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The retina has high and fluctuating energy demands that 
require adenosine triphosphate (ATP) generation through 
glycolysis and oxidative phosphorylation. Furthermore, a 
high rate of lactate production via aerobic glycolysis occurs 
in the retina. Lactate is further metabolized to pyruvate by 
the enzyme lactate dehydrogenase (LDH) to support ATP 
production via the tricarboxylic acid (TCA) cycle [1,2]. The 
high energy demand of the retina is supported by anaplerotic 
reactions, which replenish the TCA cycle intermediates at the 
expense of neurotransmitters. Glutamate, the most prevalent 
excitatory neurotransmitter in the retina [3,4], is a critical 
anaplerotic substrate that is converted to α-ketoglutarate 

by glutamate dehydrogenase to help drive ATP production 
and reduce reliance on aerobic glycolysis. Glutamate is 
synthesized from its precursor amino acid glutamine via the 
glutamate-glutamine cycle [5,6]. Glutamate released at the 
photoreceptor synapse is taken up by Müller cells (MCs) and 
converted to glutamine. In MCs, glutamine is exported and 
taken up by the photoreceptors and converted back to gluta-
mate, allowing the photoreceptors to recycle and reuse gluta-
mate for several purposes, including neurotransmission and 
ATP production via the TCA cycle, while in the inner retina, 
glutamate is also used for the synthesis of other neurotrans-
mitters such as gamma aminobutyric acid (GABA).

Owing to the importance of glutamate in the retina, 
glutamate and its precursor, glutamine, are tightly restricted 
and compartmentalized in retinal cells. As glutamate is the 
primary excitatory neurotransmitter in the retina, glutamate 

Molecular Vision 2023; 29:274-288 <http://www.molvis.org/molvis/v29/274>
Received 22 January 2023 | Accepted 2 November 2023 | Published 6 November 2023

© 2023 Molecular Vision

Changes in glutamate and glutamine distributions in the retinas 
of cystine/glutamate antiporter knockout mice

Luis J. Knight,1,3 Renita M. Martis,1,2,3 Paul J. Donaldson,1,3 Monica L. Acosta,2,3,4 Julie C. Lim1,3,4

1Department of Physiology, School of Medical Sciences, University of Auckland; 2School of Optometry and Vision Science, 
University of Auckland; 3New Zealand National Eye Centre, University of Auckland, New Zealand; 4Centre for Brain Research, 
University of Auckland, New Zealand

Purpose: The cystine/glutamate antiporter is involved in the export of intracellular glutamate in exchange for extracel-
lular cystine. Glutamate is the main neurotransmitter in the retina and plays a key metabolic role as a major anaplerotic 
substrate in the tricarboxylic acid cycle to generate adenosine triphosphate (ATP). In addition, glutamate is also involved 
in the outer plexiform glutamate-glutamine cycle, which links photoreceptors and supporting Müller cells and assists 
in maintaining photoreceptor neurotransmitter supply. In this study, we investigated the role of xCT, the light chain 
subunit responsible for antiporter function, in glutamate pathways in the mouse retina using an xCT knockout mouse. 
As xCT is a glutamate exporter, we hypothesized that loss of xCT function may influence the presynaptic metabolism 
of photoreceptors and postsynaptic levels of glutamate.
Methods: Retinas of C57BL/6J wild-type (WT) and xCT knockout (KO) mice of either sex were analyzed from 6 weeks 
to 12 months of age. Biochemical assays were used to determine the effect of loss of xCT on glycolysis and energy me-
tabolism by measuring lactate dehydrogenase activity and ATP levels. Next, biochemical assays were used to measure 
whole-tissue glutamate and glutamine levels, while silver-intensified immunogold labeling was performed on 6-week 
and 9-month-old retinas to visualize and quantify the distribution of glutamate, glutamine, and related neurochemical 
substrates gamma-aminobutyric acid (GABA) and glycine in the different layers of the retina.
Results: Biochemical analysis revealed that loss of xCT function did not alter the lactate dehydrogenase activity, ATP 
levels, or glutamate and glutamine contents in whole retinas in any age group. However, at 6 weeks of age, the xCT 
KO retinas revealed altered glutamate distribution compared with the age-matched WT retinas, with accumulation of 
glutamate in the photoreceptors and outer plexiform layer. In addition, at 6 weeks and 9 months of age, the xCT KO 
retinas also showed altered glutamine distribution compared with the WT retinas, with glutamine labeling significantly 
decreased in Müller cell bodies. No significant difference in GABA or glycine distribution were found between the WT 
and xCT KO retinas at 6 weeks or 9 months of age.
Conclusion: Loss of xCT function results in glutamate metabolic disruption through the accumulation of glutamate in 
photoreceptors and a reduced uptake of glutamate by Müller cells, which in turn decreases glutamine production. These 
findings support the idea that xCT plays a role in the presynaptic metabolism of photoreceptors and postsynaptic levels 
of glutamate and derived neurotransmitters in the retina.

