 2.07***

4 week STZ + GDNF + GLAST siRNA (176) 14 28.86 � 2.11*** 336.93 � 1.62***

4 week STZ + GDNF + Con Luc siRNA 14 29.53 � 0.97*** 349.03 � 4.35***

Data are expressed as the mean � SEM. n, number of animals; ***P < 0.001 versus age-matched control rats.
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rat exhibited much more TUNEL-positive cells (Figure 1B), and

these cells appeared randomly in all parts of the retina, mostly as

individual cells or as loosely associated groups at different focal

depths in the whole mount, noted by focusing through the tissue.

Figure 1E shows the microphotographs of a whole-mounted ret-

ina of diabetic rat counterstained with DAPI after TUNEL staining.

As evident from the Figure 1E3, a merged image of E1 and E2, the

TUNEL-positive cell (E1) is also labeled by DAPI (E2). Statistical

analysis revealed that the average number of TUNEL-positive cells

in diabetic rats was 73.4 � 5.91 (Figure 1F), significantly higher

than that (11.1 � 0.81) in control ones (P < 0.001, n = 5). We

also counted the number of TUNEL-positive cells in the outer and

inner retina separately in control and diabetic retinas. The outer

retina, including the outer nuclear layer (ONL), the outer plexi-

form layer (OPL), and horizontal cells, accounts for ~37.5% of the

thickness of the entire neural retina, whereas the inner retina,

including the inner nuclear layer (INL) (except horizontal cells),

the inner plexiform layer (IPL), and the GCL, accounts for the

remaining ~62.5%. The average number of TUNEL-positive cells

in diabetic rats was 47.8 � 6.56 in the outer retina (vs.

6.84 � 1.37 in control rats, P < 0.01) and 25.5 � 5.28 in the

inner retina (vs. 4.30 � 0.88 in control rats, P < 0.05).

To determine the identity of neurons undergoing apoptosis,

TUNEL-FITC staining was performed, in combination of immuno-

cytochemical labeling with specific markers for photoreceptors,

ACs and GCs in diabetic retinas. Figure 2A1 and A2 shows micro-

graphs of a whole-mounted retina double-stained by the antibody

against RC, a specific photoreceptor marker [40,41], and TUNEL.

At the focal depth of the ONL, at which photoreceptors are

located, RC immunoreactivity was mainly localized to the mem-

branes of photoreceptors (Figure 2A1). Figure 2A2 shows the

image of the same retina stained by TUNEL. As shown in the

merged image (Figure 2A4) of Figure 2A1, A2, and A3, the corre-

sponding DAPI image of A1, it was clear that some RC-positive

photoreceptors showed TUNEL-positive signals, and these signals

were well overlapped with the DAPI-labeled nuclei (arrows).

TUNEL was also carried out after immunostaining against HPC-1,

a specific marker for ACs [42,43], in diabetic retinas. HPC-1

labeled somata and processes of ACs, with stronger immunostain-

ing in the membranes and in the processes located in the IPL (Fig-

ure 2B1, D3). TUNEL signals were observed in some HPC-1

labeled ACs (arrows in Figure 2B2, B4), which were overlapped

with the DAPI-labeled nuclei (arrow in Figure 2B3). The specific

ganglion cell marker Brn3a [44,45] was used for double staining

(A) (B)

(E1)

(F)

(E2) (E3)

(C) (D)

Figure 1 TUNEL analysis revealing the changes in apoptotic cells in rat retinas under different conditions. (A–D) Neurolucida drawings showing TUNEL-

FITC signal distribution in four representative whole-mounted retinas, respectively, from age-matched control (A), diabetic (for 4 weeks) (B), vehicle-

treated diabetic (C), and GDNF-treated diabetic rats (D). Black spots within the retinal contours indicate all individual TUNEL-positive cells that were seen at

different focal planes. (E) Microphotographs of the whole-mounted diabetic retina, labeled by TUNEL (E1) and DAPI (E2). (E3) is the merged image of (E1)

and (E2). The TUNEL signal was well overlapped with the DAPI-labeled nucleus. Scale bar, 20 lm. (F) Histograms showing quantitative analysis of the

average number of TUNEL-positive cells from different groups. Note that more TUNEL-positive cells in diabetic retinas (STZ) were observed (***P < 0.001

vs. control (Con), n = 5). GDNF administration (STZ + GDNF) resulted in a significant decrease in the number of TUNEL-positive cells in diabetic retinas

(***P < 0.001 vs. vehicle-treated diabetic retinas [STZ + Vehicle]), even though the number was still higher than that in control retinas (**P < 0.01).
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with TUNEL. As shown in Figure 2C1–C4, TUNEL staining was

seen in some of Brn3a-labeled GCs (arrows). The vertical sections

were double-stained by TUNEL (green), along with RC, HPC-1,

and Brn3a (red), in which retinal layers could be seen clearly.

