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ABSTRACT 

Glutamate excitotoxicity has been postulated as a putative mechanism involved in the physiopathology of glaucoma, a 
disease that can cause retinal cell damage. Thus, the modulation of glutamatergic parameters is a putative therapeutic 
target to prevent excitotoxic retinal injury. Here, we investigated the effect of dietary omega-3 fatty acids (3) in the 
retinal glutamate transport system in basal and ischemic conditions. Female Wistar rats were divided into two groups: 
3 diet (3 group) and 3 deficient-diet (D group). Their pups, at 60 days old, were used for the experiments. Retinal 
ischemia, a mechanism involved in the physiopathology of glaucoma, was induced by high intraocular pressure (HIOP, 
140 - 180 mmHg for 45 min) to impair retinal blood flow. Analyses were performed 7 days after ischemia. The D group 
showed a decreased glutamate uptake in basal conditions and after HIOP when compared to the 3 group. After HIOP, 
there was a decrease in glutamate uptake in the D group that was not observed in the 3 group (p < 0.005). Concerning 
glutamate transporters, the 3 group presented higher levels of GLT-1 compared to the D group in basal and ischemic 
conditions. After HIOP, EAAC1 was increased in both groups, while GLT-1 increased only in the D group, compared 
to basal levels. GLAST and EAAT5 presented no alterations. The modulation of the glutamatergic system by dietary 3 
fatty acids points to a potential mechanism by which 3 PUFAs exert beneficial effects in the retina.  
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1. Introduction 

Glutamate is the major excitatory neurotransmitter in the 
mammalian central nervous system (CNS), participating 
in retinal development and physiology, and consequently 
in visual processes [1,2]. However, elevated levels of ex- 
tracellular glutamate (excitotoxicity) have been impli- 
cated in the pathophysiology of ophthalmic disorders, 
such as glaucoma, diabetes and inherited photoreceptor 
degeneration [2-6]. Glutamate transporters are responsi- 
ble for maintaining the extracellular glutamate concen- 
tration below toxic levels, and they play a key role in 
regulating the balance between physiological and patho- 
logical signaling through glutamatergic receptors [2,7]. 

In the retina, 5 distinct glutamate transporters have been 
identified: GLAST has been mainly associated with the 
glial Müller cells [8,9]; GLT-1 is mainly associated with 
cone photoreceptors and cone bipolar cells [10]; EAAC1 
is especially present in horizontal cells, some amacrine 
cells and ganglion cells [11,12]; EAAT5 is predomi- 
nantly associated with photoreceptors and bipolar cells 
[13,14]; and EAAT4 is especially associated with astro- 
cytes, being colocalized with GLAST in retinal tissue, 
and with the pigment epithelium [15,16]. Moreover, it 
was recently demonstrated that these transporters could 
present specific splice variants, as observed for EAAT5 
and GLAST [17,18], which could have different proper- 
ties and functions in retina. 

Under normal conditions, retinal glutamate transport is *Corresponding author. 
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mainly performed by GLAST-mediated uptake into Mül- 
ler cells [2,8,13]. However, under pathological condi- 
tions, the Müller cells’ uptake of glutamate is reduced 
[19-21], which can affect cellular integrity [22,23]. High 
intraocular pressure (HIOP) in experimental models of 
glaucoma impairs GLAST activity, resulting in the ac- 
cumulation of glutamate in retinal cells, such as ganglion 
cells; this reduction in glutamate uptake by Müller cells 
has been related to the excitotoxic damage to the retina 
[7,14,22]. It was also postulated that EAAT4 has an im- 
portant role in glutamate uptake in the retina [16]. 

Omega-3 polyunsaturated fatty acids (3 fatty acids), 
largely docosahexaenoic acid (DHA 22:6 3), are essen- 
tial polyunsaturated fatty acids (PUFA) in the retina [24- 
26]. DHA has been found composing 43% of the phos- 
pholipids in the retinal photoreceptors. In mammals, die- 
tary deficiency in 3 fatty acids results in alterations in 
the retinal PUFA pattern, with a significant decrease in 
DHA (by approximately 40% of normal levels) [27,28], 
which can affect visual function [29,30]. DHA is essen- 
tial for development and differentiation of photoreceptors 
and for protection against damage to retinal cells [26,31, 
32]. Recently, it was demonstrated that DHA can prevent 
retinal cell damage caused by ischemia and its complica- 
tions [33,34]. Dietary sources of 3 PUFAs include main- 
ly fatty fishes (salmon, tuna, and sardines). A poor die- 
tary source of 3 fatty acids is peanut oil, which is used 
to induce 3 deficiencies in experimental studies.  

