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INTRODUCTION 

Diabetes leads to hyperglycemia which systemically damages organs and tissues, 

especially the kidneys, cardiovascular system, and eyes. The most common ocular 

complication is diabetic retinopathy, a neurovascular disease resulting in the death of 

neurons and damage to the small vessels in the retina. One neurotoxic factor associated 

with the diabetic retina is an increased concentration of the excitatory neurotransmitter 

glutamate. In the retina, Muller cells express two glutamate transporters, GLAST and 

system Xe-, GLAST is a high affinity glutamate transporter responsible for the rapid 

clearance of glutamate from the extracellular milieu. In contrast, system Xe- is a cystine

glutamate exchanger· associated with the cellular response to stress and the production of 

the antioxidant glutathione. 

The purpose of this research was to test the hypothesis that glutamate transport by 

the_ Muller glial cells of the retina is altered under conditions associated with diabetic 

retinopathy. Two transporters were studied: GLAST and system Xe-, It was predicted that 

_ hyperglycemia and oxidative stress, characteristic of the diabetic retina, would alter the 

function of these two transporters. An overview of the eye, description of the retina, and 

information about the pathogenesis of diabetic retinopathy, particularly in regard to 

transport of glutamate by Muller cells, follows. 
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The eye 

The chief organ of vision is the eye, which allows us to view the world around us. 

Eyesight is the most important of our senses and we depend on it to accomplish our daily 

tasks and activities. The eye is a spherical organ, approximately 2.5 cm in diameter 

located in an orbit situated between the cranium and f~cial skeleton (Forrester et al., 

2002). The center of the eye, the vitreous, is filled with a clear, viscoelastic gel. 

Surrounding this core, the eye is composed of three tunics (Figure 1): the outer corneo

scleral layer, the middle uveal layer, and the inner retinal layer (Williams et al., _1999). 

The corneo-scleral layer, the outermost tunic, consists of the · cornea and the 

sclera. This tough fibrous capsule provides support for the eye .. The transparent cornea 

covers the anterio_r 1/6 of the eye and roughly focuses light on the retina. At the limbus 

the cornea transitions to the opaque sclera which coyers the posterior 5/6 of the retina and 

provides a site for the attachment of extraocular muscles (Young et al., 2006). 

The uveal layer, ·the middle tunic, includes the ciliary body, iris, and choroid. In 

the anterior 1 /3 of the retina the ciliary body and iris surround the lens which is a 

biconvex, transparent structure. Although the lens is not part of the uveal layer, the 

actions of the ciliary muscles which attach to the lens via the suspensory ligaments alter 

the lens shape to provide for the fine focus of light upon the retina. In front of the lens, 

the iris forms a circular opening, the pupil. Constriction and dilation of the pupil adjusts 

the amount of light entering the eye. The posterior 2/3 of the uveal layer is the choroid. 

The choroid is heavily pigmented and highly ·vascular, containing small arteries and veins 

as well as a dense capillary plexus that nourishes the outer retina (Young et al., 2006). 



Figure 1. The eye~ The wall of the eye is composed of three tunics or layers: the 

corneoscleral layer (outermost), the uveal layer (middle), and the retina (innermost) 

(lmage'adaptedfrom Williams et al., 1999). 
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The retina 

The retina is the innermost tunic where photoreception occurs. A small anter~or 

portion of this layer is composed of non-photosensitive epithelial cells lining the ciliary 

body and the posterior surface of the iris. At the ora serrata, this layer transitions into the 

photosensitive retina which extends to the posterior of the eye. Light passes through the 

cornea and the lens, then transverses the vitreous to the retina. In the retina photons of 

light are converted into nerve action potentials encoding the visual message. These nerve 

impulses then travel from the retina, via the optic nerve, to the brain for higher cortical 

processing (Young et al., 2006). 

The retina has a dual blood supply (Figure 2), one for the inner and one for the 

outer layers of the retina. The inner retina is supplied by the central artery and vein which 

enter/exit the posterior of the retina at the optic disc. At the optic disc, these vessels 

divide into 4 branches, each supplying a quadrant of the retina. In each quadrant, arteries 

and veins ramify in the nerve fiber layer with some vessels descending through the retina 

to the inner nuclear layer. Small arteries and veins are connected by an extensive 

capillary bed. Because no anastomoses exist between the arteries and veins, any blockage 

of the inner retinal vessels cuts off the flow of blood to the downstream tissue (Williams 

et al., 1999). The outer layers of the retina are supplied by the choroidal vessels which are 

derived from branches of the long and short posterior arteries as well as branches of the 

anterior ciliary arteries. In contrast to the inner retinal blood supply, the choroid is an 



Figure 2. Blood supply to the retina. -Diagram of the retinal blood supply. (A) The 

central retinal artery and vein gain access to the inner retina via the optic nerve. (B) The 

levels of the retinal capillary networks (Forrester et al., 2002). · 
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anastomosing · network of arteries and veins separated by a dense, widely fenestrated 

capillary network (Forrester et al., 2002). 

Similar to the rest of the central nervous system (CNS), the retina is separated 

from the general circulation by the blood retinal barrier. The blood retinal barrier 

maintains the retinal environment and prevents the entrance of pathogens and immune 

cells into the retina. The blood retinal barrier of the inner retina is formed by tight 

junctions between endothelial cells, which are surrounded by a thick basal lamina, 

pericytes, and retinal glial cells (Figure 3) (Forrester et al., 2002). In the outer retina, the 

blood retinal barrier is formed by junctional complexes between the retinal pigmented 

epithelial (RPE) cells combined with the underlying basement membrane known as 

Bruch's membrane (Forrester et al., 2002). 

On a macroscopic scale, two regions of the retina are of special interest with 

respect to vision (Figure 4). The first area is the macula, a 1.5 mm diameter zone centered 

about the visual axis. At the center of the macula is the fovea, a 0.35 mm wide depression 

in the retina. The fovea is the region of the retina that has the least refractive distortion 

and provides the highest visual acuity. Retinal damage in this area results in considerable 

loss of vision. The secorid region, the optic disc, is located approximately 3 mm medial to 

the fovea. At the optic disc, the ganglion cell axons converge to form .the optic nerve, 

which exits the eye when it penetrates the sclera at the lamina cribosa. The lack of retinal 

layers at the optic disc results in a 1.8 mm diameter blind spot (Young et al., 2006). 

On a microscopic scale, the retina is organized into 10 histological l,ayers (Figure 

5). Starting at the outermost layer, located at the edge of the choroid, and continuing in 



Figure 3. Inner blood retinal barrier. Similar to other parts of the CNS, the retina is 

separated from the general circulation by a blood tissue barrier. The blood retinal 

barrier of the inner retina is formed by tight junctions between endothelial cells which 

are surrounded by a thick basal lamina, pericytes, and retinal glial cells (adapted from 

Hawkins et al., 2006). 
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Figure 3 



Figure 4. Two regions of the retina. This illustration shows the eye in horizontal section 

passing near the lens anteriorly, and near the' optic nerve, posteriorly. Two regions are of 

special interest. The fovea is a 0.35 mm wide depression in the retina and is the region of 

the retina that has the leaft refractive distortion and provides the highest visual acuity. 

The optic disc is located 3 mm medial to the fovea. The lack of retinal layers at the optic 

disc results in a blind spot. 
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Figure 5. Histological layers of the mammalian retina. Hematoxylfn and eosin stained 

section of mouse retina identifying the 10 histological layers (Photomicrograph from S.B. 

Smith). 
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towards the . vitreous, the histological layers of the retina are: (1) RPE cell layer, (2) 

photorecepto_r layer, (3) outer limiting membrane (OLM), (4) outer nuclear layer (ONL), 

(5) outer plexiform layer (OPL), (6) inner nuclear layer (INL), (7) inner plexiform layer 

(IPL), (8) ganglion cell layer (GCL), (9) nerve fiber layer, and (10) inner limiting 

membrane (ILM) (Young et al., 2006). The types of cells within each layer are closely 

linked to their role in the visual process. 

The retina is composed of three classes of cells: ~pithelial cells, neurons, and glia. 

The main type of epithelial cell in the retina is the RPE cell, which performs support 

functions·for the outer retina. The retina has five types of neurons, which are responsible 

for converting light from the visual image into a neurochemical signal that is transmitted 

to the brain. These 5 types of neurons are subdivided into 2 groups, glutamatergic 

neurons and intemeurons~ The glutamatergic neurons include photoreceptor, bipolar, and 

ganglion cells, which play a direct role in reception and transmission of visual message. 

The intemeurons include horizontal and amacrine cells that modulate the responses of the 

first three neuronal cell types (Williams et al., 1999). The neurons form complex, well

ordered synaptic connections that are key elements of the retinal architecture and visual 

process (Figure 6). The last class of cells, the glial cells, include astroc~es, microglia, 

and Muller glia. These cells support and sustain the inner retina (Young et al., 2006)~ 

RPE cells 

The RPE cells, the first type of cells, sustain the outer retina, especially the 

photoreceptor cells. RPE cells form a monolayer of low cuboidal cells making up. the 



Figure 6. Neuronal connections of the mammalian retina. This sketch illustrates the 

interconnections of neuronal cell processes in the plexiform layers and the layered 

arrangement of the retinal cells. Microglial cells are present but not shown (Standring et 

-al., 2005). 
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RPE cell layer, the first and outermost layer of the retina.· The basal surface of the RPE 

cells rests upon Bruch's membrane and is characterized by numerous infoldings. 

Basolaterally, adjacent RPE cells are joined by tight junctions. These tight junctions 

combined with Bruch's membrane and RPE cell transport activities form the outer blood 

retinal barrier, a selectively permeable barrier that is vital to maintaining the extracellular 

environment of the outer retina. Inside the RPE cells are large quantities of the dark 

pigment melanin, which scavenges free radicals and absorbs scattered light, thus allowing 

photoreceptor cells to detect a sharper image. In addition, RPE cells perform many 

metabolic, biochemical, and transport functions that are essential to the visual process. 

Apically, the RPE cells have villi that interdigitate with the outer segments of the 

photoreceptors. These villi aid in the phagocytosis of the older discs that are shed from 

the outer segments (Williams et al., 1999; Young et al., 2006). 

Glutamatergic neurons 

Moving in from the RPE cells are the photoreceptor cells, which are light 

sensitive, glutamatergic neurons that initiate the visual process. Photoreceptors are long 

slender cells composed of three parts: an_ outer and inner segment located in the 

photoreceptor layer, a cell body present in the outer nuclear layer, and synaptic terminal 

found in the outer plexiform layer. The outer and inner segments of the photoreceptor 

cells are separated from the cell bodies and synaptic terminals by the outer limiting 

membrane. 
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The retina contains two types of photoreceptor cells, which are distinguished by 

shape and function of the outer segments. Cone photoreceptor cells have conical outer 

segments that sense color in bright light (photopic vision). Their outer segments contain 

one of three opsins, pigments that detect red, blue, or green color. Rod photoreceptor 

cells have thin outer segments that sense light intensity down to very low levels (scotopic 

vision). Their outer segments contain the pigment rhodopsin. In the human retina, rod 

photore~eptor cells number 110-125 million, and cone photoreceptor cells number 63-68 

million, making photoreceptors the most numerous type of neuronal cell (Williams et al., 

1999; Young et al., 2006). 

The rod and cone axon terminals also have distinct morphological differences. 

Rod photoreceptor synapses are oval shaped structures· termed spherules. Each spherule 

has a single invagination that can accommodate synaptic contact with 1 to 4 bipolar cells 

and 2 horizontal cells. On the other hand, cone photoreceptor synapses, termed pedicles, 

are flat and. wide. Pedicles have multiple invaginations allowing them to make synaptic 

contact with numerous bipolar and horizontal cells. Both rod and cone photoreceptor 

synapses communicate with adjacent photoreceptor synapses via gap junctions (Williams 

et al., 1999). 

Phototransduction, the conversion of light energy into a neurochemical response, 

occurs in the photoreceptor cells. In the dark state, photoreceptor cells are depolarized 

and continually release glutamate at their synaptic terminals. When the retina is 

illuminated, light travels through the inner histological layers to the photoreceptor layer 

where photons of light produce a conformational change in the photosensitive pigments 
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of the rods and cones. This conformational change initiates a series of biochemical cell 

signaling events resulting in the hyperpolarization of the photoreceptor membrane and 

decreased release of glutamate at the photoreceptor axon terminals (Williams et al., 1999; 

Young et al., 2006). 

The next glutamatergic neuron in the visual process is the bipolar cell, which 

transmits the neurochemical signal from the photoreceptors to the ganglion cells. The 

bipolar cells are first order neurons with respect to the photoreceptor cells and number 

approximately 3 5. 7 million in the human retina. Bipolar cell dendrites make contact with -

horizontal cells and photoreceptor cells at the spherules and pedicles · in the outer 

plexiform layer. The cell bodies of the bipolar cells reside in the inner nuclear layer and 

their axons branch making synaptic contact with both amacrine and ganglion cell

dendrites in the inner ple~iform layer. 

Bipolar cells are divided into several subtypes based on their neurochemical 

responses and synaptic connections (Forrester et al., 2002; Young et al., 2006). Bipolar 

cells are divided into OFF and ON types ba~ed ·on their reactjon to the release of 

glutamate from photoreceptor cells. In the dark state, the glutamate released by 

photoreceptor cells depolarizes OFF bipolar cells, resulting in the release of glutamate to 

ganglion cell dendrites. When light stops the release of glutamate at photoreceptor 

synaptic terminals, OFF bipolar cells hyperpolarize and .stop releasing glutamate to the 

ganglion cell dendrites. Conversely, ON bipolar cells release glutamat~ to the ganglion 

cell dendrites when the retina is illuminated (Wassle and Boycott, 1991). Bipolar cells are 

categorized into additional subtypes based on their synaptic connections. Midget and blue 
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cone bipolar cells link a single cone photoreceptor cell with a single ganglion cell and 

mediate high spatial resolution. In contrast diffuse cone bipolar cells and rod bipolar cells 

make multiple contacts with the corresponding cone or rod photoreceptors. 

The final glutamatergic neuron in the visual process are the retinal ganglion cells 

(RGCs) which are the "converging endpoint" of all visual stimuli processed by the retina 

(Wassle and Boycott, 1991)._ The retinal ganglion cells are 2nd order neurons to the 

photoreceptor cells and number 1.2 to 1.5 million in ~he human retina. Retinal ganglion 

cell dendrites synapse with the amacrine and bipolar cells in the inner plexiform layer 

while their cell bodies form the adjoining ganglion cell layer. The ganglion cell axons 

form the nerve fiber layer which is separated from the vitreous by the inner limiting 

membrane. The_ ganglion cell axons converge at the optic disc where they leave the retina 

and form the optic nerve which carries the nerve impulses, encoding the visual signal, to 

the brain for further processing. 

Similar to bipolar cells, ganglion cells are separated into several types based on 

their synaptic contacts and electrophysical reactions to retinal illumination. In the human 

retina the two main types are midget ganglion cells (80-95%) and parasol ganglion cells 

(10%). A midget ganglion cell has a small dendritic field in the inner plexiform layer 

where it synapses with a single cone bipolar cell. In contrast, the larger parasol ganglion 

cells have large dendritic fields gathering input from many photoreceptors via their 

contacts with diffuse bipolar and rod bipolar cells. Both midget and parasol ganglion cells 

can be subdivided into 'ON', 'OFF', and 'ON-OFF' subclasses depending on their 

response to light (Williams et al., 1999). 
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Interneurons 

In addition to the photoreceptor, bipol~r, and ganglion cells, the retina contains 

two types of intemeurons, horizontal and amacrine cells, which modulate the visual 

signal. Horizontal cells adjust and coordinate the response of photoreceptor and bipolar 

cells. Horizontal cell bodies reside in the inner nuclear layer, while their axons and· 

dendrites extend into the outerplexiform layer where they synapse with photoreceptor and 

bipolar cells at the photoreceptor spherules and pedicles. Horizontal cells release the 

inhibitory neurotransmitter gamma aminobutyric acid (GABA) which interacts with 

bipolar cells to sharpen contrast, increase spatial resolution and integrate visual stimuli 

(Forrester et al., 2002; Williams et al., 1999). 

The next type of intemeuron, amacrine cells are considered to have the greatest 

impact on processing the visual signal delivered to the ganglion cells. Amacrine cell 

bodies reside primarily in the inner nuclear layer, however, a small population of 

'displaced' amacrine cells is found in the ganglion cell layer. Instead or" typical axons, 

amacrine cells have dendrites that can function as both dendrites and axons. These 

processes extend into the inner plexiform layer and make contact with axons of bipolar 

cells, ganglion cell dendrites, and other amacrine cells. Amacrine cells can release 

various inhibi~ory neurotransmitters such as glycine, acetylcholine, dopamine, and 

GABA. Based on their dendritic pattern and neurotransmitter content, amacrine cells are 

classified into various subtypes, at le~st 25 of which have been identified in humans 

(Forrester et al., 2002; Williams et al., 1999; Young et al., 2006). 
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Glial cells 

Although the transfer of the visual signal to the brain is achieved by the combined 

actions of the five types of retinal neurons, the visual process cannot be sustained without 

the last class of retinal cells, the glial cells. The glial cells are involved in many activities 

that are essential to proper retinal function. They provide physical and metabolic support 

to the retinal neurons, maintain homeostasis in the extracellular milieu, help to form the 

inner blood retinal barrier, and are involved in immunological responses. The retina 

contains three types of glial cells: microglia, astrocytes, and Muller cells. Of the three 

types of glial cells, Muller cells are the predominant glial cells of the retina comprising 

90% of the retinal glial cells (Sarthy and Ripps, 2001 ). 