TUNEL-positive signals were present in some photoreceptors

(arrows in Figure 2D1, D2), ACs (arrows in Figure 2D3, D4), and

GCs (arrows in Figure 2D5, D6). All these were consistent with

the results obtained in the whole-mounted retinas, which demon-

strated that TUNEL-positive cells were seen at different focal

depths.

Reduced GLAST Protein Levels in Diabetic Retinas

Changes in GLAST protein levels in diabetic retinas were mea-

sured by Western blot analysis, and some representative results

are shown in Figure 3A. For each experiment, three retinas were

used for analysis. The anti-GLAST antibody detected two bands at

~66 kDa, as described previously [35,46,47]. These two bands rep-

resent different glycosylated forms of GLAST [35,46,47], which

have no functional significance for transporter activity [47]. The

GLAST protein level in the diabetic rat retina was evidently lower

than that in the control retina. For statistical analysis, GLAST pro-

tein levels were standardized to b-actin levels in the same lanes,

with the mean values for the GLAST/b-actin ratios in control reti-

nas being set as 1. As shown in Figure 3B, the mean value of

GLAST protein levels in diabetic retinas was reduced to 65.3% of

control (P < 0.01, n = 3).

Effects of GDNF on GLAST Protein Levels and
Apoptotic Status in Diabetic Retinas

Effects of GDNF administration on GLAST protein levels in dia-

betic retinas were first evaluated by Western blotting. As shown

in Figure 3C, the GLAST level in the vehicle-treated diabetic reti-

nas was not significantly different from that in the non-injected

diabetic one, but multiple intraocular injections of GDNF greatly

increased the GLAST level in the diabetic retina. On average, the

GLAST levels in diabetic retinas, as expressed in GLAST/b-actin,
were considerably increased to 1.62 � 0.13 (vs. 1.0 for the vehi-

cle-injected group) (Figure 3D, P < 0.01).

The possible neuroprotective role of GDNF was assessed

by examining whether GDNF administration could reverse the

(A1) (A2) (A3) (A4)

(B1) (B2) (B3) (B4)

(C1)

(D1)

(D2)

(D3)

(D4)

(D5)

(D6)

(C2) (C3) (C4)

Figure 2 TUNEL staining of several types of

retinal neurons in diabetic rat retinas. (A1–C1)

Microphotographs of whole-mounted retinas,

showing the immunostaining (red) with RC

(A1), HPC (B1), and Brn3a (C1). (A2–C2)

Corresponding images of TUNEL signals (green)

of A1–C1. (A3–C3) Counterstained images

with DAPI (blue). (A4–C4) Merged images of

the three showing staining by RC-, HPC-, and

Brn3a, and TUNEL and DAPI for corresponding

retinas. Arrowheads indicate some of triple-

labeled cells. Note that TUNEL-positive signals

were observed in some RC-positive

photoreceptors (A1, A2, A4), HPC-labeled ACs

(B1, B2, B4), and Brn3a-positive GCs (C1, C2,

C4). TUNEL signals were well overlapped with

the DAPI images (A3–C3). (D1, D3, D5)

Micrographs of retinal vertical sections

immunostained with RC, HPC or Brn3a. Double-

labeled elements (red for RC, HPC, and Brn3a,

and green for TUNEL-positive signals) appear

yellowish. (D2, D4, D6) TUNEL signals were

seen in some photoreceptors (D2), ACs (D4),

and GCs (D6). ONL, outer nuclear layer; OPL,

outer plexiform layer; INL, inner nuclear layer;

IPL, inner plexiform layer; GCL, ganglion cell

layer; scale bar: 20 lm.
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apoptotic status in diabetic retinas. A representative result is illus-

trated in Figure 1D. Compared with the vehicle-treated diabetic

retina (Figure 1C), TUNEL-positive cells in the diabetic retina

were largely reduced in number following GDNF administration.

Statistical analysis revealed that the average number of TUNEL-

positive cells was reduced from 67.4 � 5.04 in vehicle-treated rats

to 34.0 � 3.89 in GDNF-treated rats (P < 0.001, n = 5, Fig-

ure 1F). It should be indicated that the number of apoptotic cells

in diabetic retinas with GDNF administration was close to, but still

higher than that in control retinas (11.1 � 0.81, P < 0.01) (Fig-

ure 1F, also compare Figure 1D with Figure 1A). The average

numbers of TUNEL-positive cells observed in the outer and inner

retina were both reduced in the GDNF-treated group (20.8 � 4.69

in the outer retina, vs. 44.8 � 6.76 for the vehicle-treated group;

13.2 � 3.85 in the inner retina, vs. 22.7 � 5.84 for the vehicle-

treated group).