Correspondence to: Julie C Lim, Department of Physiology, School 
of Medical and Health Sciences, University of Auckland, 85 Park 
Road, Grafton 1023, Auckland, New Zealand; email: j.lim@
auckland.ac.nz



275

Molecular Vision 2023; 29:274-288 <http://www.molvis.org/molvis/v29/274> © 2023 Molecular Vision 

immunoreactivity is observed in the photoreceptors, 
bipolar (BP) cells, and ganglion cells (GCs) that form the 
direct synaptic transmission pathway to the optic nerve [7]. 
However, glutamine is predominantly observed in MCs, as 
similar to astrocytes in central nervous tissues, they are the 
only cells to express glutamine synthase and are therefore 
the exclusive source of glutamine for glutamate synthesis 
for BP and GCs [8-12]. This “metabolic compartmentation” 
allows neurochemical levels to be tightly controlled and 
regulated through glutamate-glutamine cycling. Given the 
important roles of glutamate in the retina, we hypothesized 
that glutamate transporters may influence the metabolism of 
photoreceptors and postsynaptic cells exposed to changes in 
glutamate levels.

The light chain subunit of the cystine/glutamate anti-
porter (“system xc-”), xCT, is involved in the exchange of 
extracellular cystine for intracellular glutamate. In the brain, 
xCT mediates the uptake of cystine, where it is rapidly 
reduced to cysteine for the synthesis of the major cellular 
antioxidant glutathione (GSH), an important line of defense 
against oxidative stress. In addition, the obligatory export of 
intracellular glutamate via xCT has been demonstrated to be 
a pathway of non-vesicular, Ca2+-independent release of gluta-
mate for glutamate signaling in neuronal tissues [13,14]. In 
the brain, the degree to which glutamate is released from xCT 
is controversial. However, Warr et al. showed that in Purkinje 
cells, while the density of xCT was between 10% and 75% 
of that of Na+-dependent transporters, glutamate released 
through xCT did not have a significant effect on postsyn-
aptic Purkinje cell membrane currents under physiological 
conditions [15]. This finding was supported by Cavelier and 
Attwell [16], who demonstrated that under physiological 
cystine concentrations, xCT was not a major contributor 
of glutamate release in the hippocampus. However, by 
increasing extracellular cystine concentrations, xCT played 
a more significant role in glutamate release [16].

By contrast, other studies have shown that in the hippo-
campus, striatum, and substantia nigra in models of loss of 
xCT function, extracellular glutamate levels ranged from 
60% to 70% lower than those of their WT counterparts 
[17-19]. xCT has been localized to the photoreceptor ribbon 
synapse in the outer plexiform layer in rat, cow, chicken, and 
monkey retinas [20]. In addition, in the rat retina, the addi-
tion of exogenous cystine to elicit xCT function resulted in 
glutamate export and the subsequent opening of post-synaptic 
BP cell glutamate receptors visualized through the accumu-
lation of the cation channel probe agmatine. This suggests 
that xCT plays a significant role in retinal glutamatergic 
signaling [20]. To evaluate the role of xCT on the metabolism 

of photoreceptors and postsynaptic glutamate levels in the 
retina, in this study, we examined the impact of loss of xCT 
function on the glycolytic pathway, ATP production, and 
amino acid distribution in WT and xCT KO retinas.

METHODS

Animals: All animals were treated in accordance with proto-
cols approved by the University of Auckland Animal Ethics 
Committee (ethics application No. R001413), and the Associa-
tion for Research in Vision and Ophthalmology statement for 
the Use of Animals in Ophthalmic and Vision Research. The 
xCT KO mice used in this study were previously described by 
Martis et al. [21] and were descendants of the global xCT KO 
strain developed by Sato et al. (2005) [22]. All xCT KO mice 
exhibited normal, healthy appearances, were fertile, and had 
normal lifespans when compared with their WT counterparts 
[22]. WT C57BL/6J mice were used as control animals and 
obtained from the Vernon Jansen Unit at the University of 
Auckland. Animals of either sex were used and studied at 6 
weeks (young), 3 months (young adult), 6 months (adult), 9 
months (middle age), and 12 months (old) of age. For LDH, 
ATP, and glutamate/glutamine assays, 6 animals (2 retinas 
from each animal pooled together) were evaluated for each 
age group (6 weeks to 12 months; n = 6). For immunogold 
labeling, 6 retinas were used for each label in both 6-week 
and 9-month age groups. For immunogold labeling, 6-week 
and 9-month-old animals were selected given the increased 
prevalence of subretinal deposits in the xCT KO retinas 
compared with the WT retinas at 9 months of age (but not at 
12 months of age) [21].

Genotyping: Genotyping was performed as described by Sato 
et al. [22] and verified using polymerase chain reaction (PCR) 
of DNA extracted from the tail, as previously described [23]. 
Lack of xCT mRNA or protein expression in xCT KO mice 
was confirmed using PCR and western blotting [23]. In addi-
tion, the absence of the rd8 mutation, which leads to the pres-
ence of retinal lesions, was verified using PCR analysis with 
specific primers for the WT and rd8 alleles, as previously 
described [24].

Retina collection and tissue preparation: The mice were 
euthanized with CO2 asphyxiation followed by cervical 
dislocation to ensure death before enucleation of the eyes. 
The eyes were dissected in ice-cold phosphate-buffered 
saline to prevent metabolite degradation, and the posterior 
eyecups were separated from the cornea within 1 minute. For 
biochemical assays, the sclera, choroid, and retinal pigment 
epithelium (RPE) were removed, and retinas were placed 
in 0.9% saline solution (for LDH activity and ATP assays) 
or a 50 mM Tris and 0.6N HCl homogenization buffer (for 
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glutamate and glutamine assays). The retinas were then 
homogenized, and the protein concentration was determined 
using a Direct Detect Infrared Spectrometer (Merck Milli-
pore, Darmstadt, Germany). For immunohistochemistry 
experiments, the eyecup was placed in 1% paraformaldehyde 
with 2.5% glutaraldehyde for 60 min and then embedded in 
eponate resin in accordance with established protocols [25].