Microglia 

Microglia, the first type of glial cell, are unique in their origin and function. 

Unlike astrocytes and Muller cells, microglial cells have a mesenchymal origin, similar to 

endothelial cells and pericytes'. In rat retina, microglia are detected at embryonic day 12, 

having- entered the retina as monocytic cells from the blood. In the mature retina, 

microglia are typically scattered throughout the inner retina in small numbers. They have 

short branching processes that ma~e contact with and monitor the inner blood retinal 

barrier. Microglia are the resident immune cell in the retina. In response to injury, 

microglial cells become phagocytic. Activated microglia are involved in the 

inflammatory response and can secrete cytokines and growth factors (Forrester et al., 

2002; Sarthy and Ripps, 2001; Williams et al., 1999). 
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Astrocytes 

Although astrocytes share some similarities with Muller cells, the function of this 

second type of glial cell is limited by its confinement to the innermost layers of the retina. 

Both astrocytes and Muller cells are derived from the neuroectoderm, however, unlike 

Muller cells, astrocytes differentiate in the optic nerve close to the eye then migrate into 

the eye later in development. Astrocyte nuclei reside in the innermost aspect of the nerve 

fiber layer and their processes ensheath ganglion c~ll axons and retinal vessels creating a 

scaffold between neurons and blood vessels in this layer (Sarthy and Ripps, 2001 ). 

Astrocytes play a key role in maintaining the blood retinal barrier in the nerve fiber layer 

as well as in the formation of the inner limiting membrane (Williams et al., 1999; Young 

et a~., 2006). Astrocytes communicate with neighboring astrocytes and Muller cells by 

gap junctions and can be identified in the healthy retina by their expression of the 

intermediate filament protein, glial fibrillary acidic protein (GF AP) (Bignami et al., 

1972). 

Muller cells 

Although Muller cells, like astrocytes, are derived from the neuroectoderm, they 

are descendents from a different progenitor cell. Muller cells share a cqmmon lineag~ 

with the neurons in the retina. While ganglion cells are the first cells to be 'born' 

followed closely by horizontal cells, cone photoreceptors, and displaced amacrine cells, 

Muller cells along with amacrine cells, rod photoreceptors, and bipolar cells populate the 

retina later. In the postnatal mouse retina, the Muller cells divide rapidly between 0-7 
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days after birth. By 11 days after birth, cell multiplication I?-as ceased (Sarthy and Ripps, 

2001 ). The isolation of primary Muller cells is well established from retinas of 8-12 day 

old rats. At this time, Muller cells are still dividing (Hicks- and Courtois, 1990). Although 

culturing of mouse Muller cells has been done before, it is not as. common as culturing 

Muller cells from rats (Mehes et al., 2002). 

The culture of primary Muller cells from mice is an attractive in vitro model for 

studying the fun~tion of transporter proteins. Although in vivo studies are invaluable, 

studying the effects of individual variables on the function of specific transporters is 

difficult. The great availability of transgenic mice makes culturing genetically altered 

mouse Muller cells a promising tool for future research. In addition, culturing primary 

Muller cells is a closer model to the in vivo Muller cell than a cell line. 

A Muller cell line, rMC-1, that is of rat origin, has been cited in the literature 

(Sarthy et al., 1998). The rMC-1 cell line is derived from light damaged rat reti:f:'laS and 

was immortalized by transfection with SV40. The rMC-1 cells express cellular retinal

binding protein (CRALBP) and GFA~. These cells were made available to our laboratory 

as a kind gift of Dr. Vijay Sarthy (Northwestern University, Chicago, IL). One 

disadvantage of the rMC-1 cell line is that cells grow very quickly and lift off the culture 

surface once confluent, which makes them unsuitable for studies requiring treatment 

times longer than 18-24 hours. 



20 

Muller cell morphology 

In the mature retina, Muller cells have many side processes that extend out from a 

radial core that spans almost the entire thickness of the retina. The Muller cell body is 

located in the inner nuclear layer. Two main radial processes stretch out in opposite 

directions to the outer and inner limiting membranes (Young et al., 2006). The 

intermediate filament protein, vimentin, is abundant in the Muller cell's radial core and 

serves as an iµununohistochemical marker for the Muller cell in vivo (Figure 7) (Shaw 

and Weber, 1983). From this radial core, Muller cells send out lateral processes. 

Collectively, Muller cells and their processes fill extracellular spaces and provide a 

scaffold that supports the layered organization of the neurons in the retina (Williams· et 

al., 1999). 

Each Muller cell serves a subset of nearby neurons. Lateral processes from 

individual Muller cells envelop a column of proximally located n~urons, axons, dendrites, 

and vessels. The centrally oriented Muller cell meets the metabolic, ionic, and 

extracellular buffering requirements of this column of cells (Reichenbach et al., 1993). 

Muller cells also release compounds which influence the function and survival of these 

neighboring neurons. Some examples of these molecules are trophic factors such as 

ciliary neurotrophic factor (CNTF) and basic fibroblast growth factor (bFGF) (Walsh et 

al., 2001), small molecules such as NO (Bredt and Snyder, 1992; Gouteau et al., 1994), 

and the antioxidant glutathione (Schutte and Werner, 1998; franke et al., 2003). 

One way that Muller cells help to maintain the retinal environment is by forming 

a boundary with the extraretinal spaces. Muller cells contact the extraretinal spaces at 
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three locations; the outer limiting membrane, the inner limiting membrane, and the blood 

vessels. The outer limiting membrane is actually a series of zonula adherens formed 

between adjacent Muller cell endfeet and appears as a dark line in hematoxylin and eosin 

(H&E) stained retinal sections (Young et al., 2006). The outer limiting membrane 

separates the extracellular fluid surrounding rod and cone outer and inner segments from 

the remainder of the retina (Sarthy and Ripps, 2001). The inner limiting membrane 

separates the vitreous from the retina and is a thick ,basal lamina formed on its retinal 

aspect by Muller cell end feet and astrocyte processes (Williams et al., 1999). In between 

the outer and inner limiting membranes, Muller cell processes surround the inner retinal 

vessels aiding in the formation of the blood retinal barrier (Tout et al., 1993). At all three 

surfaces, the Muller cell plasma membrane contains high concentrations of transporters 

and ion channels that aid in the controlled exchange of nutrients, ions, and waste 

products. 

Muller cell metabolism 

Important Muller cell functions center upon metabolic reactions and/or transport 

activities. For example, Muller cells contribute to spatial buffering of the extracellular 

potassium ion concentration ([K+] 0 ) via several types of K+ channels, which siphon off 

excess [K+]0 in the retina and redistribute it to the vitreous (Newman and Reichenbach, 

1996). Muller cells also play a key role in removing waste and balancing pH. The high 

rate of respiration in the retina results in significant production of CO2 which readily 

diffuses into the Muller cells. In the inner retina, the enzyme carbonic anhydrase, which 
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~onverts water and CO2 to carbonic acid, is localized exclusively to Muller cells. 
: 

Carbonic acid immediately disassociates to H+ and HC03-. In turn, Muller cells can 

discharge HC03- (bicarbonate) to the vitreous via a Na+/HC03- exchanger located on 

Muller cell endfeet (Newman, 1991). Muller cells may also be involved in part of the , 

visual cycle involving the reformation of photopignients. Traditionally this process has 

been attributed exclusively to RPE cells. The localization of visual cycle proteins such as 

CRALBP in both RPE and Muller cells has caused speculation that Muller cells play a 

role in this process as well (Saari et al., 1982). 

One of the most basic metabolic interactions of Muller cells with neurons is 

energy coupling. The retina is a metabolically active tissue that derives its energy, in the 

inner retina, from oxygen and glucose obtained from the inner retinal- blood supply.' 

While it is possible that neurons may obtain glucose directly from the circulation, 

experimental evidence suggests that neurons use lactate supplied by glial cells as their 

principle energy substrate. Muller cells express the glucose transporter GLUTl and are 

the primary site of glucose uptake and glucose phosphorylation in the retina (Kumagai et 

al., 1994; Poitry-Yamate et al., 1995). Muller cells then .convert glucose to- lactate via 

glycolysis and deliver the lactate to retinal neurons. Retinal neuron·s convert lactate to 

acetyl CoA, which enters the citric acid cycle resulting in the generation of most ATP 

from oxidative phosphorylation (Tsacopoulos and Magistretti, 1996). Additional support 

for the role of the Muller cell as a glucose mediator js the ability of Muller cells to rapidly 

synthesize, store, and metabolize glycogen (Poitry-Y amate and Tsacopoulos, 1992). 
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One of the critical ways that Muller cells support the viability and function of 

retinal neurons is the transport and metabolism of neurotransmitters. The main excitatory 

neurotransmitter in the retina is glutamate, which is involved in the synaptic transmission 

from photoreceptor to bipolar cells and from bipolar to ganglion cells. The main 

inhibitory neurotransmitter, GABA, is released by horizontal and amacrine cell at 

synapses in the outer and inner plexiform layers. Quick, efficient removal of both 

glutamate and GABA are necessary for the rapid termination of light evoked activity, 

which in tum, is required for precise neuronal processing of the visual signal. Since 

prolonged exposure to elevated -glutamate is toxic to retinal neurons, the rapid clearance 

of glutamate is vital to neuronal cells (Sucher et al., 1997). 

Muller cells are well equipped to· maintain low extracellular neurotransmitter 

concentrations throughout the retina. Muller cells have neurotransmitter specific 

transporters and enzymes that allow for the rapid uptake and metabolism of both 

glutamate and GABA (Anderson and Swanson, 2000; Johnson et al., 1996). In addition, 

· the close contact of Muller cells with neurons, their processes and synapses, puts Muller 

cells in an ideal position for neurotransmitter clearance. The work in this thesis concerns 

Muller cell transport and metabolism of glutamate . (Figure 8). An overview of the 

glutamate transporters in the retina is followed by a more detailed review of glutamate 

transport and metabolism in Muller cells_. 



Figure 8. Structure of glutamate. Glutamate is the primary excitatory neurotransmitter 

in the retina. Glutamate is characterized by an acidic side chain This side chain is 

usually negatively charged at physiological pH (Stryer et al., 2002). 
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Glutamate transporters in the retina 

The retina contains 6 main glutamate transporters. The first 5 are high affinity 

excitatory amino acid transporters (EAA Tl through EAA T5). EAA Ts belong to the 

solute carrier 1 (SLCl) family. These sodium dependent, electrogenic transporters are 

structurally similar, sharing 55% amino acid homology (Kanai et al., 2004). The main 

substrates of the EAAT transporters are L-glutamate, L-aspartate, and D-aspartate (Kanai 

et al., 2004). The job of the EAATs is to rapidly clear the neurotransmitter, glutamate 

from the synapse. In the CNS and the retina the average extracellular glutamate levels are 

approximately 1 . µM while intracellular glutamate concentrations can be as high as 10 

mM (Cavelier et al., 2005; Erecinska and Silver, 1990; Louzada-Junior et al., 1992). 

EAA Ts are capable of concentrating glutamate 10,000 fold compared to the extracellular 

environment (Rauen et al., 1996). The 6th glutamate transporter in the retina is the 

glutamate-cystine exchanger, system xc;-. System Xe- is involved in the cellular response to 

stress and is linked to the production of the antioxidant glutathione (Sato et al., 1999). 

EAATs in the retina 

The 5 types of EAA Ts are differentially expressed in the neurons and glia of the 

retina (Table 1). EAATl, also known as GLAST, is found in Muller cells and retinal 

astrocytes. EAAT2, also known as GLTl, is found only in retinal neurons. -GLTl is 

concentrated in bipolar cells axon terminals in the inner plexiform layer of the retina, and 

in a small number of amacrine and displac.ed amacrine cells. EAAT3, also known as 

EAAC 1, is found both in retinal neurons including horizontal, amacrine, and ganglion 



Table 1. EAAT expression in retina and brain 

EAAT 
OTHER 

RETINAL CELL TYPES . BRAIN CELL TYPES 
NAMES 

EAATl 
GLAST astrocytes and Muller cells astrocytes and neurons 

EAAT2 GLTl 
bipolar, amacrine, and 

astrocytes 
. displaced amacrine cells 

EAAT3 EAACl horizontal, amacrine, and ganglion cells neurons 

EAAT4 none astrocytes_ astrocytes and neurons 

EAAT5 none bipolar and photoreceptor cells none 

The differential expression of the EAATs in the retina varies from the cell type specific expression in the brain (Arriza 
et al, 1997; Furuta et al, 1997; Hu et al, 2003; Rauen et al, 1994, 1996; Rothstein et al, 1994; Torp et al, 1994, Ward et 
al, 2004). 
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cells (Rauen et al., 1994, 1996). EAAT4 has recently been identified in retinal astrocytes 

but not in Mliller cells (Ward et al., 2004). The last glutamate transporter, EAAT5, is 

associated with photoreceptor and bipolar cells. EAA TS is the only EAA T that is unique 

to the retina (Arriza et al., 1997). The other EAATs (EAATl through 4) are present in 

both brain and retina, however, the cell type specific expression differs in the two tissues. 

GLAST and Muller cells 

Of the EAATs expressed in the retina, GLAST is the predominant high affinity 

glutamate transporter present in Muller cells. Immunoreactivity of GLAST spans from 

the outer to inner limiting membrane with the strongest labeling at the outer limiting 

membrane, outer plexiform, inner plexiform and ganglion cell layers (Figure 9). GLAST 

i"s concentrated in areas associated with high levels of ghitamatergic activity and with 

areas adjacent to the extraretinal spaces. This staining pattern is in agreement with the 

Muller cells' role in maintaining· low concentrations of extracellular glutamate in the 

retina (Rauen et al., 1996; Lehre et al., 1997). 

In the retina, uptake of glutamate by the GLAST transporter expressed in Muller 

cells is critical for maintaining low levels of extracellular glutamate. Several types of 

experiments support this conclusion. Western blot (WB) st_udies show that GLAST is the 

most abundant glutamate transporter protein in the retina followed by GLTl and then 

EAACl (Rauen et al., 1996). A comparison of GLAST and GLTl kriock out mice 

indicate that retinal damage is greater after ischemia in the GLAST deficjent mice 

(Harada et al., 1998). In uptake studies of rabbit retinas treated with D-asparta~e, a non-



Figure 9. Retinal expression of GLAST. Of the EAATs expressed in the retina, GLASTis 

the predominant high affinity glutamate transporter present in Muller cells. 

Jmmunoreactivity of GLAST spans from th,e outer to inner limiting membrane with the 

strongest labeling at the outer limiting membrane, outer plexiform, inner plexiform, and 

ganglion cell layers. Scale bar, 30 µm (Rauen et al., 1998). 
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physiological substrate, GLAST located in Muller cells and astrocytes is responsible for 

most of the initial uptake (Pow et al., 2000). Uptake studies of isolated intact rat retinas 

show that glutamate accumulates almost exclusively in Muller cells (Rauen et al., 1998). 

The metabolism of glutamate. to glutamine is a key factor related to the function 

of the GLAST transporter. The enzyme, glutamine synthetase (GS), uses one molecule of , 

ATP to catalyze the reaction of glutamate and ammonia to form one molecule of 

glutamine (Figure 10). Immunohistochemical studies reveal that in the inner retina GS 

colocalizes with the GLAST transporter and is present exclusively in Muller cells and 

astrocytes (Derouiche and Rauen, 1995). Converting . glutamate to glutamine at the 

intracellular face of the GLAST transporter enhances the transport of glutamate into the 

Muller cell as illustrated by the observati_on that the accumulation of glutamate in Muller 

cells in whole retin8:S only occurs when the GS is inhibited (Rauen et al., 1998, Shaked et 

al., 2002). The important relationship between GLAST and GS is further demonstrated 

by common transcriptional regulation of GLAST and GS (Rauen and Weissen, 2000). 

Once glutamine is produced by Muller cells, it is returned to the neurons where it can be 

converted back into the· neurotransmitter glutamate (Pow and Crook, 2000; Sarthy and 

Ripps, 2001). The system N (SNl and SN2) transporters are localized to Muller cells and 

are likely candidates for mediating the release of glutamine from Muller cells for uptake 

by neurons (Umapathy et al., 2005). 



Figure 10. Glutamate conversion to gluiamine. A) Structures of glutamate, ammonia 

(NH3), and glutamine (http://pubchem.ncbi.nlm.gov). BJ Muller cells contain the enzyme 

glutamine synthetase (GS) which uses one molecule of ATP to catalyze the addition of 

NH3 to glutamate to form glutamine (Sarthy and Ripps, 2001). 
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GLAST: structure, function, regulation 

The GLAST transporter has several interesting structural characteristics that 

influence the study of this protein (Figure 1 lA). GLAST is a 543 amino acid protein with 

a predicted molecular mass of 59. 7 kilodaltons (kDa) (Storck et al., 1992). The GLAST 

transporter has 8-10 transmembrane domains with NH2 and· COOH terminal ends located 

in the cytoplasm (Kanai et al., 1994; Leighton et al., 2006; Wahle and Stoffel, 1996). 