GLAST siRNA Administration Diminishes the
Effect of GDNF

We further examined how the GDNF effect could be changed by

RNA interference which is supposed to downregulate the GDNF-

increased GLAST levels. We first determined the knockdown effi-

ciency of GLAST siRNAs by measuring GLAST levels 7 days after

final siRNA injection. Injections of Luc siRNA did not change the

GLAST mRNA (Figure 4A) and protein levels (Figure 4B) in dia-

betic retinas. However, both GLAST mRNA (Figure 4A) and pro-

tein levels (Figure 4B) became obviously lower following GLAST

siRNA injections, with GLAST siRNA (176) exhibiting a higher

knockdown efficiency than that of GLAST siRNA (123). Effects of

GLAST siRNAs on GLAST levels were further tested in GDNF-trea-

ted diabetic retinas, and a representative result is shown in Fig-

ure 4C. The enhanced GLAST level by GDNF was dramatically

reduced following GLAST siRNA (176) coadministration. Fig-

ure 4D shows the statistical results, in which the ratio of GLAST/

b-actin of the vehicle-injected diabetic group was set as 1. The rel-

ative GLAST level in the GDNF + GLAST siRNAs (176) of the dia-

betic group was reduced to 0.23 � 0.02 (P < 0.01, n = 3).

Administration of GLAST siRNA (123) yielded similar results, but

with a lower knockdown efficiency (data not shown for presenta-

tion clarity). These results suggest that intraocular injection of

GLAST siRNA (176) could effectively suppress the upregulated

GLAST induced by GDNF.

Administration of GLAST siRNA (176) also modified the GDNF-

induced apoptosis changes in diabetic retinas. By coadministrating

GLAST siRNA (176) with GDNF, the number of TUNEL-positive

neurons in diabetic retinas (62.5 � 4.67) was much higher than

that in diabetic rats treated only with GDNF (30.0 � 4.25) and

that for GDNF + Con Luc siRNA-treated diabetic ones

(26.5 � 3.07) (P < 0.001) (Figure 5).

Taken together, intraocular administration of GDNF effectively

rescues retinal cells from neurodegeneration in STZ-induced dia-

betic rats, which could be largely due to GDNF-induced upregula-

tion of GLAST.

Discussion

In the present work, we demonstrated that the number of apopto-

tic cells was significantly increased in whole-mounted rat retinas

4 weeks after the onset of STZ-induced diabetes, with more apop-

totic cells (65.2%) in the outer retina and relatively lower cells

(34.8%) in the inner retina. This result is consistent with the pre-

vious results obtained in whole-mounted retinas [8,11] and in ret-

inal sections of STZ-induced diabetic rats and mice [12,48,49]. It

has been emphasized that whole-mounted retina preparations

could be more appropriate for quantifying retinal neuron apopto-

sis shown by TUNEL staining at the early stage of diabetes when

only a small number of apoptotic cells exists [8].

(A) (B)

(C) (D)

Figure 3 Western blot analysis of GLAST

protein levels under different conditions. (A)

Representative immunoblots comparing GLAST

levels in age-matched control and STZ-induced

diabetic (for 4 weeks) retinas. Anti-GLAST

antibody revealed two bands at ~66 kDa. (B)

Densitometric analysis revealing a significant

decrease in GLAST protein levels in diabetic

animals (**P < 0.01, n = 3, 9 rats). b-actin

served as loading control, and the mean value

for the GLAST/b-actin ratio in normal retinas

was set as 1. (C) Representative immunoblots

comparing GLAST levels in GDNF-treated,

vehicle-treated, and non-injected diabetic rat

retinas. (D) Densitometric analysis revealing

that GDNF administration significantly

increased GLAST levels in diabetic retinas

(**P < 0.01 vs. vehicle-treated diabetic group,

n = 3, 9 rats). The mean value for the GLAST/b-

actin ratio in the vehicle-treated group was set

as 1. Note that the GLAST levels in non- and

vehicle-injected diabetic retinas were similar.

950 CNS Neuroscience & Therapeutics 19 (2013) 945–953 ª 2013 John Wiley & Sons Ltd

GDNF Ameliorates Retinal Damages in Diabetes L. Wang et al.



Neuroexcitotoxicity due to excessive synaptic glutamate, among

others, may be a cause of degeneration of retinal neurons in dia-

betes. Elevated vitreoretinal glutamate levels have been reported

in both patients with diabetes and experimental diabetes [15–18].