Lactate dehydrogenase activity: Total retinal lactate dehy-
drogenase (LDH) activity was measured using a modified 
commercial LDH activity assay kit (cytotoxicity detection 
kit [LDH]; catalog no. 11,644,793,001, Roche, Penzberg, 
Germany). Each retina was homogenized in 0.9% saline 
solution and centrifuged at 5,000×g for 7 min at 4°C, and 
the supernatant was collected. LDH activity was calculated 
on the basis of the rate of conversion of NAD+ to NADH and 
the production of formazan salt in the presence of diaphorase 
catalyst, iodotetrazolum chloride, and sodium lactate. Absor-
bance was measured at 490 nm four times for 15 min using 
an Enspire Multimode Plate Reader (PerkinElmer, Waltham, 
MA). Standards and sample absorbance were measured in 
triplicate, and activity is expressed as units/ml.

ATP concentration: Total retinal ATP concentration was 
measured using a commercial assay kit (Adenosine 5′-triphos-
phate [ATP] Bioluminescent assay kit, catalog no. FLAA, 
Sigma-Aldrich, Saint Louis, MO). Samples were homog-
enized in 0.9% saline solution and centrifuged at 5000×g 
for 7 min at 4°C, and the supernatant was collected. Retinal 
supernatant was added to the ATP assay mix (catalog No. 
FLAAM, Sigma-Aldrich), diluted 1:625 with an ATP assay 
mix dilution buffer (catalog No. FLAAB, Sigma-Aldrich), 
and the luminescence signal generated by the oxidation of 
D-luciferin to oxyluciferin was immediately recorded with an 
Enspire Multimode Plate Reader. ATP values were calculated 
and expressed as nmol/mg protein.

Glutamate and glutamine concentration: Total glutamate and 
glutamine concentrations were measured using a commer-
cial assay kit (Glutamine/Glutamate-Glo Assay, catalog No. 
J8022, Promega, Madison, WI). Each retina was placed in 
homogenization buffer comprised of 50 mM Tris (pH 7.5) 
buffer and 0.6N HCl inactivation solution II. The samples 
were then homogenized, and 600 mM Tris solution (pH 8.5) 
was added. The samples were then incubated with or without 
glutaminase for 40 min, after which glutamate detection reac-
tion mixture (comprised of 50 µl of the Ultra-Glo™ rLucif-
erase solution, 0.25 µl of reductase, 0.25 µL of reductase 
substrate, 1 µl of glutamate dehydrogenase, and 1 µl of NAD 
per reaction) was added and incubated in dark conditions at 
room temperature for 60 min. Luminescence generated by the 
reduction of pro-luciferin to luciferin after NADH generation 

was recorded with an Enspire Multimode Plate Reader, and 
concentration values were normalized against protein concen-
tration as measured by the Pierce 660-nm Protein Assay 
(Catalog no. 22,660/22662, Thermo Scientific, Waltham, 
MA). The differences in total glutamate concentration after 
glutaminase addition (glutamate + glutamine) and glutamate 
concentration without glutaminase addition (glutamate) were 
calculated to obtain the glutamine concentration. Concentra-
tions were measured in triplicate and expressed as µmol/mg 
protein.

Silver-intensified immunogold labeling and quantification: 
Silver-intensified immunogold labeling was performed as 
previously described [7,25-29]. In brief, after fixation and 
resin embedding, eyecups were sectioned at 500 nm using 
a Leica Ultracut UCT ultramicrotome (Lecia Microsys-
tems, Wetzlar, Germany). The sections were labeled with 
rabbit polyclonal anti-glutamate (1:500; ab9440, Abcam, 
Cambridge, UK), rabbit polyclonal anti-glutamine (1:500; 
ab9445, Abcam), rabbit polyclonal anti-GABA (1:100; 
ab9446, Abcam), and rabbit polyclonal anti-glycine (1:25; 
ab9442–500, Abcam). The secondary antibody used was a 
1.4-nm Nanogold conjugated, IgG, goat anti-rabbit secondary 
antibody (1:100, No. 2003, GαR-gold, Nanoprobes, Yaphank, 
NY). The slides were then placed in a silver intensification 
solution in accordance with the method used by Moremans 
et al. [30] (60% distilled water, 0.02 M citrate buffer, 0.15% 
silver nitrate, and 0.03 M hydroquinone), in which silver ions 
are deposited onto the nanogold particle, causing samples 
with positive labeling to become visibly gray. Single WT and 
KO retinal sections were collected and treated with the same 
labeling solutions to ensure minimal difference in processing.

Silver-intensified immunogold labeling was visualized 
using a Leica DMR upright bright-field microscope (Leica 
Microsystems) with a Lecia DFC495 camera (Leica Micro-
systems) attachment. Images were captured at 300 dpi using 
the Leica Application Suite (LAS) software (version 4.8, 
Leica Microsystems) under a ×40 magnification oil immer-
sion objective lens. The images were captured in grayscale 
using a digital camera attachment with a fixed exposure time 
of 65.8 ms and a gain of 5.4. At least six images from the 
central retina were taken for each label, age, and genotype.