Two posttranslational N-glycosylation sites are located between the third and fourth 

transmembrane domains (Conradt et al., 1995). In the plasma membrane, GLAST 

associates as oligomeric complexes formed by 2-3 GLAST molecules. GLAST molecules 

are not covalently bonded, but they do have a strong tendency to form dimers and 

trimers, especially when GLAST is glycosylated (Conradt et al., 1995; Schulte and 

Stoffel, 1995). Although in fresh samples GLAST has a monomeric form, sample 

oxidation results in the irreversible formation of strongly bonded oligomers; thus, the 

addition of reducing agents during sample preparation is essential (Haugeto et al., 1996). 

GLAST is a heterogeneous protein that has multiple values for the molecular 

mass that vary with tissue specific expression and glycosylation state. In rat brain, the 

apparent molecular mass of GLAST in the cerebellum is 66-70 kDa. In other brain 

regions, GLAST apparent molecular mass is a few kilodaltons lower (Lehre et al., 1995). 

In rat brain, the fully glycosylated GLAST (70 kDa) occurs at 1000 fold higher 

concentration than the monoglycosylated GLAST (64 kDa) form. Enzyme treatment to 

remove all glycosylation units resul~s in an apparent molecular mass of 60 kDa (Schulte 

and Stoffel, 1995). On the other hand, GLAST from both retina and cultured rat Muller 



Figure 11. GLAST structure and function. A) The GLAST transporter has 8-10 

transmembrane domains with NH2 and COOH terminal ends located in the cytoplasm 

(Gegelashvili and Schousboe, 1997). B) Under normal physiological conditions the 

. sodium-dependent, electr_ogenic GLAST transporter cotransports 1 molecule of L

glutamate, L-aspartate, or D-aspartate along with 3Na + and I Jr into the cell and 

countertransports 1 JC" out of the cell. 
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cells has an apparent molecular mass of 60-64 kDa (Kugler and Beyer, 2003; Rauen et 

al., 1996, 1998). In oocytes injected with cRNA encoding wild type GLAST or cRNA 

containing mutations for one or both of the glycosylation sites, the apparent molecular 

mass for GLAST ranged from 56-65 kDa (Conradt et al., 1995). 

Recently, two GLAST splice variants, both of which have a reduced molecular 

mass, have been identified. An exon 3 skipping form of GLAST (GLASTla) occurs at 

low levels in rat retina, brain and bone (Macnab et al., 2006; Huggett et al., 2000). An 

exon 9 skipping GLAST splice variant (GLASTlb) is present in small quantities in rat, 

cat, monkey, and human brain (Macnab and Pow, 2007; Vallejo-Illarramendi et al., 

2005). Both exon 3 and exon 9 encode approximately a 5 kDa segment of the GLAST 

protein resulting in a similar apparent molecular mass of 60 kDa for both of these splice 

variants (Huggett et al., 2000; Vallejo-Illarramendi et al., 2005). 

Although GLAST glycosylation state does not affect transporter function, the 

truncated splice variants, GLASTla and GLASTlb, may have a negative effect on 

glutamate uptake (Conradt et al., 1995). GLASTla, which localizes in the cell similar to 

GLAST, is theorized to interfere with normal glutamate transport (Huggett et al., 2000; 

Macnab et al., 2006). In humans, a splice variant similar to GLASTl b lacks fµnctional 

glutamate uptake activity and 1:11ay act to decrease insertion of normal GLAST into the 

pbtsma membrane (Vallejo-Illarramendi et al., 2005). 

GLAST function is influenced by the ionic environment and energy requirements 

of the cell. Under normal physiological conditions the sodium-dependent, electrogenic 

GLAST transporter cotransports 1 molecule of L-glutamate, L-aspartate, or D-aspartate 
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along with 3N a+. and lII' into the cell and countertransports 1 K+ out of the cell (Figure 

1 lB) (Klockner et al., 1993; Owe et al., 2006; Storck et al., 1992). The driving force for 

the uptake of glutamate by GLAST comes from the inwardly directed electropotential 

gradient of Na+ and H+ and the outwardly directed K+ gradient (Kanai et al., 2004). In 

turn, the electropotential gradient is maintained by Na+/K+ ATPase which uses energy 

obtained from the hydrolysis of ATP and returns Na+ to outside the cell and K+ back 

inside the cell (Anderson and Swanson, 2000). The energetic cost of glutamate transport 

is estimated at 1 ATP per molecule of glutamate (Sibson et al., 1998). Thus, major 

changes in the availability of ATP or the ionic environment influence glutamate 

transport. 

The function of the GLAST transporter is sensitive to the general redox state. 

Oxidizing and reducing agents interact with transporter sulfhydryl groups as well as 

sulfhydryl groups of other surface proteins and alter GLAST activity. Experiments using 

the patch clamp technique show increases and decreases in GLAST activity within 3 

minutes in the presence of reducing agents and oxidizing agents, respectively (Trotti et 

al., 1998). Many oxidizing agents such as hydrogen peroxide (H2O2), nitric oxide (NO), 

superoxide anion (02), and peroxynitrite anion immediately inhibit glutamate uptake by 

GLAST (Trotti et al., 1996; Volterra et al., 1994). 

The regulation of the GLAST transporter occurs at the transcriptional, 

translational, and post-translational levels. Treatment of cultured brain astrocytes with 

glutamate and glutamate receptor agonists upregulate GLAST protein; however, mRNA 

levels are unaffected (Gegelashvili et al., i996). Exposure to cAMP analogs results in 
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upregulated GLAST activity, protein, and m.RNA in brain astrocytes (Gegelashvili et al., 

1996; Kim et al., 2003; Schlag et al., 1998). Three growth factors (insulin-like growth 

factor, fibroblast growth factor, and epidermal growth factor) all up regulate GLAST 

mediated glutamate transport in primary cortical astrocytes (Suzuki et al., 2001). In 

cultured Muller cells, cortisol increases both glutamate uptake and GLAST protein 

expression (Rauen and Weissen, 2000). A reduction in GLAST expression and 

transporter activity occurs when astrocytes are treated with TNF-a (Kim et al., 2003). 

GLAST transcriptional. and translational changes occur over several hours to several 

days. 

GLAST activity is rapidly altered by changing the cellular localization of GLAST 

protein. These changes are accomplished by the trafficking of GLAST to and from the 

plasma membrane. For instance, the functional effects of PKC activation result in a 

decrease in GLAST activity in both brain astrocytes and Muller cells. This decrease has 

been attributed to rapid intracellular sequestration of GLAST (Correale et al., 1998; 

Gonzalez et a~., 1999; Wang et al., 2003). In contrast, exposure of astrocytes to glutamate 

and insulin-like growth factor (IGF-1) causes a quick upregulation of GLAST transporter 

activity due to the movement of GLAST to the plasma membrane (Duan et al., 1999; 

Gamboa and Ortega, 2002). 

System Xe- in the retina 

In addition to the EAATs, the retina contains a 6th glutamate transporter, system 

Xe-, System Xe- is a cystine-glutamate exchanger having a vastly different function and 
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structure than the Na +-dependent, high affinity excitatory amino acid transporters. The 

involvement of system Xe· in the cellular response to stress plays a critical role in 

homeostasis of one of the main antioxidants in the retina, glutathione (GSH) (Sato et al., 

1999). In accord with the Muller cell's support of retinal neurons and maintenance of the 

retinal environment, Muller cells express system Xe- and are the mainstay of glutathione 

metabolism in the retina. 

System xe· has been identified in several different tissues and cell types, including 

·the retina. Tissue expression studies show that system Xe- is present in the brain, kidney, 

pancreas, intestine, and retina as well as cultured cells such as fibroblasts, macrophages, 

and cell lines (Bassi et al., 2001; Burdo et al., 2006; Sato et al., 2002). System Xe.,_ is made 

up of two subunits, the transport specific xCT subunit and the ubiquitous 4F2hc subunit. 

In the retina, immunohistochemical studies show expression of xCT in the RPE cell layer 

as well as in the retinal layers between the outer and inner limiting membranes (Bridges 

et al., 2004, Dun et al., 2006). System Xe- has been positively identified in RPE cells, 

Muller cells, and ganglion cells (Bridges et al., 2001; Kato et al., 1993; Dun et al., 2006). 

System Xe·: function and structure 

Under physiological conditions, system Xe- mediates the exchange of cystine into 

the cell coupled to the eftlux of glutamate out of the cell (Figure 12A) (Palacin et al., 

1998; McBean, 2002). In contrast to the Na +-dependent, high affinity excitatory amino 

acid transporters, system Xe- is a Na+-independent, electroneutral, cystine-glutamate 

exchanger. The stoichiometry of this obligatory exchanger is 1: 1. The· direction of 



Figure 12. System Xe- function and structure. A) Under physiological conditions, system 

Xe- mediates the exchange of cystine into the cell coupled to the efflux of glutamate out of 

the cell. B) System Xe- is made up of two subunits joined by a disulfide bond The first . 

subunit is the transport specific xCT subunit which has 12 transmembrane domains with 

NH2 and COOH terminal ends located in the cytoplasm. The other subunit is the 4F2hc 

subunit which has a single transmembrane domain and a bulky glycosylated extracellular 

domain (Verrey et al., 2000). 
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transport is driven by the concentration gradient of the substrate (Bannai and Kitamura, 

1980). In vivo, the cystine concentration gradient is directed inward. The concentration of 

cystine is high in the oxidative extracellular environment and low inside the cell. The 

concentration gradient is enhanced by an intracellular environment that favors the 

reduction of cystine to cysteine, (Verrey et al., 2004). In contrast, glutamate 

concentrations are much higher ( 1-10 mM) inside the cell than outside the cell ( 1 µM) 

(Cavelier et al., 2005; Erecinska and Silver, 1990). Under experimental conditions, the 

direction of transport can be altered by changing ,the substrate concentrations (Bannai, 

1986). 

Of the two system Xe- subunits, xCT is the transport specific light chain. This 502 

amino acid protein with 12 transmembrane domains belongs to the glycoprotein

associated amino acid transporter family, SLC7 (Figure 12B) (Verrey et al., 2000). The 

xCT subunit has a predicted molecular mass of 55 kDa; however, immunoblots of xCT 

reveal two xCT bands, one at 35-40 kDa and another at 50-55 kDa (Burdo et al., 2006; 

LaBella et al., 2007; Shih et al., 2006; Tomi et al., 2003). Although the smaller 35-40 

kDa form is reported more often in brain than the 50-55 kDa form, the origin of the two . 

xCT sizes and the effect, if any, on transporter function is unknown. Researchers agree, 

however, that xCT protein is unique to system Xe- and that xCT is the transport specific 

unit (Sato et al., 1999, 2001). 

The second subunit, 4 F2hc, is the heavy chain also known as CD98 and has a 

different structure and function than its partner xCT. The 4F2hc subunit (~85 kDa) is a 

ubiquitous glycoprotein belonging to the heteromeric amino acid transporter family, 
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SLC3 (Figure 12B) (Palacin and Kanai, 2004). This subunit has a single transmembrane 

domain and a bulky glycosylated extracellular domain. Although 4F2hc is not essential 

for substrate transport, it links to xCT via a disulfide bond and aids in the functional 

expression ofxCT at the plasma membrane (Bassi et al., 2001; Palacin and Kanai, 2004). 

Besides_ being a transport partner with xCT, 4F2hc associates with several other SLC7 

family members (Verrey et-al., 2000). The 4F2hc subunit also forms disulfide bonds with 

the light chain of the lymphocyte protein 4F2. In addition to transport functions, 4F2hc 

protein is associated with cell growth and cell adhesion and is upregulated in cancers and 

activated lymphocytes (Palacin and Kanai, 2004 ). 

System Xe- regulation: the glutathione connection 

System Xe- is a key element in the production of glutathione, one of the main 

antioxidants in the retina (Sato et al., 1999). When oxidative stress increases, one rate 

limiting factor in the production of glutathione is the intracellular level of cysteine. System 

Xe- transports the cysteine -precursor, cystine, into the cell. Inside the cell, L-cystine is 

converted to L-cysteine either spontaneously, in response to the reducing environment, or 

enzymatically, via glutathione-dependent thiosulfide or thioltransferase (Figure 13) (Wu et . 

al., 2004). When the supply of cysteine is adequate, gl?tathione is formed by a two step 

reaction that combines cysteine, glutamate and glycine (Figure 14 ). The first step in the 

glutathione synthesis reaction is the combination of glutamate and cysteine via the enzyme 

y-glutamylcysteine synthetase. In the second step of the reaction, glycine is added to y-



Figure 13. Conversion of cystine to cysteine. Once inside the cell, L-cystine converts to 

L-cysteine, either spontaneously, in response to the reducing environment, or 

enzymatically. Str_uctures of cystine and cyteine are shown above the reaction 

(http://pubchem.ncbi.nlm.gov ). 
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Figure 14. Glutathione synthesis. In a two step reaction, glutathione is formed from the 

three amino acids glutamate, cysteine, and glycine. Reactant and product structures are 

shown above each step (http://pubchem.ncbi.nl7!1.g0v). A) The first step in glutathione 

synthesis is the combination of glutamate and cysteine via the enzyme y-glutamylcy~teine 

synthetase to form y-glutamylcysteine. B) In the second, glycine is added to y

glutamylcysteine via the enzyme glutathione synthetase to produce glutathione (Stryer et 

al., 2002). 
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glutamylcysteine via the enzyme glutathione synthetase to produce glutathione (Wu et al., 

2004). 

The importance of system Xe- for glutathione production is underscored by the 

response of system Xe- activity to changes in substrate availability and exposure to stress. 

Cystine deprivation upregulates system Xe- activity and expression, as cells attempt to 

supply cystine (or normal glutathione metabolism (Sato et al., 2004). Exposure to elevated 

glutamate and to competitive inhibitors, such as DL-alpha-aminoadipate and L-quisqualate, 

decrease the uptake of cystine by system Xe-- If intracellular cystine levels are too low for 

adequate glutathione production, glutathione depletion is followed by cell degeneration and 

death due to the accumulation. of reactive oxygen _species (Cho and Bannai, 1990; Kato et 

al., 1992, 1993; Mawatari et al., 1996; Patel et al., 2004). The upregulation of system Xe- in 

response to increased glutathione consumption occurs when cells are exposed to agents that 

cause oxidative stress such as H202, NO donors, superoxide anion, elevated 02 and the 

electrophilic agent diethyl maleate (Bannai, 1984; Bannai et al., 1989; 1991; Bridges et al., 

2001; Dun et al., 2006; Kim et al., 2001; Tomi et al., 2003). The increase in system Xe

activity in response to oxidative stress is well documented in several retinal cell types 

including RPE, Muller, and ganglion cells (Bridges et al., 2001; Dun et al., 2006; Tomi et 

al., 2003). System Xe- activity and expression are also increased by exposure to 

immunoactive molecules such as lipopolysaccharide and TNF-a (Sato et al., 1995; 2001). 

The Muller cells' ability to synthesize and distribute glutathione make them an ideal 
I 

candidate for the maintainenance of glutathione homeostasis throughout the inner retina. 

The close contact of Muller cells with the retinal blood supply gives Muller cells access to 
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a supply of cystine. Interestingly, in the blood, cystine is present at 5-10 times higher levels 

than cysteine (Wang and Cynader, 2000). Functionally, in intact carp retinas, the uptake of 

radiolabelled cystine, via system Xe-, accumulates in the radial processes of Muller cells 

(Kato et al., 1993). Muller cells use · cystine to synthesize glutathione, · and 

immunohistochemical studies show that glutathione is localized primarily to Muller cells in 

the normal rat retina (Schutte and Werner, 1998). Muller cells can also transport 

glutathione in and out of the surrounding medium (Frade et al., 2008; Kannan et al., 1999; 

Tomi et al., 2003; Wang and Cynader, 2000). The movement of glutathione from Muller 

cells to neurons in rat retinas exposed to ischemia suggests that Muller cells maintain 

homeostasis by redistributing glutathione in response to stress (Schutte and Werner, 1998). 

Relationship of GLAST and system Xe-

Although system Xe- and GLAST have been studied separately, very little ~ork 

focuses on the combined action of these two transporters (Figure 15). Under experimental 

conditions, the glutamate transport by system Xe- is very weak compared to glutamate 

transport by the EAA Ts. Under physiological conditions, the uptake of cystine by system 

Xe- is essential for the production of glutathione and cell survival (Cho and Bannai, 1990). 

Interestingly, one link between GLAST and system Xe- is the synthesis of glutathione. In 

addition to cystine brought in by system Xe-, the supply of intracellular glutamate, provided 

by the GLAST transporter, is also necessary for glutathione production. Uptake studies 

show that extracellular glutamate, although competing with cystine uptake, dose 

dependently increases glutathione synthesis (Rimaniol et al., 2001 ). In addition, glutathione 



Figure 15. GLAST and system Xe-• Glutamate is a common substrate for GLAST and 

system Xe-- One additional link between GLAST and system Xe- is the supply of two of 

three amino acids required for glutathione synthesis. Although extracellular glutamate 

competes with the uptake of cystine by system Xe-, a supply of glutamate is also required 

for glutathione synthesis (Rimaniol et al., 2001). 
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levels decrease in Muller cells placed in buffer with cystine and without glutamate. The 

concentration of intracellular glutamate in Muller cells is determined by the extracellular 

glutamate concentration and the velocity of ·glutamate uptake by GLAST. Consequently, 

cystine uptake into Muller cells, performed by system Xe-, is fueled by GLAST which 

-
maintains the intracellular supply of glutamate as well as the glutamate concentration 

gradient across the plasma membrane (Reichelt et al., 1997). 