Despite all investigations, little is known about the in- 
fluence of 3 fatty acids on the retina, especially con- 
cerning the glutamatergic system in basal conditions and 
in retinal injury models. Thus, in the present study, we 
used HIOP to investigate whether dietary 3 fatty acids 
deficiency affects the glutamate transporter system of the 
retina under basal and ischemic conditions. 

2. Materials and Methods 

2.1. Animals and Diets 

Female Wistar rats were housed in standard conditions 
(21˚C - 22˚C, 12 h dark-light cycle, food and water ad 
libitum). The dietary model (Tables 1 and 2) used in this 
study has been previously described [35]. Briefly, 2 
weeks before mating, the female rats were divided into 
two groups: 3 diet (3) and 3 deficientdiet (D). These 
diets were isocaloric, containing 8% total fat and differed 
only in the fatty acid composition. After weaning, the 
pups were maintained on the same diet as their dams 
until adulthood (60 days old), when experiments were 
conducted. For the experiments, only male rats were used. 
All experiments were in agreement with the Committee 
on Care and Use of Experimental Animal Resources, 
UFRGS, Brazil. In relation to fatty acids composition of  

Table 1. Nutritional composition of the diets. 

 3 diet (%) D diet (%) 

Casein 22 22 

Corn starch 42 42 

D-L-Methionin 0.16 0.16 

Sucrose 21 21 

Celulose 2 2 

Mineral salt mixa 4 4 

Vitamin mixb 1 1 

Peanut oil 0 8 

Corn oil 7 0 

Fish oil 1 0 

aMineral salt mixture: mg/100g of diet: NaCl, 557; KI, 3.2; KH2PO4, 1556; 
MgSO4, 229; CaCO3, 1526; FeSO4-7H2O, 108; MnSO4-H2O, 16; ZnSO4- 
7H2O, 2.2; CuSO4-5H2O, 1.9; CoCl-6H2O, 0.09; bVitamin mixture: mg/100g 
of diet: Vitamin A, 4; Vitamin D, 0.5; Vitamin E, 10; Menadione, 0.5; Cho- 
line, 200; PABA, 10; Inositol, 10; Niacine, 4; Pantothenic acid, 4; Ribofla- 
vin, 0.8; Thiamin, 0.5; Folic acid, 0.2; Biotin, 0.04; Vitamin B12, 0.003. 

 
Table 2. Fatty acids composition of the dietary lipids. 

 3 diet (%) D diet (%) 

Saturated   

C14:0 0.10 0.10 

C16:0 10.90 11.10 

C17:0 0.10 0.01 

C18:0 2.00 2.40 

C20:0 0.50 1.30 

C22:0 0.10 2.90 

C24:0 0.01 1.50 

Monounsaturated   

C16:1 0.20 0.20 

C17:1 0.00 0.01 

C18:1 25.40 46.70 

C20:1 0.02 1.60 

C22:1 0.00 0.01 

C24:1 0.00 0.00 

Polyunsatutared   

C18:26 56.60 32.00 

C18:33 1.20 0.01 

C20:53 1.25 0.00 

C22:63 2.50 0.00 
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the dietary lipids, it was estimated by fatty acids compo- 
sition of the oil sources used in each specific diet (peanut 
oil and corn oil as previously described [43]; fish oil as 
manufacturer’s information, Naturalis, Brazil).  

2.2. Retinal Ischemia Model 

To produce an ischemic insult by high intraocular pres- 
sure (HIOP) in the retina, animals were anesthetized with 
ketamine (100 mg/kg) and xylazine (12 mg/kg). The an- 
terior chamber of one eye was cannulated using a 30- 
gauge needle connected to a reservoir of sterile balanced 
salt solution, which was infused into the eye by a perfu- 
sion bomb. The pressure was monitored to control the 
blood flow obstruction (140 - 180 mmHg) [36]. After 45 
min of ischemia, animals were returned to standard con- 
ditions (12 h light/dark cycle, food and water ad libitum) 
for 7 days, when experiments were performed. The other 
eye was used as a control. 