Amino acid distributions were quantified using the 
ImageJ software (Version 1.50i; National Institute of Health, 
Bethesda, MD), as previously described [28]. In brief, the 
histogram tool was used to measure the average pixel inten-
sity (ranging from 0 [black] to 255 [white]) of a fixed, 97-pixel 
circular area of interest. Regions of interest were captured 
from across the whole width of a layer, and the intracellular 
areas were recorded close to the middle of the somata to 
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reduce any preference toward greater or lesser staining. Pixel 
intensity was normalized against background labeling in each 
section, and the values were plotted as a ratio of KO/WT. 
Ten to 30 samples of average pixel intensity were obtained 
from the GC layer, MC endfeet (MCef), inner plexiform layer 
(IPL), amacrine cells (AC), MC bodies (MC), BP cells, outer 
plexiform layer (OPL), outer nuclear layer (ONL), photore-
ceptor inner segments (IS), and photoreceptor outer segments 
(OS).

Darker staining corresponds to higher levels of immu-
noreactivity, while lighter staining indicates lower levels of 
reactivity, allowing for quantitative analysis of changes in 
the neurochemical profiles. Differences in pixel intensity 
were presented as the fold-change in pixel intensity in the 
KO retinas relative to the WT retinas (whereby a result of 
1.0 represents a 100% increase in labeling intensity in the 
KO retinas compared with the WT retinas [31], while a 
result of 0.0 represents equal labeling intensity in KO retinas 
compared with WT retinas), assuming that the pixel values 
from the WT retinas were a direct measure of amino acid 
concentrations in the retina [26].

Statistical analyses: For biochemical assays, each value 
represents the mean value normalized to the retinal protein 
concentration and is presented as mean ± standard error 
of the mean (SEM). For immunogold labeling, each value 
represents the mean difference in immunoreactivity rela-
tive to the control condition and is presented as the ratio of 
change ± SEM. Statistical comparison was performed using 
one-way (silver-intensified immunogold labeling) or two-way 
(biochemical assays) analysis of variance (ANOVA). Either 
the post hoc Dunnett's multiple comparison test or Tukey's 
multiple comparisons test for biochemical assays was used 
to compare each data point with the control data points for 
immunogold labeling. All statistical analysis was performed 
using GraphPad Software (Boston, MA), and a p value < 0.05 
was considered statistically significant. Major increments of 
statistical significance are displayed as *p < 0.05, **p < 0.01, 
***p < 0.001, or ****p < 0.0001.

RESULTS

Loss of xCT does not affect LDH activity or ATP concen-
tration: The alterations in glutamate release in the xCT KO 
mice may have an impact on both the pre- and post-synaptic 
metabolisms due to the varied uses of glutamate in metabolic 
pathways. To test this, energy metabolism was assessed at 
the LDH activity level, as this is a key glycolytic enzyme 
whose activity helps in maintaining the high energy demand 
of the retina. LDH activity and ATP concentration were not 
significantly different between the WT and xCT KO retinas 

at 6 weeks, 3 months, 6 months, 9 months, and 12 months 
of age.

Figure 1A shows no significant differences in LDH 
activity according to age (WT: 6 weeks vs 3 months, p = 
0.0005; 6 months, p = 0.4742; 9 months, p > 0.9999; and 12 
months, p > 0.9999; KO: 6 weeks vs 3 months, p < 0.0001; 6 
months, p = 0.0034; 9 months, p = 0.8007; and 12 months, p = 
0.6906) or between the WT and xCT KO retinas for each age 
group (6 weeks, p = 0.9715; 3 months, p > 0.9999; 6 months, 
p = 0.9968; 9 months, p = 0.1963; and 12 months, p > 0.9999). 
These results suggest that the LDH activity was unaffected 
by the loss of xCT function.

As glutamate can enter the TCA cycle when there is 
energy demand, we investigated whether the total ATP 
production changed in the absence of a functional xCT 
transporter. Figure 1B shows no significant differences in 
ATP concentration between the WT and xCT KO retinas 
according to age (WT: 6 weeks vs 3 months, p > 0.9999; 6 
months, p = 0.8398; 9 months, p > 0.9999; and 12 months, p 
= 0.4948; KO: 6 weeks vs 3 months, p > 0.9999; 6 months, p 
= 0.9986; 9 months, p = 0.9985; and 12 months, p = 0.9166) or 
between genotypes for each age group (6 weeks, p > 0.9999; 
3 months, p > 0.9999; 6 months, p = 0.9879; 9 months, p > 
0.9999; and 12 months, p = 0.9932). While there appeared to 
be higher ATP concentrations in the 6- and 12-month xCT 
KO retinas than in the WT retinas, the difference was not 
significant. Taken together, the loss of xCT function in the 
xCT KO retinas did not induce any significant alterations to 
the retinal glycolytic metabolism and aerobic glycolysis.

Loss of xCT does not alter the glutamate and glutamine 
concentrations in the whole retina: If xCT is involved in 
glutamate export from the photoreceptor, then loss of xCT 
function might lead to changes in the neurochemical balance 
of glutamate and glutamine, which are linked to the gluta-
mate-glutamine cycle [7]. To test this, we measured glutamate 
and glutamine concentrations in WT and xCT KO retinas at 6 
weeks, 3 months, 6 months, 9 months, and 12 months of age.

Figure 2A shows no significant differences in glutamate 
concentration for the WT and xCT KO retinas according to 
age (WT: 6 weeks vs 3 months, p = 0.9744; 6 months, p = 
0.5355; 9 months, p > 0.9999; and 12 months, p > 0.9999; 
KO: 6 weeks vs 3 months, p > 0.9999; 6 months, p = 0.9045; 
9 months, p = 0.9642; and 12 months, p = 0.9995) or between 
the genotypes for each age group (6 weeks, p > 0.9999; 3 
months, p = 0.9456; 6 months, p > 0.9999; 9 months, p = 
0.9941; 12 months, p = 0.9973).