Diabetes 

Diabetes mellitus is a disorder characterized by a deficiency of or insensitivity to 

insulin. There are two types of diabetes: Type I, insulin-dependent diabetes mellitus 

(IDDM), and Type II, non~insulin dependent diabetes mellitus (NIDDM). Type I diabetes 

is an early onset disorder that_ typically occurs in young people 10-15 years of age. This 

form of diabetes is usually due to an autoimmune response resu_lting in the destruction of 

the pancreatic beta cells, the cells that produce insulin (Pickup and Williams, 1997). Non

insulin dependent diabetes is a multifactoral disorder affecting 80-90% of the diabetic 

population and results from a combination of insulin resistance and insulin deficiency 

(Pickup and Williams, 1997). 

Both Type I and Type II diabetes lead to hyperglycemia ( elevated levels of blood 

glucose) which is thought to systemically damage organs and tissues. Diabetes especially 

affects the kidneys, cardiovascular system, and the eyes. Collectively, the ocular· 

complications associated with diabetes are known as "diabetic eye disease" and include 
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cataract, glaucoma, and diabetic retinopathy. Of these disorders, retinopathy occurs most 

commonly and is the most sight threatening of the diabetic eye diseases. 

Diabetic retinopathy: incidence 

Diabetic retinopathy is a burgeoning health crisis. The leading cause of blindness 

in working-age Americans (25-64 years) is diabetic retinopathy (National Institute of 

Health. _Pub. No. 06-2171, 2003). Of the population with diabetes, 40-45% has some 

degree of retinopathy; thus, the incidence of this disability is directly linked to the 

incidence of diabetes mellitus (National Institute of Health, Pub. No. 04-3252, 2004). 

With a growing incidence of diabetes in the United States and the world, diabetic 

retinopathy will continue to be a serious health concern in the years to come (National 

Institute of Health, Pub. No. 04-3252, 2004; Zimmet et al., 2001). 

Diabetic retinopathy: a neurovascular disease 

Diabetic retinopathy is a neurovascular disease that affects all the major retinal 

cell types. Alterations in this disease include neurodegeneration, gliosis, and 

microvascular complications (Gardner et al.,_ 2002). Regarding the vasculature, clinicians 

have traditionally classified diabetic retinopathy into 4 stages characterized by the level 

of vascular damage observed in funduscopic photographs of the diabetic retina {Table 2) 

(National Institute of Health. Pub. No. 06-217.1, 2003). The first stage of di~betic 

retinopathy is mild, nonproliferative retinopathy characterized by microaneurysms, which 

are small bulges in capillary walls. The second stage is moderate nonproliferative -
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retinopathy, marked by the death of pericytes and the blockag~ of some capillaries. 

Vascular permeability also increases and is accompanied by fluid accumulation. When 

fluid accumulation occurs in the region of the macula, diabetic macular edema (DME) 

occurs often causing blurred vision. The third stage is severe nonproliferative retinopathy 

in which many more vessels are blocked resulting in inadequate blood supply, as well as 

reduced levels of oxygen anq. nutrients. In response, the retina sends oµt signals for the 

growth of new· vessels. At this point, the risk of developing proliferative retinopathy is 

great (Ferris et al., 1999). Proliferative diabetic retinopathy occµrs when new vessels and 

associated fibrous tissue grow on the inner surface of the retina in response to ischemia. 

The vitreal interactions with fibrovascular tissue increase tension on fragile new vessels 

leading to repeated hemorrhaging and resulting in severe loss of vision, and even 

blindness. Once diabetic retinopathy progresses to this stage, laser photocoagulation is 

used to halt neovascularization, reduce macula edema, and, if possible, restore vision 

(Ferris et al., 1999). 

The damaging effects of diabetes on the retina increase over time. People having 

early or mild stages of retinopathy have an increased risk of progressing to more severe, 

proliferative forms of this disease (Klein, 1989; Kohner, 2001 ). The one factor known to 

improve the prognosis of diabetic retinopathy is strict glycemic control. Although strict 

control of blood glucose is the most significant factor in delaying t~e onset of diabetic 

retinopathy, glycemic control does not reverse existing damage in the diabetic retina. The 

results of the Diabetes Control and Complications Trial (DCCT) show that long term 

intensive glycemic control and insulin treatments reduce the incidence and onset of 
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diabetic retinopathy. These positive results were not immediate, only being realized three 

years into the trial (DCCT, 1993). Studies in diabetic rats also. show that diabetic 

retinopathy continues to progress for a period after instituting . glycemic control. In 

addition, good glycemic control can reduce damage due to oxidative stress only when 

good glycemic control is started at the. onset of diabetes (Kowluru, 2003 ). 

Discovering the mechanisms associated with the pathogenesis of diabetic 

retinopathy is central to developing. new treatments that will halt the progression and 

reverse the damage caused by this disease. Recent findings underscore the importance of 

biochemical changes in both the retinal vasculature and neural retina. The · 

interrelationships between the vascular and neural retina in both the healthy and diabetic 

retina are complex. Whether vascular dysfunction leads to neuronal dysfunction or vice

versa or whether these dysfunctions result from independent mechanisms is unknown. 

The retinal vasculature undergoes many biochemical changes in the diabetic 

retina. Early molecular events affecting the retinal vasculature include increased adhesion 

of white blood c~lls to the vessel walls, death of pericytes, thickening of basement 

membranes, release of growth factors, and increased vascular permeability (Caldwell et 

al., 2003). Many growth factors such as basic fibroblast growth factor (bFGF), insulin

like growth factor (IGF-1), platelet-derived growth factor (PDGF), and vascular 

endothelial growth factor (VEGF) have been implicated in various stages of diabetic 

retinopathy (Chiarelli et al., 2000; Paques et al., 1997). Of these factors, VEGF correlates 

most. closely with neovascularization, as its isoforms are mitogenic for vascular 
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endothelial cells and increase the permeability of blood tissue barriers (Frank, 2004; 

Murata et al., 1996). 

Evidence suggests that the neural retina plays a role in regulating vascular 

permeability in the diabetic retina (Gardner et al., 2002). Muller cells and astrocytes, 

grown under normoxic conditions, secrete factors that act on endothelial cells to increase 

barrier properties and promote the expression of tight junction proteins (Gardner et al., 

1997; Tretiach et al., 2005).· During diabetic retinopathy and under hypoxic conditions 

these s~e two cell types secrete factors that impair barrier properties and increase vessel 

permeability. In accord with these observations, VEGF gene expression is elevated in 

astrocytes, Muller cells, RPE, and ganglion cells in the diabetic retina (Gilbert et al., 

1998; Murata et al., 1996; Tretiach et al., 2005). 

Effects of diabetes on the neural retina 

Neuronal changes in the diabetic retina are manifested by alterations in the visual 

process. Patients, with diabetes but no signs of retinopathy, exhibit altered oscillatory 

potentials in their electroretinogram (ERG), which measures electrophysiological activity 

of the retina (Simonsen, 1980; Tzekov and Arden, 1999). Patients with diabetic 

retinopathy experience color vision defects and a loss of contrast sensitivity (Di Leo et 

al., 1992; Roy et al., 1986). Using multifocal electroretinograms, researchers have shown 

that in diabetic patients without retinopathy, retinal metabolism is elevated during short 

term .hyperglycemia (15 mM blood glucose) compared to euglycemic conditions (5 mM 
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blood glucose) (Klemp et al., 2004). In addition, focal electroretinography shows 

impairment of ganglion cell function in children with type I diabetes (Greco et al., 1994). 

These early changes in the visual process are in agreement with studies indicating 

that neurons and glia in the inner retina are affected by diabetes. In· the diabetic retina, 

neurons, such as retinal ganglion cells, are highly susceptible to cell injury and death. In 

contrast, glial cells are more. resistant to injury and undergo changes in function and 

morphology. Owing to the close relationship between neurons and glial cells, retinal 

pathology that affects neurons affects glial cells and vice vers~. 

Retinal ganglion cell death 

Increasingly, the neurodegenerative effects of diabetes on the retinal ganglion 

cells are being recognized as important factors in the pathology of diabetic retinopathy 

(Figure 16) (Barber, 2003; Gardner et al.; 2002). Apoptotic retinal ganglion cell death has 

been reported in human patients with diabetic retinopathy and in rats made diabetic by 

injection of streptozotocin, a substance that selectively kills the insulin secreting 

pancreatic beta cells (Barber et al., 1998). The death of retinal ganglion cells has also 

been observed in C57BL/6 mice made diabetic using streptozotocin (Martin et al., 2004). 

Neuronal apoptosis has been described in the ·Ins2Akita mouse, which has endogenously 

occurring diabetes due to a point mutation in the insulin 2 gene (Barber et al., 2005). In 

addition, retinal sections obtained from human diabetic donors with and without 

retinopathy both show increased expression of proapoptotic molecules in retinal ganglion 

cells (Abu El-Asrar et al., 2004). 



Figure 16. Diabetic mouse retina. Retinal ganglion cell death occurs in mice with 

streptozotocin induced diabetes. Hematoxylin and eosin stained cryosection of A) Non

diabetic control mouse retina age matched to BJ a retina of a mouse that has been 

diabetic for 12 weeks. In the diabetic retina, arrows point to several regions that are 

devoid of cells (Photograph courtesy of Dr. Pam Martin). 
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Although the cause of ganglion cell death is unknown, the presence of elevated 

levels of glutamate is one neurotoxic factor that may be associated with Muller cell 

dysfunction. The concentration of glutamate in the vitreous of diabetics with proliferative 

retinopathy was measured at 24.7 µM compared to 9.1 µMin patients· without diabetes 

(Ambati et al., 1997). Increased glutamate levels, 1.6 times the amount in controls, were 

measured in the retinas of diabetic rats (Lieth et al., 1998). The source of elevated 

glutamate in the diabetic retina may be from increased vessel permeability resulting in 

the leakage of plasma glutamate (100-300 µM) into the retina or from impaired glutamate 

metabolism or transporter function in Muller cells (Barber, 2003; Castillo et al., 1997; 

Gardner et al., 2002). Interestingly, inhibiting-the expression of GLAST, the main glial 

glutamate transporter in the retina, raises vitreal glutamate concentrations and decreases 

ganglion cell survival (Vorwerk et al., 2000). 

Retinal ganglion cells both in vivo -and in vitro are exquisitely sensitive to 

glutamate toxicity. In rats, intravitreal injections of glutamate result in an increase in 

vitreal glutamate concentraions from 5-12 µM to 25-34 µM. At these elevated glutamate 

concentrations, 42% of the ganglion cells died after 3 months. Memantine, a glutamate 

receptor antagonist, partially blocked this cell death (Vorwerk et al., 1996). In vitro, a 

similar response of retinal ganglion cells to elevated glutamate occurs. The survival of 

isolated retinal ganglion cell cultures is decreased in a dose dependent manner upon 

exposure to 5 to 500 µM glutamate (Otori et al., 1998). Numerous studies report the 

effectiveness of various NMDA antagonists in reducing glutamate toxicity in isolated 

ganglion cell culture (Goto et al., 2002; Otori et al., 2002; Yoneda et al., 2003). 
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Interestingly, co-culture of ganglion cells with Muller cells also eliminates the toxic 

effects of glutamate via the rapid removal of glutamate from the medium by the Muller 

cells (Kawasaki et al., 2000). 

Muller cell gliosis 

Reactive gliosis encompasses the many chang(?S that occur in Muller cells of the 

diabetic retina. Classic hallmarks of Muller cell damage in the diabetic retina include 

increased expression of the intermediate filament protein, GF AP, as well as 

dedifferentiation, proliferation, and hypertrophy. One of the most important effects of 

diabetes on Muller cells is the disruption in glutamate homeostasis. 

One of the hallmarks of Muller cell stress, in diabetic retinopathy as well as other 

retinal diseases, is the altered expression of the intermediate filament protein, GF AP. In 

the healthy retina, only astrocytes express GFAP. Within twelve weeks .of developing 

diabetes, rat Muller cells show an increased expression of the intermediate filament 

protein, glial fibrillary acidic protein (GF AP). In contrast, GF AP expression decreases in 

astrocytes (Lieth et al., 1998; 2000; Rungger-Brandle et al., 2000). In retinas obtained 

post mortem from donors with diabetic retinopathy GF AP was expressed along the entire 

length of the Muller cells. In contrast, expression of GF AP in healthy donors was limited 

to the proximal end feet (Mizutani et al., 1998). 

The activation of Muller cells in the diabetic retina leads to proliferation and 

hypertrophy later in the disease. Although Muller cells in the healthy retina are terminally 

differentiated, retinal insults, such as diabetic retinopathy, cause Muller cells to 
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dedifferentiate and proliferate. Muller cell numbers increased within four weeks of 

streptozotocin induced diabetes in rats (Rungger-Brandle et al., 2000). When Muller cells 

dedifferentiate K+ channels are downregulated and a disruption of water and ion 

· homeostasis occurs (Bringmann et al., 2006). In addition, Muller cell processes expand 

(hypertrophy) and grow through the outer and inner limiting membranes to form 

epiretinal membranes (Hiscott et al., 1984). 

In the diabetic retina, the disruption of glutamate homeostasis in Muller cells 

affects the activity of the enzyme GS and the function of the GLAST transporter. 

Alterations in Muller cell glutamate metabolism and transport may contribute to the 

elevated levels of glutamate and ganglion cell death that have been observed in the 

diabetic retina. The paradigm of high affinity glutamate transporter dysfunction in 

conjunction with elevated glutamate and neuronal degeneration is not unique to the 

retina, but has also been described elsewhere in the CNS (Rothstein et al., 1992). 

The activity of the main enzyme GS, that converts glutamate to glutamine, is 

variably affected by diabetes. The conversion of glutamate to glutamine is reduced in 

retinas isolated from diabetic rats (Lieth et al., 1998) and the activity of GS is restored to 

no~al when diabetic rats are given acute injections of insulin (Lieth et al., 2000). In 

contrast, no significant difference in GS expression appears in a human study of retinas 

obtained post mortem from diabetic and nondiabetic donors (Mizutani et al., 1998); 

however, no indication was given as to whether the diabetic donors were receiving 

insulin therapy or not. 
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It has been reported that GLAST transporter function is altered during diabetes~ Li 

and Puro (2002) used the patch clamp technique to measure GLAST activity in Muller 

cells freshly isolated from the retinas of streptozotocin-induced diabetic rats and age 

matched controls. After 13 weeks of diabetes, GLAST activity, declines by 67%, 

suggesting that GLAST activity is decreased in the diabetic rat retina. The observed 

GLAST dysfunction was attributed to oxidation of the transporter. Interestingly, in later 

work by Ward et al. (2005), GLAST activity is reported to be significantly increased in 

the whole retinas of streptozotocin-induced diabetic rats similar in age to those used by Li 

and Puro. In Ward's work, GLAST activity was measured by the uptake of the non

metabolisable glutamate analogue, D-aspartate, which was injected intravitreally. D

aspartate uptake was analyzed using immunohistochemistry to quantify amino acid 

levels. Their conclusion is that the function of the GLAST transporter in retinal Muller 

cells is preserved in the diabetic retina. 

The complexity of diabetic retinopathy and the difficulty of studying transporter 

function in the· retina are underscored by the disparity between these two sets of results. 

Some of the differences may stem from the study of isolated cell function, measured by 

Li and Puro, using the patch clamp method, versus whole retina function, as examined by 

Ward et al., (2005) or to variations in anit~1als care. Ward and collaborators gave 

supplemental insulin injections to the rats after inducing diabetes. The differing results 

reported by these two investigators suggest that additional studies are required to fully 

understand the effects of diabetes on the GLAST transporter. 
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Pathogenesis of diabetic retinopathy 

Although the mechanisms by which hyperglycemia causes molecular and 

biochemical alterations in the diabetic retina are not fully understood, hyperglycemia is 

known to lead to numerous changes in the diabetic retina. For example, inflammation is 

evidenced by the activation of microglial cells and the release of ·pro-inflammatory 

cytokines (Gardner et al.; 2002). The increased metabolism of glucose via the polyol 

pathway leads to production of sorbitol resulting in osmotic or other cellular damage 

(Dagher et al., 2004), and alterations in growth factor expression, especially increased 

VEGF, contribute to the break down of the blood retinal barrier (Frank, 2004 ). Another 

factor, the accumulation of advanced glycation end products alters key structural proteins 

and activates AGE receptor signaling (Pachydaki et al., 2005; Yonekura et al., 2005). In 

addition, elevated levels of reactive oxygen species and inducible nitric oxide synthase 

(iNOS) combine to cause oxidative damage to key cellular components (Frank, 2004; 

Gardner et al., 2002). 