2.3. Retinal [3H]Glutamate Uptake 

Retinal glutamate uptake was standardized before the 
experiments concerning time and glutamate concentra- 
tions (data not shown). Seven days after ischemia, ani- 
mals (n = 8 per group) were decapitated and their eyes 
were immediately removed and humidified with Hank’s 
balanced salt solution (HBSS) containing the following 
(in mM): 137 NaCl, 0.63 Na2HPO4, 4.17 NaHCO3, 5.36 
KCl, 0.44 KH2PO4, 1.26 CaCl2, 0.41 MgSO4, 0.49 MgCl2 
and 1.11 glucose, pH 7.2. Retinas were dissected and 
pre-incubated at 37˚C for 15 min before performing 
[3H]glutamate uptake. After that, retinas were washed 
twice with 1 mL HBSS, the medium was replaced, and 
100 M [3H]glutamate (total uptake) was added. Incuba- 
tion was stopped after 7 min with 2 ice-cold washes with 
l mL of HBSS, immediately followed by the addition of 
1 N NaOH. Retinas were then incubated overnight. The 
Na+-independent uptake was measured with the same 
protocol described above, with differences in the tem- 
perature (on ice, 4˚C) and medium composition (N-me- 
thyl-D-glucamine instead of sodium chloride). Na+-de- 
pendent uptake was considered as the difference between 
the total uptake and the Na+-independent uptake. Incor- 
porated radioactivity was measured using a liquid scin- 
tillation counter.  

2.4. Western Blot Analysis 

Retinas were dissected out 7 days after the ischemic epi- 
sode and immediately homogenized in a 25 mM Hepes 
solution (pH 7.4) with 0.1% SDS and protease inhibitor 
cocktail (Sigma). Samples (20 μg protein/well) were se- 
parated in an 8% SDS-PAGE mini-gel and transferred to 

a nitrocellulose membrane using a Trans-Blot system 
(Bio-Rad, São Paulo/SP, Brazil). Membranes were proc- 
essed as follows: 1) blocking with 5% bovine serum al- 
bumin (Sigma, São Paulo/SP, Brazil) for 2 h; 2) incuba- 
tion with primary antibody overnight: 1:1000 rabbit anti- 
GLAST, anti-GLT-1, anti-EAAC1 or anti-EAAT5 for 
glutamate transporters (AlphaDiagnostic International) or 
1:2000 mouse anti-β-Actin (Sigma); 3) incubation with 
horseradish peroxidase-conjugated secondary antibody 
for rabbit 1:3000 or mouse 1:3000 (Amersham Phar- 
macia Biotech) for 2 h; 4) chemiluminescence (ECL, 
Amersham Pharmacia Biotech, São Paulo/SP, Brazil) 
was detected using X-ray films (Kodak X-Omat, Roch- 
ester, NY, USA). The films were scanned, and band in- 
tensities were analyzed using Image J software (devel- 
oped at the US National Institutes of Health and avail- 
able on the Internet at http://rsb.info.nih.gov/nih-image/). 
To determine an adequate amount of protein to be as- 
sayed, various protein concentrations were carried out in 
the same gel for each antibody tested. 

2.5. Statistical Analysis 

One-way ANOVA was followed by Tukey’s post-hoc 
test. Values of p < 0.05 were considered significant. Sta- 
tistical analysis was performed using SPSS 15.0 soft- 
ware.  

3. Results 

The timepoint of 7 days after HIOP was chosen for the 
analysis because, in early periods after HIOP, this 
ischemic model did not cause apparent alterations in glu- 
tamate uptake (data not shown). Figure 1 shows the glu- 
tamate uptake by the whole retina. The 3 fatty acid 
deprivation decreased the glutamate uptake measured in 
basal conditions (p < 0.05). Remarkably, retinal ischemia  
 

 

Figure 1. Effect of 3 deficiency and ischemia on [3H]glu- 
tamate uptake by the retina. Experiments were performed 7 
days after the ischemic insult. 3 (3 group, n = 8), D (3 
deficient group, n = 8). Data are expressed as the mean ± 
SD. One-way ANOVA followed by Tukey post-hoc was used 
(*p < 0.005 in relation 3 groups; &p < 0.05 in relation to 
basal D group). 
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whole retina, which could render the retina more suscep- 
tible to ischemic insult. Consistent with this model, HIOP 
decreased the observed glutamate uptake only in the D 
group. HIOP increased the levels of GLT1 in the D group 
and of EEAC1 in both groups. GLAST and EAAT5 lev- 
els were not modulated by diets or HIOP.  

decreased the glutamate uptake in the D group (p < 0.05) 
without affecting glutamate uptake in the 3 group.  

Because 3 fatty acids deprivation and retinal ische- 
mia decreased the glutamate uptake by the whole retina, 
we also evaluated the levels of several glutamate trans- 
porters (GLT-1, GLAST, EAAC1, EAAT5) (Figure 2). 
The glutamate transporters levels were the same under 
basal conditions in the D and 3 groups, with the excep- 
tion of the GLT-1 levels, which were lower in the D 
group than in the 3 group (p < 0.05). Concerning the 
retinal ischemia, GLT-1 levels significantly increased 
only in the D group (p < 0.05); EEAC1 levels increased 
in both ischemic groups (p < 0.05). GLAST and EAAT5 
levels were not affected by 3 fatty acids deprivation or 
ischemia.  