This could be due to the inhibition and/or deficiency of GLAST,

which is mainly localized to retinal M€uller cells [20] and removes

glutamate from extracellular space [19,21–23]. In this work, we

showed that GLAST protein levels, determined in retinas from rats

dark-adapted for 90 min when GLAST expression reached a peak,

showed a big reduction (Figure 3A, B) after 4 weeks of STZ diabe-

tes. This is consistent with a recent work showing that GLAST

expression was reduced in retinas of rats 4, 8, and 12 weeks after

STZ-induced diabetes [50]. Functionally, it was also shown [24]

that a reduced activity of GLAST in rat M€uller cell was detected

after 4 weeks of diabetes.

Now that downregulation and/or dysfunction of GLAST may

lead to degeneration of retinal neurons in STZ-induced diabetic

retinas, administration of GDNF that has been shown to increase

GLAST levels in rMC M€uller cell line and in vivo [35] is expected

to ameliorate cell apoptosis during diabetes. This supposition is

supported by the major finding of this work that GDNF adminis-

tration, which induced a significant increase in GLAST levels (Fig-

ure 3C, D), reduced the total number of TUNEL-positive cells in

STZ-induced diabetic rat retinas (Figure 1D, F). We further dem-

onstrated that the neuroprotective effects of GDNF were largely

blocked (Figure 5) when the expression of GLAST in diabetic rats

was suppressed by GLAST siRNA (176). As shown in Figure 5, in

the presence of GLAST siRNA (176), GDNF-induced reduction in

apoptotic cell number in diabetic retinas became much less signifi-

cant. These results suggest that the GDNF effects reported in this

work were largely mediated by upregulation of GLAST expression,

which could remove glutamate from extracellular space more

effectively, thereby reducing neuroexcitotoxicity due to excessive

glutamate. It is noteworthy that, although much compromised,

the apoptotic cell number obtained in STZ-induced diabetic reti-

nas was still higher than the normal level after GDNF treatment.

This suggests that factors other than neuroexcitotoxicity, such as

(A) (B)

(C) (D)

Figure 4 Suppression of GLAST expression by siRNA administration. (A–B) Representative RT-PCR data and immunoblots showing the changes in GLAST

mRNA (A) and protein levels (B) in retinas, treated with STZ alone and along with GLAST siRNA (123)/(176) and control luciferase siRNA (Con Luc siRNA). (C)

Representative immunoblots showing the changes in GLAST levels in STZ-induced diabetic retinas, treated by GDNF alone and along with siRNA (176)/(123)

or Con Luc siRNA. (D) Densitometric analysis showing that the GDNF-induced increase in GLAST levels in diabetic retinas was significantly inhibited by

coadministration of GLAST siRNAs (176) (**P < 0.01 vs. GDNF-treated diabetic or GDNF + Con Luc siRNA-treated diabetic groups, n = 3, 9 rats). GLAST/b-

actin ratio in vehicle-treated diabetic retinas was set as 1. Note that coadministration with control Luc siRNA had no effect.

Figure 5 Quantitative analysis of apoptotic cell numbers in whole-

mounted retinas under different conditions. Bar chart showing that the

GDNF-induced decrease in number of TUNEL-positive neurons was

antagonized by coadministration of GLAST siRNA (176). Note that

coinjection of GLAST siRNA (176) and GDNF resulted in a significant

increase in the number of TUNEL-positive cells in diabetic retinas

(***P < 0.001 vs. GDNF-treated diabetic or GDNF + Con Luc siRNA-

treated diabetic retinas,n = 5).
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insulin deprivation, inflammation, oxidative stress, and exposure

to advanced glycation end products [5,51], could be also involved

in the degeneration of retinal neurons during diabetes.

How GLAST expression was upregulated by GDNF in the retina

is poorly understood. It is known that GDNF exerts its action

mainly through the high-affinity ligand-binding receptor GFRa-1
[27] and tyrosine kinase receptor Ret [25]. M€uller cells may be a

major target for GDNF, as evidenced by GLAST immunoreactivity

for GFRa-1 being mostly localized to these cells [28]. The intracel-

lular signal transduction pathways for regulation of GLAST by

GDNF, as shown by a study conducted in rMC-1 cells and in vivo,

involve activation of phosphoinositide-3 kinase (PI3K) and modu-

lation by Src kinase [35]. While the precise mechanism for GDNF-

induced regulation of GLAST in STZ-induced diabetic retinas

remains to be further explored, the data presented in the present

work provide evidence, suggesting that GFRa-1 may be a potential

target for ameliorating retinal damages during diabetes.
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