Oxidative stress 

Of the molecular and biochemical changes in the diabetic retina, hyperglycemia

induced oxidative stress is of particular interest in relation to its effects on the Muller cell 

glutamate transporters GLAST and system Xe-- Oxidative stress is known to inhibit 

GLAST function and to upregulate the activity of system Xe-- In addition, system Xe

activity is essential for the production of glutathione, an important antioxidant in the 
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retina. For this reason, we choose to focus on hyperglycemia-induced oxidative stress as 

a key factor affecting the function of Muller cells in the diabetic retina. 

In the diabetic retina, oxidative stress results when the cells' natural antioxidant 

defenses are unable to keep up with the production of reactive oxygen species (ROS). All 

cells, including thpse in the retina, have antioxidant defenses such as superoxide dismutase, 

catalases, peroxidases, and glutathione to neutralize the effects of ROS (S~hulz et al., 2000). 

Oxidative stress results when the antioxidant defenses are not able to keep up with the 

production of ROS. 

Under hyperglycemic conditions, one mechanism for the generation of oxidative 

stress is through the overproduction of superoxide by the mitochondrial electron transport 

chain (Nishikawa et al., 2000; Brownlee, 20~ 1 ). Superoxide is extremely reactive and, unless 

deactivated by superoxide dismutase, oxidizes proteins and the polyunsaturated fatty acids 

present in cell membranes. This oxidation is particularly damaging to nervous tissue that has 

a high content of lipids (Guyton and Hall, 2000). 

· Another source of oxidative stress in the diabetic retina arises from the action of the 

enzyme inducible nitric oxide synthase (iNOS). Although iNOS is not a reactive oxygen 

species, it catalyzes the production of the reactive NO molecule. The enzyme iNOS is 

induced by cytokines including lipopolysaccharide, interferon, and tumor necrosis factor a. 

NO reacts with superoxide to form peroxynitrite. Peroxynitrate is a highly reactive molecule 

that combines with cellular components to form nitrated proteins and lipids (Du et al., 2003; 

Kowluru et al., 2001; Van Reyk et al., 2003). 
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Although a causative relationship has not yet been proven between oxidative stress 

and diabetic retinopathy, increased oxidative stress and its deleterious effects are well 

documented (Van Reyk et al., 2003). Factors related to oxidative stress such as iNOS, NO, 

nitrated proteins, and superoxide are all elevated in the diabetic retina (Du et al., 2002; 

2003; Kowluru, 2003). After exposure to elevated glucose (25 mM), the levels. of these 

same compounds were elevated in the Muller cell line, rMC-1, (Du et al., 2002; 2003). In 

animal studies, therapies that reduce oxidative stress, such as administration of antioxidants 

and inhibition of superoxide production, inhibit the development of diabetic retinopathy 

(Kowluru et al., 2001; Du et al., 2003). 

Although the administration of antioxidants at the onset of diabetes is beneficial in 

reducing oxidative damage in the diabetic retina, consensus has not been reached on the 

effect of hyperglycemia on the level of glutathione, one of the m~in antioxidants in the 

retina. Some researchers report that glutathi~me is reduced in retina of diabetic rats (Agardh 

et al., 1998; Kowluru, 2003). In contrast, others report that in hyperglycemic C57BL/6J 

mice, retinal glutathione levels are unchanged (Agardh et al., 2000). 

Summary 
\ 

In summary, Muller cells have two glutamate transporters with two different roles 

that are both essential for· the function and health o'r retinal neurons. The two Muller cell 

glutamate transporters are the sodium dependent high affinity excitatory amino acid 

transporter, GLAST (EAATl) and the sodium independent cystine-glutamate exchanger, 

system Xe-, In the retina, GLAST rapidly removes glutamate from the extracellular 



61 

environment. This function is critical for processing visual signals as well as protecting 

neurons from elevated levels of glutamate, which are neurotoxic. In contrast, system Xe

ip.ediates the exchange of cystine into the cell coupled to the efflux of glutamate out of the 

cell. The intake of cystine is a rate limiting step in the production of glutathione, an 

essential antioxidant that protects the retinal neurons from oxidative_ stress. Thus, the 

ultimate role of system Xe- is also one of neuroprotection. 

In the diabetic retina, the presence of elevat~d levels of neurotoxic glutamate, 

increased oxidative stress, and neuronal cell death may all be linked to the altered function 

of the two Muller cell transporters GLAST and system Xe-, Glutamate transport by GLAST 

and system Xe- combined with ancillary reactions involved in glutamate-glutamine cycling 

and glutathione homeostasis exemplify the intricate relationship between Muller cells and 

retinal neurons (Figure 17). Studying the effects of diseases such as diabetes on the 

complex interaction of these two essential Muller cell transporters will provide insights in 

the progression and pathology of diabetic retinopathy. In particular, cultures of primary 

Muller cells provide an excellent in vitro model for studying the effects of individual 

diabetic factors, such as hyperglycemia and oxidative stress, on GLAST and system Xe

transporter activity. 



Figure 17. Gluta~ate homeostasis: Muller cells and neurons. Glutamate transport by 

GLAST and · system Xe- combined with ancillary reactions involved in glutamate

glutamine cycling and glutathione homeostasis exemplify the intricate relationship 

between Muller cells and retinal neurons. 
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Hypothesis 

Our hypothesis was that GLAST and system Xe- transporter dysfunction occurs under. 

conditions present in the diabetic retina. To test this hypothesis, we chose to study the 

effects of two factors, hyperglycemia and oxidative stress, on GLAST and system Xe -

transporter activity -in cultures of primary mouse Muller cells. Four specific aims were 

proposed. 

Aim lA. Isolate and culture primary Muller cells from normal mouse retinas. Use 

immunocytochemistry to verify culture purity and confirm the presence of GLAST and 

system Xe - transporters. 

Aim 1B. Optimize culture conditions for primary Muller cell growth. 

Aim 2. Characterize GLAST and system· Xe- transporter activities m pnmary mouse 

Muller cells and optimize . conditions so as to assay functional activity of transporter 

proteins with reproducible results. 

Aim 3. Investigate the effects of high 'glucose and oxidative stress on the function of 

GLAST and system Xe- in primary cultures of mouse Muller cells. 

Aim 4. Determine effects of high glucose and oxidative stress on GLAST and system Xe

gene and protein expression. 



Figure 18. Proposed effects of diabetes on Muller cell glutamate transport. 
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MATERIALS 

Animals 

Male and female, 3 week old, C57BL/6 mice were purchased from Harlan 

Sprague Dawley (Indianapolis, IN). 

Cell Culture 

Cell culture reagents were obtained from the following sources: Premium Select 

fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA): Polystyrene coated 24".'well 

plates, 10 cm and 15 cm dishes (Corning Inc., Coming, NY): Coverslips for growth 

(12mm), Nunc Lab-Tek II CC2 chamber slides, super frost slides (Fisher Scientific, Fair 

Lawn, NJ): low glucose DMEM (#123.20) and no glucose DMEM (#11966) (Invitrogen, 

Carlsbad, CA): 0.05% trypsin with 0.53 mM EDTA and 10,000 IU penicillin-10,000 µg 

streptomycin/ml (Mediatech, Herndon, VA): collagenase type 4 (Worthington, Lakewood, 

NJ). The rMC-1 cell line was a kind gift from Dr. Vijay Sarthy (Northwestern University, 

Chicago, IL). 

lmmunohistochemical reagents and antibodies 

Immunohistochemical reagents and antibodies were purchased from the following 

suppliers: Power Block (BioGenex, San Ramon, CA): paraformaldehyde (EMS, Hatfield, 
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PA): guinea pig anti-GLAST and corresponding blocking peptide, goat anti-vimentin, 

anti-cytokeratin 5 and 8 mouse monoclonal antibody, anti-GFAP mouse monoclonal 

antibody (Chemicon division of Millipore, Billerica, MA): Chicken anti-cytokeratin lgY 

antibody (Genway, SanDiego, CA): Hoechst 33342, Image-iT FX, Alexa Fluor 488-

donkey anti-goat IgG, Alexa Fluor 488-donkey anti-mouse lgG. Alexa Fluor 488-donkey 

anti-rabbit IgG (Invitrogen, Carlsbad, CA): Unconjugated affinipure Fab fragment of 

donkey anti-mouse lgG, horseradish peroxidase (HRP)-conjugated donkey anti-guinea 

pig lgG, CY3-conjugated donkey anti-chicken lgG, CY3-conjugated donkey anti-guinea 

pig IgG, CY3-conjugated donkey anti-rabbit lgG (Jackson lmmunologicals, West Grove, 

PA): goat anti-CD98 (4F2hc), rabbit anti-EAATl, rabbit anti-GS, rabbit anti-GFAP, HRP

conjugated goat anti-mouse lgG, goat anti-rabbit lgG, and mouse anti-goat lgG (Santa· 

Cruz Biotechnology, Inc., Santa Cruz, CA): anti-~-actin mouse monoclonal antibody, Gel 

Mount aqueous mounting media (Sigma-Aldrich Chemical Co., St. Louis, MO): xCT 

antibody, (Dun, 2006): CRALBP antibody, a kind gift of J. Saari (University of 

Washington). Unless noted otherwise, antibodies were polyclonal IgG. 

Other reagents 

Other reagents were obtained from the following vendors: QuantumRNA™ 

Universal 18S Internal Standard (Ambion, Austin, TX): Hybond-ECL Nitrocellulose 

membrane, L-[G-3H]-glutamic acid (specific radioactivity 43.0 Ci/mmol, concentration 

1.0 mCi/ml) (Amersham Bioscience, Arlington Heights, IL): GeneAmp RNA PCR Kit 

(Applied Biosystems, Foster City, CA): AErrane (Baxter Pharmeceuticals, Deerfield, IL), 
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30% Acrylamide/Bis Solution 29: 1, ~-mercaptoethanol, bromophenol blue, Laemmeli 

buffer, Protein assay reagent, RC DC protein assay (Bio-Rad~ Hercules, CA): PCR grade 

agarose, ScintiVerse (Fisher Scientific, Pittsburgh, PA): PCR primers (Integrated DNA 

Technologies, Coralville, IA): MultiMark multi-colored protein standard, SYBR Safe 

DNA gel stain (Invitrogen, Carlsbad, CA): Biomax film (Kodak Co., Rochester, NY): 

Carnation non-fat dried milk (Nestle, Vevey, Switzerland): SuperSignal West Pico 

Chemiluminescent substrate and Pinpoint™ Cell Surface Protein Isolation Kit (Pierce 

Biotechnology, Inc., Rockford, IL): 100 bp DNA ladder (Promega, Madison, WI): 

RNeasy mini kit, QIAshredder spin column (Qiagen, Germantown, MD): Complete Mini 

Protease Inhibitor Cocktail tablets (Roche Diagnostics,- Indianapolis, IN). -Takara Taq 

DNA polymerase kit (Takara Bio USA, Madison, WI). All other chemicals were 

purchased from Sigma-Aldrich Chemical Co., St. Louis, MO. 

Software 

The following software packages were utilized in calculations and analysis of 

data: Adobe Photoshop Version 6.0 and 9.0 (Adobe Systems Inc., San Jose, CA): 

Microsoft Excel 2002 (Microsoft Corp., Redmond, WA): Minitab 15.0 (Minitab Inc., 

State College, ,PA): SigmaPlot 2001 for Windows Version 7.0 (SPSS Inc., Chicago, IL) 



METHODS 

Animals 

C57BL/6 mouse breeding pairs were maintained in our colony following the 

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

Isolation of primary mouse Muller cells 

Muller cells were isolated from 7-12 pups (1 litter) of 6 to 7-day-old C57BL/6 

mice using a method adapted from ·a procedure used in rats (Hicks and Courtois, 1990). 

This method has been published and primary mouse Muller cells isolated by this method 

have been used in the literature (Dun et al., 2007; Gnana-Prakasam et al., 2008; Jiang et 

al., 2006; Kutty et al., 2006; Martin et al., 2007; Umapathy et al., 2005, 2007). Briefly, 

mice were anesthesized (30-60 sec) in a chamber with Aerrane. Mice were decapitated 

and eyeballs were immediately removed and placed in a 50 ml conical tube containing 10 

ml of isolation solution containing low glucose DMEM (5.5 mM) with 1:1000 penicillin

streptomycin. Eyes were transferred to a sterile conical tube with 10 ml of fresh isolation 

solution. The capped conical tube was wrapped in foil and allowed to sit at room 

temperature overnight. The next day, eyeballs were rinsed with 10 ml PBS, and placed in 

a 10 cm dish with 10 ml of 0.05% trypsin solution with 0.53 mM EDTA and 200 U/ml of 

type IV collagenase. Eyeballs were then incubated for 1 ½ hour at 3 7°C in the tissue 
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culture incubator (95% air/5%CO2). After incubation with enzymes, eyes were 

transferred into 10 cm dishes containing 8 ml of growth medium (4-5 eyes per dish). The 

growth medium contained 10% FBS, 1 % penicillin-streptomycin in low glucose DMEM. 

Eyes were dissected using a # 15 scalpel and #5 dumont tweezers. The wall of the sclera 

was carefully slit open and the cottony retina was extruded from the remainder of the 

eyeball. Care was taken to avoid any contamination especially from the pigmented layer. 

The retinas were gently triturated into small pieces, which were transferred to a 10 cm 

culture dish containing 7 ml of fresh growth medium. Retinas were incubated at 37°C in 

the cell culture incubator (95% air/5% CO2). After 3-4 days Muller cells started to grow. 

After 5-7 days, unattached cells and debris were aspirated away followed by 2-3 gentle 

washes with fresh growth medium. After washing, fresh growth medium was added to 

the 10 cm culture dish at a ratio of 0.5 ml medium/cm2 growth area (25 ml for a 10 cm 

dish). The medium was changed every 1-2 days. Three to five days after washing, Muller 

cells were 75% confluent and were ready to be passaged. 

Passaging primary Muller cells 

Primary Muller cells were passaged as follows: Muller cells were washed with 10 

ml PBS followed by the application of 10 ml of 0.05% trypsin 'solution, then placed in the 

37°C cell culture incubator for 3 minutes. Cells were examined to ensure that they were 

lifting off the plate. If swirling did not loosen the cells, the dish was returned to the 

incubator for several more minutes. Once cells had lifted off the dish, the trypsin c~ll 

solution was pipetted up and down three times to completely dislodge cells and break up 
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clumps. The trypsin-cell solution was transferred to· a conical tube containing 15 ml of 

growth medium. After mixing well, a small sample (250 µl) was removed and set aside 

for counting. The conical tube was then capped and centrifuged at 300g for 5 min. While 

centrifuging, the cell sample was counted using a hemocytometer and total cell numbers 

were calculat~d. After centrifugation, the conical tube was returned to the hood where the 

trypsin-medium solution -was aspirated away and cells were resuspended in growth 

medium. The cells were then plated in culture dishes (30,000 cells per cm2 of growth area 

in 0.5 ml/cm2 of growth medium). These rates correspond to 1.5 million cells in a 10 cm 

culture dish with 25 ml of medium or 4.5 million cells in a 15 cm culture dish with 70 ml 

of medium. Growth medium was changed every 1-2 days and cell growth was monitored 

daily by viewing cells under the phase contrast microscope. Muller cells were passaged 

every 3 to 5 d,ays. After 3 to 4 passages, cells were frozen. 

Freezing primary Muller cells 

Muller cells were suspended in ice cold FBS with 10% dimethyl sulfoxide 

(DMSO) at a density of 3 million cells per ml of solution. Freezing vials were loaded 

with 1 ml (3 million) cells and chilled on ice for 5 to 10 minutes. Vials were then placed 

in a freezing chamber and initially stored in the -80°C freezer, then transferred to liquid 

nitrogen for long temi storage. 
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Purity of primary mouse Muller cell cultures 

Culture purity was verified using a panel of antibodies that included: vimentin, 

GS, CRALBP, GFAP, cytokeratin 8, and NF-L. Vimentin and GS are markers of Muller 

cells in vivo (Sarthy and Ripps, 2001 ). Positive CRALBP staining identifies RPE and 

Muller cells (Bunt-Milam and Saari, 1983; Guerin et al., 1990). GFAP staining is positive 

for astrocytes (Ekstrom et al., 1988). Cytokeratin 8 staining is positive for RPE cells and 

NF-Lis positive for neurons (Nap et al., 2001; Kong and Cho;1999): 

Immunohistochemistry 

Processing of retinal sections was performed on ice and solutions were kept cold. 

The retinal cryosections (10 µm thick) of 8-10 day old C57BL/6 mice were fixed for 10 

minutes in 4% formaldehyde, rinsed gently with PBS (0.01 M, pH 7.4)., permeabilized 

for 5 minutes in 0.25% Triton X-100 and washed for 5 min (3x) in PBS. When blocking. 

for mouse monoclonal antibodies, sections were incubated with 5% donkey serum for 30 

minutes, rinsed gently with PBS, and incubated with donkey anti mouse unconjugated 

Fab fragment 1: 10 in antibody diluent followed by a gentle rinse and 5 min wash ·in PBS. 