Figure 2B shows no significant differences in glutamine 
concentration in the WT and xCT KO retinas according to 
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age (WT: 6 weeks vs 3 months, p = 0.9984; 6 months, p = 
0.2077; 9 months, p > 0.9999; 12 months, p > 0.9999; KO: 
6 weeks vs 3 months, p > 0.7629; 6 months, p = 0.9145; 9 
months, p > 0.9999; and 12 months, p = 0.8314) or between 
the genotypes for each age group (6 weeks, p = 0.8156; 3 
months, p = 0.9961; 6 months, p > 0.9999; 9 months, p = 
0.6594; and 12 months, p > 0.9999).

Compared with the glutamate concentrations, the 
glutamine concentrations were lower in the whole retina 
(approximately twofold less), which reflects that only the 
retinal MCs can synthesize glutamine and that glutamine is 
rapidly metabolized back into glutamate [32]. Nevertheless, 
loss of xCT function appeared not to induce any significant 

Figure 1. LDH activity and ATP concentrations in the retina. WT and xCT KO retinal homogenates were collected and measured for LDH 
activity (A) or ATP concentrations (B) in 6-week, 3-month, 6-month, 9-month, and 12-month-old WT (blue) and xCT KO (red) mice. Values 
represent mean ± SEM (n = 6).

Figure 2. Glutamate and glutamine concentrations in the retina. WT and xCT KO retinal homogenates were collected, and total concentra-
tions of glutamate or glutamine (glutamate + glutamine) were measured using a luminescence assay. (A) Total retinal glutamate concentra-
tions in 6-week, 3-month, 6-month, 9-month, and 12-month-old WT (blue) and xCT KO (red) mice. (B) Total retinal glutamine concentrations 
for 6-week, 3-month, 6-month, 9-month, and 12-month-old WT (blue) and xCT KO (red) mice. Values represent mean ± SEM (n = 6).
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alterations to the overall glutamate and glutamine concentra-
tions in the whole retina.

Loss of xCT alters glutamate and glutamine levels in specific 
cell types of the retina: While no changes in glutamate and 
glutamine concentrations were found in whole retinas, the 
specific localization of xCT in the OPL of the retina [20] 
suggests that rather than affecting the whole retina, changes 
may be restricted to specific cell types in the outer retina such 
as the photoreceptors. To investigate this, post-embedding 
silver-intensified immunocytochemistry [26,33] was used 
to map and quantify glutamate and other glutamate-related 
amino acids such as glutamine, GABA, and glycine to the 
level of individual retinal cells in 6-week and 9-month-old 
WT and xCT KO retinas. The 9-month age group was selected 
because at this age, the xCT KO mice demonstrated signs of 
accelerated aging in the retina, likely due to photoreceptor 
oxidative damage [21].

Glutamate levels increase in the photoreceptors: To deter-
mine if the loss of the glutamate export function of xCT 
significantly affected the cellular glutamate distribution, the 
retinas were labeled with an anti-glutamate antibody. Figure 
3A shows that the 6-week-old WT retinas exhibited glutamate 
immunoreactivity in nearly all retinal neurons, with particu-
larly high reactivity in the photoreceptors, BP cells, and GCs 
that form the primary retinal signal transmission pathway, 
and lower levels of glutamate immunoreactivity in horizontal 
and ACs. MC bodies (dark arrows) show almost no immu-
noreactivity for glutamate owing to their ability to rapidly 
convert glutamate into glutamine in normal retina. Figure 3C 
shows that in the 6-week xCT KO retina, lighter staining was 
observed in the BP cells and GCs relative to the WT retina, 
indicating lower glutamate levels in the cells involved in the 
signaling pathway downstream of the photoreceptors. The 
outer and inner photoreceptor segments, and the outer nuclear 
and outer plexiform layers show darker staining in the xCT 
KO retinas than in the WT retinas, indicating accumulation 
of glutamate in areas upstream of the photoreceptor synapses 
at the OPL. Figure 3E shows the quantitative analysis of the 
glutamate labeling of the xCT KO retinas compared with 
the WT retinas, indicating that the xCT KO retinas had a 
significant increase in glutamate immunoreactivity in the 
OPL (100% ± 15%; p = 0.0157), ONL (38% ± 9%; p = 0.0052), 
and photoreceptor inner segment (132% ± 11%; p = 0.0105) 
compared with the WT retinas. This suggests that loss of xCT 
results in glutamate accumulation within the photoreceptor 
cell, particularly in the inner segments where the mitochon-
dria are located, and potentially toward the presynaptic 
bouton. No changes in glutamate immunoreactivity were 
observed in the BP cells or GCs.

Analysis of glutamate labeling in the 9-month WT 
and xCT KO retinas also revealed differences in glutamate 
immunoreactivity, most notably in the OPL (Figure 3B,D). 
The quantitative analysis result (Figure 3F) confirmed a 
significant increase in glutamate labeling in the OPL (95% 
± 27%, p = 0.0240) of the xCT KO retinas relative to the 
WT retinas. However, unlike the 6-week xCT KO retinas, 
the 9-month xCT KO retinas showed no increase in glutamate 
immunoreactivity in the ONL and inner segments. While it 
appeared that glutamate labeling was reduced in the xCT KO 
retinas compared with the WT in these layers, the difference 
was not statistically significant.