In the retina, the role of glutamatergic transporters is 
still not completely understood. It is known that GLAST 
is the main glutamate transporter responsible for main- 
taining extracellular glutamate below toxic levels, pre- 
venting excitotoxic damage to neuronal cells; however, 
GLAST activity is impaired during ischemia [2,6,8,11, 
20]. In the present work, the glutamate uptake activity 
was affected by 3 deficiency. The D group presented 
lower glutamate uptake in basal conditions than the 3 
group did. After HIOP, it was observed that 3 fatty ac- 
ids prevented the decrease in glutamate uptake. However, 
the reduction of glutamate uptake in the D group was not 
related to a reduction in GLAST levels because its levels 
were the same in both groups. Barnett and colleagues 
also observed no changes in GLAST levels after an 
ischemic insult, despite the reduction in the glutamate 
uptake capacity of Müller cells [20]. It has been demon- 
strated that GLAST activity is also regulated by mem-  

4. Discussion and Conclusions 

In the present study, we focused on the modulatory effect 
of ω3 fatty acids on glutamatergic parameters rather than 
the prevention of possible morphologic alterations caused 
by ischemic injury in the retina, which has already been 
investigated by other authors. We observed that 3 fatty 
acids deprivation decreased the glutamate uptake in 
 

 

Figure 2. Effect of 3 deficiency and ischemia on glutamate transporters levels. Experiments were performed 7 days after the 
ischemic insult. 3 group, n = 6), D (3 deficient group, n = 5). Data are expressed as the mean ± SD. One-way ANOVA fol- 
owed by Tukey post-hoc was used (*p < 0.05 in relation to basal 3 group; #p < 0.05 within specific diet group). l 
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brane potential [37], suggesting that ischemia and 3 
fatty acids could be modulating this potential and thereby 
influencing the overall glutamate uptake activity. As glu- 
tamate accumulation is excitotoxic to neurons, the main- 
tenance of glutamate removal is essential for preventing 
cell death in the retina. Our results point to the impor- 
tance of 3 fatty acids in adequate glutamate uptake ac- 
tivity, putatively involved in the resistance to an ischemic 
insult.  

Little is known about the functional significance of 
GLT-1 expression in the retina, especially under patho- 
logical conditions. It has been proposed that GLT-1 
could be responsible for maintaining glutamate homeo- 
stasis in the retina during ischemia because GLT-1 levels 
increased during the ischemic period, while GLAST lev- 
els presented no variation [38]. Our results reveal that 
GLT-1 levels increased in the D group 7 days after ische- 
mia, despite the fact that these levels remained lower 
than in the 3 group. We therefore postulate that the 
higher GLT-1 levels in the 3 group could be involved 
in the prevention of retinal damage caused by a decrease 
in glutamate uptake. 

As for EAAC1, it has been demonstrated that it is lo- 
calized both synaptically and extrasynaptically [12], but 
its contribution to glutamate uptake is not clear. EAAC1- 
deficient mice presented spontaneous ganglion cell and 
optic nerve degeneration [39,40], and their ganglion cells 
were more vulnerable to oxidative stress [39]. Here, we 
observed that EAAC1 levels increased in both D and 3 
groups after ischemia. We postulate that this could be 
another compensatory mechanism against ischemic dam- 
age.  

EAAT5 is primarily expressed in the retina [13,41]. It 
has been postulated that EAAT5 presents a high Cl− con- 
ductance and is located close to the glutamate release 
sites, acting as an inhibitory presynaptic receptor and 
controlling glutamate release [42]. Few studies have 
evaluated EAAT5 in response to ischemic conditions. It 
was reported previously that the localization of this 
transporter was not affected until 60 days after ischemia 
[14]. In the present work, we observed that EAAT5 lev- 
els were neither affected by diets nor ischemia.  

In our study, we did not investigate EAAT4 levels; 
thus, we cannot eliminate the possibility that this trans- 
porter could also be related to the 3 or ischemic effects 
observed here.  

Our data, in accordance with the literature, indicate 
that dietary 3 fatty acids are relevant to adequate func- 
tionality of the glutamate transport system in basal con- 
ditions and in retinal ischemia. The data point to a possi- 
ble relevant therapeutic target in pathologies related to 
the excitotoxicity of the glutamatergic system in the ret- 
ina, including glaucoma. Nevertheless, more studies must 

be performed to elucidate the role of 3 fatty acids in 
retinal functionality.  
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