When blocking for primary antibodies made in other species, sections were incubated 

with Power Block for 1 hour. Sections were incubated in ·primary antibody at the 

appropriate dilution in Power Block for 3 hours at ·room temperature. After washing for 5 

minutes (3x) in PBS, sections were reblocked with FX signal enhancer for 30 minutes 

followed by incubation with the appropriate secondary antibody diluted in Power Block 

for 1 hour at room temperature. Sections were washed for 5 min (2x) in PBS and rinsed 
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gently in 0.05M Tris HCl, pH 7.4. Nuclei were counterstained with Hoechst dye 33342 

(1: 10,000) in Tris HCl for 5 min followed by a 5 min wash in Tris HCl. A rectangular 

coverslip was mounted on the slide using several drops of Gel Mount. Retinal 

sectionswere visualized using a Zeiss Axioplan-2 microscope equipped with the 

axiovision program and an HRM camera. 

lmmunocytochemistry 

Primary Muller cells were seeded onto 12 mm coverslips at a rate of 

approximately 15,000 cells per coverslip. Within the next two days, cells were processed 

for immunocytochemistry. Cells were rinsed gently with PBS (0.01 M, pH 7.4), fixed in 

4% paraformaldehyde for 10 minutes, rinsed gently with PBS,· permeabilized for 5 

minutes in 0.25% Triton X-100, washed for 5 min (3x) in PBS, arid incubated with Power 

Block for 1 hour. Primary antibodies were applied at the appropriate dilution in Power 

Block followed by incubation for 3 hours at room temperature. After washing for 5 min 

(3x) in PBS, cells were reblocked with FX signal enhancer for 30 minutes. Coverslips 

were incubated in the appropriate secondary antibody diluted in Power Bloc~ for 1 hour 

at room temperature. Coverslips were washed for 5 min in PBS (2x) and rinsed gently in 

0.05M Tris HCl, pH 7.4. Nuclei were counterstained with Hoechst dye 33342 (1: 10,000) 

in Tris HCl for 5 min followed by a 5 min wash in Tris HCl. A ·drop of gel mount was 

applied to a super frost slide and the coverslip was laid face down on the cells were 

visualized using a Zeiss Axioplan-2 microscope equipped with the axiovision program 

and an HRM camera. 
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Preparation of primary Muller cells for experiments 

Vials of frozen cells were thawed at 37°C and added to warmed growth medium. 

Thawed cells were added to ·the dishes at a rate of 1 vial per 10 cm dish with 9 ml of 

growth medium or 3 vials per 15 cm dish with 27 ml of growth medium. Culture dishes 

were placed in the cell culture incubator (37°C) overnight. The next day, non-adherent 

cells and medium were aspirated away and cells were gently washed twice with 10-15 ml 

of growth medium. Dishes were filled with fresh medium at a rate of 25 ml per 10 cm 

dish or 70 ml per 15 cm dish. Medium was changed every 1 to 2 days. After 4 days, 10 

cm and 15 cm dishes yielded roughly 5 million and 15 million cells, respectively. At this 

point, cells were passaged and seeded for experiments. For uptake assays, 100,000 cells 

in 1 ml of growth medium were seeded into each well of a 24-well plate. Since each of 

the 24 wells has a growth area of 2 cm2
, the resulting cell seeding ratio was 50,000 cells 

per cm2 and the medium ratio was 0.5 ml/cm2 of well surface area. These ratios were 

maintained for corresponding gene and protein expression experiments. For example a 10 

cm dish has an approximate growth area of 50 cm2
, therefore, for collection of RNA or 

protein, 2.5 million cells were seeded in 25 ml of growth medium. Once seeded primary 

Muller cells were grown for 4 days, changing medium every 1 to 2 days. After 4 days 

medium was switched from growth medium to low serum medium (0.5% FBS in low 

glucose DMEM 12320). The next day (18-24 hours later) treatment began. 
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Treatments for high glucose experiments 

Treatment medium was prepared by adding glucose or an osmolar control to low 

serum DMEM without pyruvate (0.5% FBS in DMEM 11966). Glucose levels tested 

included normal glucose (5 mM D-glucose) or high glucose (35 mM D-glucose). Unless 

stated otherwise, os1:11olar controls contained 5 mM D-glucose plus 30 mM mannitol. To 

treat cells medium was aspirated off and was replaced with treatment medium at a rate of 

1 ml per well of a 24-well plate, 25 ml per 10 cm dish, or 70 ml per 15 cm dish. Medium 

was replaced daily. 

Treatments for oxidative stress experiments 

Treatment solutions were prepared in base medium (5 mM glucose and 0.5% FBS 

in no glucose DMEM 11966) in the presence or absence of an added oxidative agent. For 

5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB) experiments, a 500 µM solution of DTNB 

was prepared in base medium followed by adjustment of pH (7.4). DTNB is an oxidizing 

agent that reacts with free sulfydryl groups. 

For xanthine:xanthine oxidase (X:XO) treatments, solutions containing xanthine 

(X) and xanthine oxidase (XO) were prepared separately at 2x the final concentration. At 

the time of treatment, medium was discarded and equal volumes of xanthine and xanthine 

oxidase solutions were applied directly to the cells to form the final lx'treatment solution. 

The final treatment volume was 1 ml per well for a 24-well plate, 25 ml for a 10 cm dish, 

and 70 ml for a 15 cm dish. All treatment solutions were prepared fresh before treatment. 
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Xanthine dissolves poorly in water, hence, a 0.2 M xanthine stock solution was 

prepared in lN NaOH and sonicated. The xanthine solution was prepared from the stock 

solution at 2x the final concentration and the xanthine control solution was prepared with 

vehicle alone. Xanthine oxidase solutions were prepared in base medium at 2x the final 

concentration. Base medium alone was used for the xanthine oxidase control solution. 

Functional assay to determine transport activity of GLAST and system Xe-

To measure the uptake of glutamate by the Na+-dependent GLAST transporter . , 

and Na+-independent system Xe-, parallel uptake experiments were performed in the 

presence or absence of Na+, respectively. At the time of uptake, medium was removed 

and cells were washed once with2 ml of uptake buffer. For sodium dependent uptake the 

composition of the uptake buffer was 25 mM 4-(2-hydroxyethyl)-1-

piperazineethansulfonic acid (HEPES)/Tris, 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCh, 

0.8 mM MgSO4, and 5 mM glucose, pH 7.5. For sodium independent uptake, the 

composition of the uptake buffer was the same except that NaCl was replaced by 140 mM 

N-methyl-D-glucamine chloride. Uptake was initiated by adding 250 µ1 of uptake buffer 

containing 2.5 µM glutamate spiked with 2.0 µCi/ml of radiolabeled [3H]glutamate. The 

cells were incubated for 15 min at 3 7°C, after which, buffer was removed and cells were 

washed twice with ice-cold uptake buffer. The cells were solubilized with 0.5 ml of 1 % 

sodium dodecyl sulfate-0.2N NaOH (SDS/NaOH) and added to scintillation vials 

containing 5 ml of Scintiverse. In addition a 25 µI sample of radiolabeled glutamate 

buffer solution was added to 5 ml Scintiverse to obtain standard counts (STD) for 
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transporter activity calculations. Radioactivity was determin~d by liquid scintillation 

spectrometry (Beckman LS 1701 scintillation counter, Beckman Instruments, 

Schaumburg, IL). In uptake experiments, protein was measured for each treatment 

condition using the Bio-Rad protein assay reagent. 

To calculate glutamate uptake as pmole/mg/15 min, the concentra#on of cold 

glutamate (2.5 µM) was multiplied by the volume of the radiolabelled buffer (250 µl) to 
I 

obtain the pmoles of cold glutamate, which was then multiplied by the radiolabelled dpm 

and normalized to the adjusted standard dpm (STD2so) and protein level. 

Glutamate Uptake= (2.5 µM)*(250 µl)*(Counts)/(STD2so*Protein) 

STD2so = (STD)*(250 µl)/(25 µl) 

Glutamate uptake in the presence of Na+ reflects the activity of both sodium 

dependent GLAST and sodium independent system Xe-, Once the· glutamate uptake was 

calculated in pmole/mg/15 min in the presence of Na+, the glutamate uptake for GLAST 

was determined by taking the glutamate uptake in presence of Na+ (pmole/mg/15 min) 

.and subtracting uptake in the absence of Na+ (pmole/mg/15 min). The uptake of Na+ 

independent system Xe- (pmole/mg/15 min) was calculated directly from the radiolabelled 

counts for glutamate uptake in the absence ofNa+. 
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Analysis ofGLAST and system Xe- kinetics 

A plot of the uptake of glutamate as a function of glutamate concentration fits the 

equation for Michaelis-Menten kinetics: 

Vo = V max* [S]/([S] + Km). 

In this equation VO is the initial transporter velocity or rate of glutamate uptake (pmole 

glutamate/mg/15 min); V max is the maximum transporter velocity; [S] is the substrate 

concentration ( cold glutamate, µM); Km is the substrate concentration yielding half 

maximal transport velocity (Vmax/2). The Sigma Plot program was used to fit this curve 

to the data. 

To calculate Km and V max, an Eadie-Hofstee plot of transporter activity (V) 

versus transporter activity divid~d by glutamate concentration (V/S) was generated. For 

data that follows Michaelis-Menten kinetics, the data in an Eadie-Hofstee are linear with 

slope equal to -Km and y-intercept equal to V max• Sigma p~ot was used to calculate values 

of Km and V max from the Eadie-Hofstee plot. 

Collection of whole cell lysates 

A mannitol buffer (0.32M mannitol, 1.0 mM EDTA disodium salt, pH 7.4 with 

Roche mini protease inhibitors and 50 mM DTT added immediately before use) was used 

to collect whole cell lysate protein for subsequent Western blot analysis. Using the 

mannitol buffer was the only method found that prevented formation of GLAST 

oligomers. Medium was removed from a 10 cm dish of confluent primary Muller cells 

followed by washing with PBS (0.0lM, pH 7.4). Mannitol buffer (600 µ1) was applied to 
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the dish (Danbolt et al., 1990; Haugeto et al., ·1996). A cell scraper was used to loosen 

cells which were transferred to an eppendorf tube and frozen in the -70 freezer. The next 

day, the sample was thawed and homogenized with 30 strokes of a 28 ½ gauge needle. 

Protein was quantified using the Bio-Rad protein assay. The whole cell lysate was 

aliquotted and returned to the -70 freezer for future Western blot analysis. 

Biotfnylation of plasma membrane proteins 

Biotinylation of membrane proteins was performed using the Pinpoint™ Cell 

Surface Protein Isolation Kit according to the manufacturer's instructions. Briefly, the 

_ cell surface was labeled with a thiol-cleavable, amine-reactive, biotinylation reagent. A 

mild detergent was used to lyse the cells, and the labeled membrane proteins were 

collected using a column containing Immobilized NeutrAvidin™ Gel. The column eluate 

contained the intracellular protein fraction. Membrane proteins were released by 

incubating the column with SDS-PAGE sample buffer containing 50 mM DTT. After 

separation of the plasma membrane and intracellular fraction, protein content· was 

determined using the RC DC protein assay. 

Protein determination: Bio-Rad protein assay 

Protein concentrations in aqueous solutions were determined using the Bio-Rad 

protein assay reagent, based on the method of Bradford, according to the manufacturer's 

instructions for the Microtiter Plate Protocol (Bradford, 1976). Briefly, protein assay 

reagent was diluted 1 part reagent to 4 parts dH2O and filtered through a Whatman #1 
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filter. Then 10 µl of protein standards, 0.05 to 0.5 mg/ml bovine albumin, and samples 

were pipetted, in triplicate, into separate wells of a 96-well plate followed by the· addition 

of 200 µl of diluted protein assay reagent. Samples were incubated for 5 minutes on the 

shaker. Absorbance was read at 595 nm on the SPECTRArnax 190 (Molecular Device 

Corp., Sunnyvale, CA). A standard curve was generated for the linear range of the protein 

standards and the spectrophptometric readings for protein samples were converted to mg 

of protein. The final value for sample protein was the average of three readings. 

Protein determination: RC DC protein assay 

Protein concentrations in solutions containing detergents or reducing agents were 

determined using the Bio-Rad p~otein RC DC Protein Assay, according to the 

manufacturer's instructions for the Microfuge Tube Assay Protocol. This method is based 

on the Lowry assay which was modified to be reducing agent compatible (Lowry et al., 

1951 ). Briefly, 25 µl of standards, 0.2 to 1.5 mg/ml bovine albumin, and samples were 

pipetted into individual microfuge tubes. RC reagents I and II were added to precipitate 

the protein which was then dissolved in reagent A and mixed with 1 ml of DC reagent B. 

After 15 minutes incubation, 200 µl aliquots were pipetted into a 96 well plate in 

triplicate. Absorbances were read at 750 nm on the SPECTRAmax 190 (Molecular 

pevice Corp., Sunnyvale, CA). A standard curve was generated for the linear range of the 

protein standards and the spectrophotometric readings for protein samples were converted 

to mg of protein. The final value for sample protein was the average of the three readings. 
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Preparation of samples for Western blot 

Protein to be analyzed for GLAST was handled differently than for other proteins. 

Because the GLAST protein tends to form oligomers, a sucrose loading buffer wa~ used 

in place of the usual Laemmli loading buffer and heating of the sample to 95°C was 

omitted (Danbolt et al., 1990; Haugeto et al., 1996). For GLAST analysis, samples 

containing 30 µg of protein were suspended in sucrose buffer for a final buffer 

concentration of 70 mM SDS, 62.5 mM Tris-HCl, 0.3 M sucrose, 50 mM DTT, pH 6.8, 

plus 10 µg/ml bromophenol blue. Samples were vortexed thoroughly, incubated for 15 

minutes at room temp, vortexed again before loading. 

Although system Xe- (xCT and 4F2hc) protein samples could be prepared in 

sucrose loading buffer, the xCT protein sometimes appeared as a doublet band on 

Western blots. The preferred method for preparing system Xe- protein samples for Western 

blot analysis was to load 30 µg of protein in Bio-Rad Laemmli buffer (62.5 mM Tris

HCl, pH 6.8, 2% SDS, 25% glycerol, 0.01 % bromophenol blue) with ~-mercaptoethanol. 

Samples were vortexed, heated for 5 minutes at 95°C, and vortexed again before loading. 

Western blot 

The Mini Protean 3 polyacrylamide gel system (Bio-Rad, Hercules, CA) was used 

to perform SDS-PAGE elecrophoresis followed by the transfer of separated· proteins to a 

nitrocellulose membran~. Samples were loaded on an 8% polyacrylamide gel and 

electrophoresed in Tris-glycine running buffer (25 mM Tris, 250 mM glycine, 10% SDS, 

pH 8.3). The separated proteins were electrolytically transferred from the gel to a 
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nitrocellulose membrane in cold transfer buffer ( 48 mM Tris, 39 mM glycine, 0.4% SDS, 

20% methanol, pH 8.3). Once the transfer was complete, membranes were rinsed 3 times 

in dH2O and stained with 0.1 % ·Ponceau solution (5% galacial acetic acid, 95% dH2O, 

0.1 % Ponceau) to verify protein transfer. The stained membrane was scanned into Adobe 

Photoshop 9.0 and saved for later confirmation of protein loading. 

Immunoblotting 

All washes and blocking solutions were made in TBST (0.05 M Tris HCl, 0.15 M 

NaCl, 0.5% Tween-20, pH 7.4). The membranes were washed at room temperature with 

TBST to remove Ponceau staining. They were blocked for 15 minutes in 5% non-fat milk 

solution and incubated with the appropriate antibody diluted in milk solution overnight at 

4 °C. The antibody dilutions used were as follows; Santa Cruz rabbit anti-GLAST 1 :200 

to_ 1 :500 in 5% milk, rabbit anti-xCT 1 :500 in 1 % milk, and Santa Cruz goat anti-CD98 

(4F2hc) 1:1000 in 1% milk. Membranes probed for P-actin 1:5000 in 5% milk we;re 

incubated for 3 hours at room temperature. After probing with the primary antibody, the 

membranes were rinsed with TBST andtwashed 3 times, 10 min per wash. _Membranes 

were probed with the appropriate HRP-conjugated secondary diluted 1:3000 in 3% milk 

for 1 ½ hours at room temperature after which the membranes were rinsed with TBST 

and washed 3 times, 10 minutes per wash. Membranes were incubated in SuperSignal 

West Pico Chemiluminescent substrate for 4 minutes. Chemiluminescence. was detected 

by exposing Kodak Biomax film to the membrane and developing the film in a Kodak 

processor (Kodak Co., Rochester, NY). Following immunoblotting, the film was scanned 
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into Adobe Photoshop 9.0. A drag-and-drop rectangular grid was placed over the band of 

interest and the histogram feature was used to determine band density corrected for 

background. 

Preparation of RNA 

The RNeasy mini kit was used to collect RNA from a 10 cm dish of confluent 

primary Muller cells accor_ding to the manufacturer's instructions (RNeasy Mini Protocol 

for Isolation of Total RNA from Animal Cells). Medium was discarded and cells were 

lysed with 600 µ1 of lysis buffer. The lysate· was homogenized using a QIAshredder spin 

column. An equal volume of 70% ethanol was added to the homogenized lysate which 

was then applied to the RNeasy mini column. After several wash steps RNA was eluted 

from the column in RNase-free water. The approximate yield of RNA (from one 10 cm 

dish) was 30-50 µg of RNA with a concentration of 0.5-1.0 µg/µl. 

RNA was stored at -70 freezer. 