Glutamine levels decrease in MCs: As glutamine availability 
is dependent mainly on the glutamate uptake by MCs at the 
synaptic cleft and conversion of glutamate to glutamine, the 
glutamine distribution in the WT and xCT KO retinas was 
next investigated. The glutamine labeling in the 6-week WT 
retinas was most intense in the MC bodies and GCs (Figure 
4A), consistent with previous reports [7,27]. Comparison 
between the 6-week WT and xCT KO retinas (Figure 4A, 
C) suggests a decrease in glutamine immunoreactivity in the 
MC bodies and an increase in glutamine immunoreactivity 
in the inner and outer photoreceptor segments. However, 
quantitative analysis revealed that the decrease in glutamine 
immunoreactivity in the MC bodies was the only significant 
difference (−53% ± 18%, p = 0.0101) between the xCT KO and 
WT retinas (Figure 4E).

Quantitative analysis of glutamine labeling in the 
9-month retinas revealed a significant decrease in glutamine 
immunoreactivity in the MC bodies in the xCT KO retinas 
relative to the WT retinas (−43% ± 19%, p = 0.0144; Figure 
4F). While glutamine immunoreactivity appeared to be 
increased in the ACs and MC endfeet in the xCT KO retinas 
compared with the WT retinas (Figure 4B,D), quantitative 
analysis confirmed that this was not statistically significant 
(Figure 4F).

GABA levels are unchanged by the loss of xCT function: As 
GABA is a known product of glutamate derived from gluta-
mate decarboxylase and forms a branch of the glutamate-
glutamine cycle [34,35], GABA distribution in the WT and 
xCT KO retinas was next investigated. The GABA labeling in 
the 6-week (Figure 5A) and 9-month (Figure 5B) WT retinas 
indicates a high degree of GABA immunoreactivity in the 
ACs, inner plexiform layer, and GCs, similar to published 
findings [7]. Comparison between the 6-week WT and xCT 
KO retinas (Figure 5A,C) and 9-month WT and xCT KO 
retinas (Figure 5B,D) showed increased GABA immuno-
reactivity in the inner plexiform layer and ACs in the xCT 
KO retinas relative to the WT retinas for both age groups. 
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Figure 3. Silver-intensified immunogold staining for glutamate in 6-week and 9-month-old WT and xCT KO retinas. (A–D) Representative 
images of glutamate immunoreactivity in the 6-week WT (A) and xCT KO (C) retinas, and 9-month WT (B) and xCT KO (D) retinas. The 
dark arrows in (A) and (C) indicate Müller cells; the thinner arrows in (A) are examples of BP cells (BC), amacrine cells (AC), and ganglion 
cells (GC); and the individual arrowheads indicate the location of the Müller cell endfeet. Scale bar = 50 µm. Insets show magnified views of 
the outer nuclear layer (A'-D'), inner nuclear layer (A″–D″), and ganglion cell layer (A*–D*). The cell types identified in these views include 
the photoreceptor cell bodies (PR), BC, Müller cell bodies (MC), AC, and the Müller cell endfeet (MCef). (E and F) Quantitative analysis of 
glutamate in each retinal layer expressed as the percentage change in amino acid immunoreactivity of the 6-week xCT KO (C) or 9-month 
xCT KO (D) retinas in comparison with the age-matched WT retinas, whereby a change of 1 represents a 100% change in labeling intensity. 
OS=photoreceptor outer segments; IS=photoreceptor inner segments; ONL=outer nuclear layer; OPL=outer plexiform layer; INL=inner 
nuclear layer; IPL=inner plexiform layer; GCL=ganglion cell layer. n = 6 retinas. *p < 0.05, **p < 0.01.
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Figure 4. Silver-intensified immunogold staining for glutamine in 6-week and 9-month-old WT and xCT KO retinas. (A–D) Representative 
images of glutamine immunoreactivity in the 6-week WT (A) and xCT KO (C) retinas, and 9-month WT (B) and xCT KO (D) retinas. The 
dark arrows in (A) and (C) indicate Müller cells, and the individual arrowheads indicate the location of the Müller cell endfeet. Scale bar = 
50 µm. Insets show magnified views of the outer nuclear layer (A′–D′), inner nuclear layer (A″–D″), and GC layer (A*–D*). The cell types 
identified in these views include the photoreceptor cell bodies (PR), bipolar cells (BC), Müller cell bodies (MC), amacrine cells (AC), and 
the Müller cell endfeet (MCef). (E and F) Quantitative analysis result of glutamate in each retinal layer expressed as the percentage change 
in amino acid immunoreactivity for the 6-week xCT KO (C) or 9-month xCT KO (D) retinas in comparison with the age-matched WT 
retinas. n = 6 retinas. *p < 0.05.
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Figure 5. Silver-intensified immunogold staining for GABA in 6-week and 9-month-old WT and xCT KO retinas. (A–D) Representative 
images of GABA immunoreactivity in the 6-week WT (A) and xCT KO (C) retinas, and 9-month WT (B) and xCT KO (D) retinas. The 
individual arrowheads indicate the location of the MC endfeet. Scale bar = 50 µm. Insets show magnified views of the outer nuclear layer 
(A′–D′), inner nuclear layer (A″–D″), and ganglion cell layer (A*–D*). The cell types identified in these views include the photoreceptor cell 
bodies (PR), bipolar cells (BC), Müller cell bodies (MC), amacrine cells (AC), and the Müller cell endfeet (MCef). (E and F) Quantitative 
analysis result of glutamate in each retinal layer expressed as the percentage change in amino acid immunoreactivity for the 6-week xCT 
KO (C) or 9-month xCT KO (D) retinas in comparison with the age-matched WT retinas. n = 6 retinas.
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However, quantitative analysis revealed no significant 
changes in GABA concentration between any of the retinal 
layers of the 6-week WT and xCT KO retinas (Figure 5E) 
or between the 9-month WT and xCT KO retinas (Figure 
5F). These results indicate that the loss of xCT does not alter 
GABA concentrations in the retina.