Semi-quantitative PCR 

Total RNA was converted to cDNA using the GeneAmp RNA PCR kit. PCR was 

performed using the Takara Taq DNA polymerase kit with primer pairs for GLAST, xCT, 

or 4F2hc in combination with a primer competimer pair for 18S as an internal control. 

The cycle numbers for quantification of each proauct were chosen in the linear range of 

the PCR. The 18S primer competimer ratios were optimized so that intensity of the 18S 

band (315 base pairs) was similar in intensity to the product of interest. The PCR 
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products were gel-electrophoresed on a 2% agarose gel containing 1 :8000 SYBRsafe 

DNA gel stain and visualized under UV light. A photograph of the gel \\:as imported into 

Adobe Photoshop. A drag-and-drop rectangular grid was placed over the band of interest. 

· The histogram feature was used to determine band density corrected for background. 

The details for each primer· pair, the primer competimer ratio for the Quantum 

18S universal standard, and PCR cycle conditions for each PCR product follow. For 

GLAST, the upstream primer 5'.-TCAATGCCCTGGGCCTAGTTGT-3' (sense) and the 

downstream primer 5'-GGGTGGCAGAACTTGAGGAGG-3' (antisense) form a 384 

base pair product and correspond to· nucleotide positions 1211-1232 and 1594-1574, 

respectively, in mouse (NM 148938.2) (Peghihi et al., 1997). The 18S primer competimer 

ratio was 5 to 5. PCR was done with cycles ranging from 24 to 30, with a denaturing 

phase of 30 sec at 95°C, annealing phase of 30 sec at 65°C, and an extension phase of 30 

sec at 72°C. 

The xCT mouse primers have the same sequence as for the rat primers used by 

Tomi et al., 2003. For xCT the upstream primer 5'-CCTGGCATTTGGACGCTACAT-3' 

(sense) and the downstream primer 5'-TGAGAATTGCTGTGAGCTTGCA-3' (antisense) 

form a 182 base pair product and correspond to nucleotide positions 781-801 and 962-

941, respectively, in mouse (NM 0 11990.2). The 18S primer competimer ratio was 1.5 to 

8.5. PCR was done with cycles ranging from 30 to 36, with a denaturing phase of 30 sec 

at 95°C, annealing phase of 30 sec at 60°C, and an extension phase of 30 sec at 72°C. 

The 4 F2hc mouse primers have the same sequence in mouse as the rat primers 

published previously by Tomi et al., 2003. For 4F2hc the upstream primer 5'-
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CTCCCAGGAAGATTTTAAAGACCTTCT-3' (sense) and the downstream primer 5'

TTCATTTTGGTGGCTACAATGTCAG-3' (antisense) form a 141 base pair product and 

correspoi:1-d to nucle<?tide positions 661-687 and 801-777, respectively, in mouse (NM 

008577.3). The 18S primer competimer ratio was 3.5 to 6.5. PC~ was done with cycles 

ranging from 30 to 36, with a denaturing phase of 30 sec at 95°C, annealing phase of 30 

sec at 60°C, and an extension phase of 30 sec at 72°C. 

Statistical analysis 

For gene and protein expression studies the Excel data analysis tool was used to 

make pairwise comparisons between treatments and controls. For multiple comparisons 

the Mini Tab program was used to perform the Bonferroni pairwise comparison with a 

control. A p-value < 0.05 was considered significant. 



RESULTS 

It was hypothesized that GLAST and system Xe- transporter dysfunction occurs 

under conditions present in the diabetic retina. To test this hypothesis, we chose to study 

the effects of two factors, hyperglycemia and oxidative stress, on GLAST and system Xe

transporter activity in cultures of primary mouse Muller cells. Four specific aims were 

proposed. In Aim 1, primary Muller cell cultures were established. In Aim 2, culture 

conditions for transporter assays were optimized. Aim 3 concerned the effects of 

hyperglycemia and oxidative stress on GLAST and system Xe- transporter aqtivity. Aim 4 

studied the effects of hyperglycemia and oxidative stress on the gene and protein 

expression of these two transporters. 

Aim lA. Isolate and culture primary Millier cells from nori,nal mouse retinas. Use 

immunocytochemistry to verify culture purity and confirm the presence of GLAST 

and system Xe- transporters. 

In the first part of aim 1, primary Muller cell cultures were established. The best 

age for isolating primary Muller cells from mice was determined. Once primary Muller 

cells were isolated their morphology in culture was characterized. In addition, 
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immunocytochemistry was used to verify culture purity as well as the presence of the 

transporters, GLAST and system Xe--

Primary Muller cells were successfully isolated from 3-10 day old mouse retinas 

by adapting a method for the isolation of rat Muller cells (Hicks and Courtois, 1990) to 

mice (Figure 19). Briefly, mice were sacrificed and eyes were removed and placed in low 

glucose DMEM with-0.1 % P/S overnight at room temperature. The next day, eyes were 

treated with a -solution of trypsin and type IV collagenase after which retinas were 

removed, triturated into small pieces and transferred to a dish containing growth medium 

(low glucose DMEM, 10% FBS, and 1 % P/S). After 3-5 days cells bearing a Muller cell 

phenotype were visible. After 5-7 days debris was washed away and cells were grown in· 

growth medium until 50-75% confluent. The majority of primary Muller cell growth was 

· centered about scattered pieces of adherent retinal tissue. After the first passage, primary 

Muller cells were grown to full confluency and passaged a total of 3-4 times after which 

they were frozen in vials containing aliquots of 3 million cells in 1 ml of FBS with 10% 

DMSO. 

The ideal age for isolating primary Muller cells from C57BL/6 mice was 6-7 days 

old. While the age used for the isolation of Muller cells from rats is 8-12 .days (Hicks and 

Courtois, 1990), this information had to be determined empirically for mice. Although 

primary Muller cells could be isolated from mice as young as 3 days or as old as 10 days, 

we found that at 6-7 days of age C56BL/6 mouse eyes were easily removed and the 

subsequent enzymatic treatment of the eyeballs resulted in a clean separation of the 

cottony white retina from any pigmented tissue associated with the RPE cells. Eyes from 



Figure 19. Isolation of primary mouse Muller cells. Schematic showing the main steps 

involved in the isolation of primary mouse Muller cells, 
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3 day old mice were harder to handle because they were smaller and more delicate. The 

10 day old eyes had more connective tissue and retinas were harder to separate from the 

remainder of the eyeball. 

Since it would be very useful to have Muller cells from older mice, attempts were 

_ made to isolate these cells from more mature animals. Interestingly, primary Muller cells 

from retinas of mice greater than 10 days took much longer to proliferate once they 

appeared. By the time mice were three weeks old, our isolation technique produced 

significantly fewer cells which grew very slowly. Attempts to isolate primary Muller 

cells from 6 month and older mice only resulted in the growth of occasional patches of 

non-proliferating Muller cells. 

The morphology of the emerging primary Muller cells changed with time and cell 

number (Figure 20). When primary Muller cells first appeared in the dish they had 

morphology similar to in vivo as illustrated by a radial morphology with distinct endfeet, 

designated by the arrows in Figure 20A. In Figure 20A, cellular debris has been washed 

away to obtain a clear view of the cells. Figure 20B illustrates the typical growth and 

appearance of primary Muller cells after 7 days in culture. At this point cells were ready 

to be washed. After washing, primary Muller cells began to flatten and exhibited an 

appearance reminiscent of fibroblast cells (Figure 20C). Three days after washing (10 

days in culture) primary Muller cells were ready to be passaged for the first tjme (Figure 

20D). From the first passage through freezing Muller cells did not regain the ·angular 

morphology· typical of freshly isolated cells. Two days after thawing a vial of frozen 

cells, however, the primary Muller cells regained some of the angular morphology typical 



Figure 20. Primary Muller cell morphology compared to rMC-1 cell line. Panel of 

phase contrast micro graphs showing the changing morphology of primary mouse Muller 

cells at various time points in their isolation and culture (A-E) along with a comparison 

to the rMC-1 cell line (F and G). (A) Day 4 post isolation. Primary mouse Muller cells 

first attached and grew with morphology similar, to in vivo. Note the presence of Muller 

cell endfeet designated by the arrows. (B) Typical growth of primary mouse Muller cells 

before washing to remove cellular debris. (C) After washing primary Muller cells began 

to flatten and exhibited a more fibroblast appearance. (D) Confluent primary Muller 

cells ready to be passaged for the first time. (E) Primary Muller cells in culture two days 

after thawing a vial of frozen cells that had been passaged 4 times before freezing. (F) 

Confluent primary Muller cells in culture 4 days after thawing. (G) Non-confluent cells 

from the Muller cell line, r MC-1. (H) Confluent cells from the r MC-1 Muller cell . line. 

Scale bar shown in micrograph (H) is typical ofmicrographs (A-H). 
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Figure 20 
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of freshly isolated cells (Figure 20E). Four days after thawing, the primary Muller cells 

again resembled confluent Muller cells observed during earlier passages before freezing 
~ 

and were ready to be seeded for an experiment (Figure 20F). 

It is noteworthy that a cell line, rMC-1, is available, which was derived from rat 

and is of Muller cell origin (Sarthy, 1998). These cells were obtained from rats exposed 

to two weeks of constant light and were immortalized by transfection with SV40. They 

were made available to our lab as a kind gift from Dr. Vijay Sarthy (Northwestern 

University, Chicago, IL). 

Primary Muller cells shared some similarities in appearance to- the Muller cell 

line, rMC-1. Non-confluent rMC-1 cells, similar to non-confluent primary Muller cells, 

had an angular appearance (Figure 20G). Confluent rMC-1 cells were also comparable in -

appearance to confluent primary Muller cells· (Figure 20H). The strong tendency of rMC-

1 cells to lift off of the plate once they reached confluency, however, limited their 

usefulness to experiments with shorter treatment times ( 6-18 hrs). In contrast, the ability 

of primary Muller cells to live for many weeks in -a nonproliferating confluent state made 

them ideal for experiments requiring longer treatment times. Primary Muller cells were 

used in all of our experiments. 

Confirmation of purity 

Immunocytochemical analysis was performed for an array of cell specific markers 

For this analysis, primary Muller cells were seeded onto 12 mm coverslips at a rate of 

approximately 15,000 cells per coverslip. Within the next two days, cells were processed 
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for immunocytochemistry. Over the course of this work, primary Muller cells were 

examined periodically after passages 1-4 as well as after freezing and thawing. No 

differences in staining patterns were observed for the various time points. The primary 

Muller cells pictured in Figures 21 through 25 are passage 3 and 4 cells before freezing. 

In most micrographs nuclei were stained blue with Hoechst 33342. 

Two commonly used Muller cell markers, the intermediate filament protein 

vimentin and the enzyme GS, were present in all primary· Muller cells (Sarthy and Ripps, 

2001 ). Figure 2 lA illustrates the localization of vimentin labeled radial fibers (green) in 

primary Muller cells. In Figure 21B, the enzyme GS (red) is present diffusely throughout 

primary Muller cells. Omission of the primary antibodies yielded no detectable 

immunofluoresence in primary Muller cells (Figure 21 C). 

Another protein known to be present in Muller cells is CRALBP. In 8-10 day old 

intact mouse retinas (Figure 22A), CRALBP (green) was localized, as expected, in RPE 

and was distributed from the outer limiting membrane to inner plexiform layer, which 

was consistent with Muller cell expression reported by Bunt-Milam and Saari, 1983. 

CRALBP was also robustly expressed in cultured primary Muller cells (Figure 22B). 

Omission of the primary antibody yielded no detectable immunofluoresence for either 

retinas or primary Muller cells (Figure 22E and 22F). 

Primary Muller cells did not show strong expression of the astrocyte marker, 

GFAP. In the 8-10 day old C57BL/6 mouse retina, immunohistochemistry showed the 

expected localization of OF AP to astrocytes residing near the inner limiting membrane 

(Figure 22C). In contrast, primary Muller cells showed diffuse, nonspecific staining for 



Figure 21. Immunolocalization of vimentin and GS in primary Muller cells. Two 

common Muller cells markers vimentin and glutamine synthetase were present in cultures 

of primary mouse Muller cells. (A) Chemicon goat anti-vimentin antiqody, 1:500, 

followed by donkey anti-goat Alexafluor-488, 1: 1000 (green). This image was taken with 

the 63x oil objective and apotome. (B) Santa Cruz rabbit anti-GS antibody, 1: 100, 

followed by donkey anti-rabbit Cy3, 1:500 (red) (C) Omission of the primary antibody 

yielded no detectable immunofluoresence. In all pictures, nuclei of PM cells were stained 

blue with Hoechst 33342. 
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Figure 21 



Figure 22. Immunolocalization o/CRALBP and GFAP in retina compared to primary 

Muller cells. (A) Retinal section from an 8~10 ·day old C57BL/6 mouse stained with 

rabbit anti-CRALBP antibody, 1 :400, followed by donkey anti-goat. Alexafluor-488, 

1:1000 (green). (B) PM cells stained with rabbit -anti-CRALBP, 1:400, followed by 

donkey anti-rabbit Cy3, 1:500 (red). (C) Retinal section from 8-10 day old C57BL/6 

mouse stained with Chem icon mouse monoclonal GFAP, 1: 500, followed by donkey anti

mouse Alexefluor-488, 1:1000 (green). (D) PM cells stained with Santa Cruz goat anti

GFAP, 1: 100, followed by 1 :200 donkey anti-goat Cy2 (green). For retina (E) and for 

PM cells (F) omission of the primary antibody yielded no detectable immunofluoresence. 

(F) In all pictures, nuclei in retinas and PM cells were stained blue with Hoechst 33342._ 
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GFAP (Figure 22D). Omission of the primary antibodies yielded no detectable 

immunofluoresence in retinas or primary Muller cells (Figure 22E and 22F). 

Primary Muller cells, unlike the RPE cell line, ARPE-19 cells, showed no staining 

for the RPE cell marker cytokeratin 8. In the 8-10 day otd C57BL/6 mouse retina, 

cytokeratin 5 and 8 (green) localized exclusively to the RPE layer (Figure 23A). primary 

Muller cells in culture were negative for cytokeratin 8 indicated by_ a lack of red 

fluorescence (Figure 23B). In contrast, ARPE-19 cells were positive for cytokeratin 8 

(red) (Figure 23C). During the initial isolation of primary Muller cells, any possible RPE 

contamination could also be identified by the appearance of isolated clusters of dark, 

pigmented, polygonal shaped cells (Figure 23D). 

In addition to verifying that known markers of Muller cells were present primary 

Muller cultures, it was also important to demonstrate that markers of neuronal cells were . 

not detectable. Primary Muller cells were stained for the neuronal intermediate filament 

protein NF-L. Primary Muller cells showed no staining for NF-L (micrograph not 

shown).-

Confirmation of GLAST and system Xe- in primary Muller cells 

The presence of the GLAST transporter in primary Muller cells was verified by 

immunocytochemistry (Figure 24). In the 8-10 day old C57BL/6 mouse retina, the 

GLAST transporter (red fluorescence) was detected in a manner consistent with Muller 

cell labeling (spanning from the outer to inner limiting membrane) (Figure 24A). Primary 

Muller cells in culture were positive for GLAST, red fluorescence (Figure 24B). 



Figure 23. Immunolocalization of cytokeratin in RPE but not primary Muller cells. (A) 

Retinal section from an 8-10 day old C57BL/6 mouse stained with Chemicon mouse 

monoclonal anti-cytokeratin 5 and 8, 1: 100, followed by donkey anti-mouse Alexafluor-

488, 1:1000 (green). (B) Primary Muller cells showed no staining for Genway chicken 
·-, 

anti-cytokeratin 8, 1:200, followed by donkey anti-chicken Cy3, 1:500 (red). (C) Cells 

from the RPE cell line, ARPE-19, were stained positively by Genway chicken anti

cytokeratin 8, 1:200, followed by donkey anti-chicken Cy3, 1:500 (red). (D) Upon initial 

isolation of primary Muller cells, epithelial contamination could be identified by isolated 

clusters of darkly stained, regular, polygonal shaped cells. In fluorescent micrographs 

(A-C), nuclei in retinas and primary Muller cells were stained blue with Hoechst 33342. 
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Figure 24. Immunolocalization of GLAST in retina and primary M iiller cells. (A) 

Retinal section of an 8-10 day old C57BL/6 mouse stained with Chemicon guinea pig 

anti-GLAST, 1:4000, followed by goat anti-guinea pig Cy3, 1:500 (red). (B) Primary 

. . . 

Muller cells stained positively for Chemicon guinea pig anti-GL,{1.ST, 1:500, followed by 

donkey anti-guinea pig Cy3, 1:500 (red). For retina (C) and for primary Muller cells (D) 

omission of the primary antibody yielded no detectable immunofluoresence. Nuclei of 

primary Muller cells (Band D) were also stained with Hoechst 33342. 
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Omission of the primary antibodies yielded no detectable immunofluoresence in retinas 

or primary Muller cells (Figure 24C and 24D). 