Glycine levels are unchanged by the loss of xCT function: 
Glycine is an inhibitory neurotransmitter released from ACs 
that opposes glutamate excitatory action [36], particularly on 
downstream BP cells and GCs [37]. In addition, as it is known 
that in the brain, presynaptic glycine receptors can enhance 
glutamate release [38], glycine immunoreactivity in the WT 
and xCT KO retinas was investigated.

Glycine labeling in the 6-week (Figure 6A) and 9-month 
WT retinas (Figure 6B) indicated a high degree of glycine 
immunoreactivity in the ACs, similar to published findings 
[39]. Comparison of labeling patterns between the 6-week WT 
and xCT KO retinas suggested a decrease in glycine labeling 
in the ACs and inner plexiform layer in the xCT KO retinas 
(Figure 6A,C) and increased labeling in the OPL and inner 
and outer segments, whereas the opposite was observed in the 
9-month retinas, with increased AC labeling and decreased 
labeling in the OPL and inner and outer segment in the xCT 
KO retinas compared with the WT retinas (Figure 6B–D). 
However, quantitative analysis revealed no significant differ-
ences in glycine labeling in any of the retinal layers between 
the WT and xCT KO retinas at 6 weeks (Figure 6E) or 9 
months of age (Figure 6F). These results show that glycine 
concentrations were unaffected by the loss of xCT.

DISCUSSION

As xCT is involved in the export of glutamate, we hypoth-
esized that a loss of xCT function would influence presyn-
aptic metabolism of photoreceptors and postsynaptic levels 
of glutamate and derivated neurotransmitters. To test this, 
experiments were performed to determine if glycolysis was 
upregulated, as minor changes in TCA cycle demand can 
have an effect on LDH activity and ATP. The results of this 
study suggest that while loss of xCT function and abnormal 
glutamate release does not appear to affect the metabolic 
demand through connection with metabolic glutamate, this 
does impact the glutamate-glutamine cycle, as removal of 
xCT resulted in significant changes to the glutamate and 
glutamine distributions between the photoreceptor cells and 
the MCs. On the other hand, it appears unlikely that glutamate 
export by xCT plays a significant role in influencing down-
stream inhibitory cells such as GABAergic and glycinergic 
ACs, as no significant changes in either GABA or glycine 

labeling was detected between the WT and KO retinas for 
both age groups.

Metabolic role of xCT: Given that xCT exports glutamate and 
that the glutamate skeleton may be used in the TCA cycle 
via anaplerotic reactions in conditions of metabolic imbal-
ance [40-42], it was expected that loss of xCT function would 
disrupt glutamate homeostasis and downregulate upward 
glycolytic pathways. However, no changes in the activity of 
LDH, the enzyme that converts lactate to pyruvate to main-
tain the high energy demand of the retina through glycolysis, 
or in ATP levels according age or between genotypes.

No significant differences in retinal LDH activity 
between WT and xCT KO mice were detected, which suggests 
that loss of xCT does not affect the lactate metabolism in mice 
up to 12 months of age. However, these mice may be more 
reliant on anaplerotic reactions that utilize substrates such as 
glutamate, aspartate, and valine to replenish TCA cycle inter-
mediates without the need for pyruvate to maintain energy 
production [40]. Consistent with no significant changes in 
LDH activity reported in previous studies in normal mice 
at these ages [43], no significant changes in ATP levels were 
found with age or between the WT and xCT KO mice for 
any age group. ATP concentrations typically decline with age 
[44]; therefore, this may be revealed in older age groups than 
those included in this study.

LDH expression and activity decrease in an age-
dependent manner in tissues such as the brain, heart, 
skeletal muscle, and liver [45]. However, no other studies 
have measured LDH activity in the retinas of aging mice. 
As the upper limit of the average life span of C57BL/6J 
mice is approximately 28–32 months [46,47], it may be that 
retinal LDH activity in older mice may be required to detect 
decreased LDH activity.

Both LDH activity and ATP concentrations were 
measured in whole retinal homogenates. Given that local-
ized changes to glutamate and glutamine concentrations in 
specific cell types were detected, localized changes in LDH 
activity and ATP production in the photoreceptor cells cannot 
be ruled out. At this stage, however, no evidence shows that 
loss of xCT function directly impacts glycolytic metabolism.

Influence of xCT on neurochemical distributions: While 
no significant changes in overall glutamate and glutamine 
concentrations were found in the xCT KO retinas compared 
with the age-matched WT retinas, loss of xCT was associated 
with localized changes in glutamate and glutamine distribu-
tion. Initially, it was thought that removal of a glutamate 
export system would lead to a decrease in released glutamate. 
It was found that glutamate was increased in the photoreceptor 
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Figure 6. Silver-intensified immunogold labeling of glycine in 6-week and 9-month-old WT and xCT KO mice. (A–D) Representative images 
of glycine immunoreactivity in the 6-week WT (A) and xCT KO (C) retinas, and 9-month WT (B) and xCT KO (D) retinas. The individual 
arrowheads indicate the location of the Müller cell endfeet. Scale bar = 50 µm. Insets show magnified views of the outer nuclear layer (A′–D′), 
inner nuclear layer (A″–D″), and ganglion cell layer (A*–D*). The cell types identified in these views include the photoreceptor cell bodies 
(PR), bipolar cells (BC), Müller cell bodies (MC), amacrine cells (AC), and the Müller cell endfeet (MCef). (E and F) Quantitative analysis 
result of glutamate in each retinal layer expressed as the percentage change in amino acid immunoreactivity for the 6-week xCT KO (C) or 
9-month xCT KO (D) retinas in comparison with the age-matched WT retinas. n = 6 retinas.
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inner/outer segment, nuclear layer, and OPL, areas occupied 
by photoreceptors. However, the average mouse OPL thick-
ness is approximately 19.22 ± 4.34 µm [48], and the optimal 
synaptic cleft separation distance is approximately 12–20 nm 
[49]. Therefore, it is likely that the immunogold light-based 
microscopy technique simply does not possess the resolution 
to accurately discriminate between glutamate labeling in the 
photoreceptor presynaptic ribbons; the horizontal, Müller, or 
BP cell postsynaptic boutons; or the outer plexiform synaptic 
cleft itself [50,51]. In nuclear layers, however, labeling was 
more definitive and demonstrated glutamate immunoreac-
tivity to be specifically increased in the photoreceptor cell 
bodies of the ONL and the photoreceptor inner segments, 
indicating that the loss of the glutamate export function of 
xCT results in a significant accumulation of glutamate within 
the photoreceptor cell. Therefore, these findings demonstrate 
that xCT plays a major role in the export of glutamate into 
the outer plexiform layer, which contains the photoreceptor 
synapses, similar to some reports of xCT activity in the 
central nervous system [17-19].

In addition to the accumulation of glutamate in the 
photoreceptors, we also observed a depletion of glutamine in 
the MC bodies of the xCT KO retinas compared with the WT 
retinas. This is not a surprising finding given the connection 
between glutamine and glutamate through the glutamate-
glutamine cycle [7], in which glutamate released from the 
photoreceptors is taken up by the MCs and rapidly converted 
into glutamine by the enzyme glutamine synthetase [10] 
before being exported into neurons. The MCs are the only 
cells that contain the glutamine synthetase enzyme and are 
therefore capable of converting glutamate to glutamine. In 
these cells, a significant decrease in glutamine immunoreac-
tivity in the xCT KO retinas was observed at both 6 weeks 
and 9 months of age. A reduction in glutamine levels in the 
MCs implies that either these cells are receiving reduced 
glutamate supply leading to lower glutamine production or 
MCs increase their glutamine export into the extracellular 
space for photoreceptor reuptake [52]. As no significant 
changes in glutamine levels were found in the OPL of the 
xCT KO retinas, it is likely that MC glutamine production is 
reduced, which suggests that xCT is a significant exporter of 
glutamate from the photoreceptor cells.

Potential influence of xCT on non-glutamatergic neurotrans-
mission: Previous studies have shown that glutamate exported 
from the photoreceptors via xCT may induce the closure 
or opening of cation channels in postsynaptic BP cells and 
induce BP cell hyperpolarization/depolarization in the same 
manner as traditional synaptic neurotransmission via vesic-
ular release [20]. GABA can be transanimated to succinate 

for use in the TCA cycle [53,54] or converted to glutamate 
via anaplerotic reactions after TCA cycle NADH production 
[55]. Meanwhile, glycine is known to potentiate N-methyl-
d-aspartate (NMDA) receptor-mediated current and is also 
a cotransmitter in excitatory NMDA synapses [56]. As BP 
cells can be activated by xCT-released glutamate and synapse 
with GABAergic and glycinergic ACs [37,57-59], xCT may 
indirectly regulate downstream GABAergic and glycinergic 
release [37]. However, loss of xCT function resulted in no 
significant differences in GABA or glycine immunoreactivity 
in the xCT KO retinas at 6 weeks or 9 months of age. The 
accumulation of glutamate in the photoreceptors of the xCT 
KO retina does not affect GABA production, consistent with 
the fact that despite being a related metabolite to glutamate, 
GABA is not produced in photoreceptors but only in ACs [37] 
in this species. While glutamate appears to be significantly 
released by xCT, its effect on the synapse may be too small to 
induce changes in the downstream GABAergic or glycinergic 
signaling pathways.

In summary, these findings provide evidence for the role 
of xCT as a significant exporter of glutamate in maintaining 
the glutamate-glutamine cycle between the photoreceptor 
cells and the MCs. While at the whole tissue level, glycolytic 
and energetic pathways appeared unaffected, it is likely that 
localized changes in energy metabolism occur in line with 
localized changes in glutamate and glutamine distributions. 
In our future work, we plan to investigate the role of xCT in 
its ability to uptake cyst(e)ine for the synthesis of glutathione 
and examine how this may impact antioxidant homeostasis in 
the retina. Moreover, as loss of xCT results in the accumula-
tion of glutamate within the photoreceptor axon terminals and 
inner segments, which coincide with areas of high mitochon-
dria content [60], it will be interesting to study the impact of 
this on mitochondrial function.
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