Immunocytochemistry was also used to confirm the presence of system Xe- in 

primary Muller cells. The presence of the system Xe- transporter, in both retinal sections 

from 8-10 day old C57BL/6 mice and primary Muller cells, was identified by the co

localization (yellow-orange merged image) of the two system Xe- subunits, xCT (red) and 

4F2hc (green) (Figure 25). In retinal sections, strong staining for system Xe- (yellow

orange merged image) occurred at the outer limiting membrane, and in the outer 

plexiform and ganglion cell layers (Figure 25A). Cultures of primary Muller cells also 

showed positive staining for system Xe- (yellow-orange merged image). The separate 

localization of xCT (red) and 4F2hc (green) appear in Figures 25C and 25D, respectively. 

Omission of the primary antibodies yielded no detectable immunofluoresence in r~tinas 

or primary Muller cells (Figure 25E and 25F). 

In summary for Aim lA, primary Muller cells were successfully isolated from 3-

10 day old mouse retinas by adapting a method for the isolation of rat Muller cells (Hicks 

and Courtois, 1990) to mice. The best age for isolating primary Muller cells from 

C57BL6 mice was 6-7 days. All cells in the cultures stained positively for the Muller cell 

markers vimentin, GS, and CRALBP. MUller cells exhibited very faint expression of 

GFAP, an astrocyte marker, and no expression for either cytokeratin 8, an .RPE cell 

marker, or NF-L a neuronal marker. These data supported the purity of the primary 
I 

MUller cultures. In addition, the presence of the two Muller cell transporters, GLAST and 

system Xe-, were confirmed in the primary Muller cells. 



Figure 25. Immunolocalization of system Xe- in retina and primary Muller cells. (A) 

Retinal section of an 8-10 day old C57BL/6 mouse showing localization of system Xc

(merged image, yellow-orange fluoresence from the overlap of xCT (red) and 4F2hc 

(green) signals). (B) Primary Miiller cells showing localizati(!_n of system Xe- (merged 

image, yellow-orange fluoresence from the overlap of xCT (red) and 4F2hc (green) 

signals). (C) Localization ofxCT (red) in primary,Miiller cells. (D) Localization of 4F2hc 

(green) in primary Muller cells. For retina (E) and for P lyf cells (F) omission of the 

primary antibody yielded no detectable immunofluoresence. Nuclei of PM cells_ (B, D, 

and E) were also stained with Hoechst 33342. Antibody dilutions were 1:200 for xCT, 

1:200 for 4F2hc, 1:500 for the Cy3 conjugated secondary, and 1:1000 for Alexafluor-

488. 
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Aim lB. Optimize culture conditions for primary Millier cell growth. 

In the second part of Aim 1, we optimized culture conditions for Muller cell 

growth. Cell growth was evaluated at various passage .numbers as well as after freezing 

and thawing. Under proper culture conditions, enough cells were generated for 

transporter, gene, and protein studies. 

Three culture conditions were essential for primary Muller cell growth. First, cells 

were passaged every 3 to 5 days. If cells were left for more than 5 days on the plate, the 

next passage produced very slow growing cells. Second, cells were plated at a minimum 

cell density of 30,000 cells/cm2 of growth area. If cells were plated at lower densities cell 

growth slowed. If cells were plated at less than 15,000 cells per cm2
, primary Muller cells 

became flat and amorphous and stopped proliferating. Third, primary Muller cells needed 

plentiful amounts of medium (0.5 ml medium/cm2 growth area) that was changed 

frequently, every 1-2 days. By following these culture conditions, the 3 million cells 

initially isolated from 1 litter of C57BL6 mouse pups ( 6-7· days old) could be multiplied 

in 3 to 4 passages to produce 24 million cells, enough to freeze 8 vials of cells. 

Although cell numbers roughly doubled with each passage, the rate of cell growth 

did gradually decrease with passage number (Figure 26). Primary Muller cells were 

passaged and immediately seeded onto 24-well plates at a density of 50,000 cells per 

well. Passage 4 cells quickly multiplied to 350,000 cells after 4 days. Passage 5 cells 

slowed down slightly, reaching 300,000 cells in 4 days. The growth of passage 6 cells 

slowed considerably, producing 130,000 cells in 3 days. Passage 8 cells which had been 

frozen, thawed, and plated also had slow cell growth, reaching 130,000 cells a:fter 8 days. 



Figure 26. Effect of passage number on primary M iiller cell growth. The line graph 

shows that as passage number increases cell growth slows down. Primary Muller cells 

were passaged and immediately seeded onto 24-well plates at a density of 50,000 cells 

per well. Cell numbers were calculated at various time points between 1 to 8 days after 

seeding cells in the wells. Passage 4, 5, and 6 cells were never frozen. At passage 7 cells 

were frozen. After passage 7 cells were thawed and grown to conjluency. They were 

seeded onto 24-well plates as passage 8. 
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One characteristic of primary Muller cells in culture was that as passage number 

increased cells became more amorphous, with fewer numbers of cells spreading out to 

cover the available surface area of the well or dish. 

Following this culturing protocol, sufficient cells were generated for transporter, 

gene, and protein studies. For example, for uptake experiments, 2.4 million cells were 

required to seed one 24-well plate with 100,000 primary Muller cells per well. For 

Western blot analysis of primary Muller cell proteins, a single 10 cm dish seeded with 2.5 

million cells yielded approximately 0.5 to 1 mg of protein, which was sufficient for at 

least 10 We_stern blots. For Western blot analysis of biotinylated membrane proteins a 

minimum of a single 15 cm dish seeded with 7.5 million cells was required. When 

collecting mRNA for gene expression studies, a single 10 cm dish seeded with 2.5 

million cells yielded 30-50 µg of RNA. 

Aim 2. Characterize GLAST and system Xe- transporter activities in primary mouse 

Millier cells and optimize conditions so as to assay functi~nal activity of transporter 

proteins with reproducible results. 

In the second aim, the effect of culture conditions on GLAST and system Xe

transporter activities were characterized. Unless stated otherwise, transporter activities 

were assessed by measuring the uptake of glutamate by GLAST and system Xe- after 

incubating primary Muller cells for 15 minutes in [3H]-glutamate plus 2.5 µM 'cold' 

glutamate in buffer in the presence and absence of sodium. The first two culture variables 

investigated were the effect of passage number and time in culture on GLAST and system · 
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Xe- function. Based on insights gained in these early upt~ke experiments, the cell culture 

protocol for our experiments was standardized. After preparing primary Muller cells 

according to this protocol, the linearity of glutamate uptake for GLAST and system Xe. 

with time was verified. Subsequently, the effect of cell protein levels on GLAST and 

system Xe- transporter activities were investigated. 

First, the effect of passage number on the activity of GLAST and system Xe- was 

examined (Figure 27). Primary Muller cells were passaged then immediately plated at a 

cell density of 50,000 cells per well in 24-w~ll plates and maintained in growth medium. 

Because of the rapid growth of passage 4 and 5 cells immediately a·fter plating, 

transporter activities were compared 2-4 days after seeding cells in 24-well plates. The 

bar graph in Figure 27 shows the effect of passage number on GLAST and system Xe. 

transporter activity. Although variability was present in GLAST activity, the activity 

stayed relatively constant with passage number. In contrast, system Xe- activity decreased 

steadily with passage number. This decrease, from passages 3 to 6, amounted to a decline 

in glutamate uptake ofapproximately 65 pmole/mg/min with each passage. 

Next, we investigated how long we should wait to start our experiment after 

seeding primary Muller cells on the 24-well p\ates. For this set of experiments, frozen 

primary Muller cells were thawed and cultured in growth me"dium for 3-4 days after 

which they were passaged and seeded at· a rate of 100,000 cells per well for uptake 

experiments. Primary Muller cells were maintained in growth medium that was _changed 

daily. Uptakes were performed 1, 2, 3, 4, and 6 days after seeding. 



Figure 27. Effect of passage number on GLAST and system Xe- activity in primary 

Muller cells. Primary Muller cells were passaged then immediately plated at a density of 

50,000 cells/well in 24-well plates and maintained in growth media. Transporter activity 

was measured 2-4 days after ~eeding cells in 24 well plates. (A) Bar graph showing the 

effect of passage number on GLAST (white bars) and system Xe- (gray bars) transpo,rter 

activity. Values presented are+ SE for each passage number performed in triplicate. 
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Time grown on the 24-well plate had little effect on the activity of GLAST or 

system Xe-, and protein levels per well showed a possible slight increase after 2 days 

(Figure 28). GLAST transporter activity fluctuated approximately + or - 10% from the 

mean transporter activity for all time points examined (Figure 28A). System Xe_ 

transporter activity varied approximately + or - 15% from the mean transporter activity 

for all time points examined (Figure 28B). In contrast, proteit?- increased from 0.033 ± 

0.004 mg/well to 0.046 ± 0.005 mg/ml between day 2 and 3 (Figure 28C). Between days 

3 and 6 protein levels remained constant. Considering the importance of avoiding periods 

of cell growth in transporter assays, the protein data indicated that cells seeded at 100,000 

cells per well should be grown 3-4 days before beginning treatments for transporter 

assays. 

Based on insights gained in early uptake experiments, a cell culture protocol for 

future uptake experiments was standardized (Figure 29). At day O vials of primary Muller 

cells were thawed and grown in growth medium for 4 days, changing medium every 1-2 

days. Other than when first thawing cells, medium was always applied at a volume of 0.5 

ml per cm2 of culture surface area. Cells were passaged at day 4 and seeded at a density 

of 100,000 cells per well of a 24-well plate. This seeding density corresponded to 50,000 

cells per cm2 of surface area. Cells were seeded and maintained in a similar manner for 

experiments involving the collection of protein for Western blot analysis and the 

collection of RNA for gene expression studies. After culturing cells for 3-4 days in 

growth medium that was changed every 1-2 days, cells were sw!tched on day 7-8 to low 

serum medium for 18-24 hours. On day 9-10 treatment began for the given experiment. 



Figure 28. Effect of time· in culture on GLAST and system Xe- activity in 

primary Muller cells. Frozen primary Muller cells were thawed and cultured in 

growth medJa for 3-4 days after which ·they were passaged and seeded at a 

density of 100,000 cells per well for uptake experiments. Primary Muller cells 

were maintained · in growth media that was changed daily. Uptakes were 

performed 1, 2, 3, 4, and 6 days after seeding. (A) Bar graph showing the effect of 

days in culture on GLAST activity. (B) Bar graph showing the effect of days in 

culture on system Xe- activity. (C) Bar graph showing the effect of days in culture 

. on cell protein per well. Values presented are means + SE for each day 

performed in triplicate. 
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Figure 29. Preparation of primary Muller cells for experiments. Schematic s_howing the 

main steps involved in preparing primary mouse Muller cells for experiments. 
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Next, we verified that glutamate uptake by GLAST and system Xe- was in the· 

linear range for the 15 minute incubation time used in our uptake experiments (Figure 

30). After preparing primary Muller cells in accord with the cell culture protocol 

described in Figure 29, cells were incubated with [3H]-glutamate plus 2.5 µM cold 

glutamate in buffer in the presence or absence of sodium for 2.5, 5, 10, and 15 minutes. 

The linear uptake of glutamate by GLAST and system Xe- was demonstrated by the linear 

fit of this data. For the GLAST transporter the uptake of glutamate increased in a linear 

fashion (R2 = 0.9965) from Oto 15 minutes (Figure 30A). For the system Xe- transporter 

the uptak~ of glutamate also increased in a linear manner (R2 = 0.9927) over the same 

time period (Figure 30B). 

For an ideal transporter assay, cells should be confluent. We investigated the 

effects of cell seeding density on transporter activity using the selected cell culture 

protocol described in Figure 29. Primary Muller cells were seeded at varying cell , 

densities ranging from 50,000 to 300,000 cells per well. Wells were seeded in triplicate 

for transporter assays and in duplicate for protein evaluation. After 4 days cells were 

transferred to low serum medium and uptakes were performed the next day. In 

conjunction with the uptake, protein was measured for each of the cell seeding densities. 

Protein levels at the time of uptak~ rose proportionally to the number of cells 

seeded (Figure 3 lA). Wells seeded at 50,000 cells per well had a protein level of 0.038 ± 

0.002 mg per well. Cell mass increased linearly with cell seeding density (R2 = 0.9714). 

Wells seeded with 300,000 cells had a final protein level of 0.085 ± 0.002 mg. 



Figure 30. Linear range of glutamate incubation for -GLAST and system Xe- uptakes. 

Line graph showing the glutamate uptake of both (A) GLAST and (B) system Xe- for 

uptake times ranging from 2.5 to 15 minutes. Activity of both transporters was linear with 

respect to the uptake times tested. 
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Figure 31. Effect of seeding density on primary Miiller cell protein. Primary Muller 

cells were seeded at increasing cell densities. At the time of uptake, protein levels were 

evaluated in two wells per seeding density. (A) Line graph showing the linear increase in 

protein with cell seeding density at a rate of 0.0002 mg/well/thousand celis (R2=0.9714). 

Values presented are means -+ SE for 1-2 experiments performed in triplicate. (B) 

Micrographs of primary Muller cells seeded at 50,000 and 300,000 cells per well. 
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Microscopic examination revealed that cells appeared closer together as seeding density 

increased and that cells appeared "confluent", completely covering the surface area 

available, at each seeding density (Figure 3 lB). 

Primary Muller cell protein at the tim~ of uptake had a strong effect on both 

GLAST and system Xe- activity (Figure 32). GLAST, activity was enhanced by increasing 

cell protein (Figure 32A). GLAST activity for primary Muller cells was 492 ± 24 

pmole/mg/15 min when protein levels were low, 0.034 mg/well. When protein levels 

were high, 0.085 mg/well, GLAST activity was approximately 2.3 times greater,-1143 ± 

21 pmole/mg/15 min. GLAST glutamate uptake increased linearly with cell protein 

(R2=0.9378). 

In contrast to GLAST, system Xe- transporter activity decreased with increasing 

cell protein (Figure 32B). System Xe- activity for primary Muller cells was 60.45 ± 2.57 

pmole/mg/15 min when protein levels were low, 0.034 mg/well. When protein levels 

were high, 0.085 mg/well, system Xe- activity was approximately 1. 7 times less, 34.64 ± 

0.83 pmole/mg/15 min. System Xe- glutamate upta~e decreased linearly with cell protein 

(R2=0.8265). 

Ip summary for Aim 2, initial studies of primary Muller cells cultured in growth 

medium revealed that GLAST activity was maintained with passage number as well as 

after freezing and thawing. In contrast, system Xe- activity decreased with passage 

number. When primary Muller cells were cultured in growth medium, time in culture did 

not have a pronounced effect on transporter activity, however, a rise in protein levels 

between day 2 and 3, suggested that cells should be maintained on the 24-well plate for 



Figure 32. Effect of cell protein on GLAST and system Xe- activity in primary M iii/er 

cells. L_ine graph showing the effect of cell protein on transporter activity. (A) GLAST 

activity was enhanced by increasing cell protein. (B) System Xe- transporter activity 

decreased with increasing cell protein. Values presented are means + SE for 1-2 

experiments performed in triplicate. 
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3-4 days before starting an experiment. The insights gained from the characterization of 

the effect of culture conditions on transporter activity helped to define a cell culture 

protocol for uptake experiments. This cell culture protocol included using frozen cells 

and treating cells in low serum medium. Following this protocol, a 15 minute incubation 

time for uptake experiments was verified to be in the linear range. When following the 

selected cell culture protocol, one of the biggest effects on transporter activity was cell 

protein levels. GLAST activity increased with cell protein. In contrast, system Xe- activity 

decreased with cell protein. 

Aim 3. Investigate the effects of high glucose and oxidative stress on the function of 

GLAST and system Xe- in primary cultures of mouse Miiller cells. 

Given that elevated glucose levels are associated with hyperosmolarity, we asked 

first whether hyperosmolar conditions would alter transporter activity in cultures of 

primary Muller celis. Subsequently, we investigated the effect of hyperglycemia on 

GLAST and system Xe- function. The effect of hyperglycemia on total cell protein levels 

was assessed as well. 

Sev.eral features were common for all the hyperosmolar and hyperglycemic 

experiments. Primary Miil~er cells were prepared according to the cell culture protocol 

described in Figure 29, treatment media were prepared by adding 35 mM glucose 

(hyperglycemic ), 5 mM glucose (normoglycemic ), or 5 mM glucose plus an osmolyte to 

base medium. Base medium was low serum medium containing 0.5% PBS in no glucose 

DMEM without pyruvate. Unless stated otherwise, mediu~ was changed daily. In all 
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uptake experiments, transporter activities for GLAST and system Xe- were assessed by 

measuring the uptake of glutamate after incubating primary Muller cells for 15 minutes in 

[3H]-glutamate plus 2.5 µM cold glutamate in ·buffer in the presence and absence of 

sodium. In most experiments, GLAST and system Xe- activities for treated cells were 

expressed relative to 5 mM glucose controls (100%). 

Effects of hyperosmolarity on GLAST and system Xe- transporter activity 

Given that elevated glucose levels are associated with hyperosmolarity, we asked 

first whether hyperosmolar conditions would alter GLAST or system Xe- function in 

cultures of primary Muller cells (Figure 33). Treatment solutions were prepared by 

adding 5 mM glucose or 5 mM glucose plus 30 mM mannitol to the base medium. 

Treatment times were as follows: 15 min, 1, 2, 4, and 8 days. After each treatment time, 

glutamate uptake was measured for GLAST (Figure 33A) and system Xe- (Figure 3313). 

No difference in either GLAST or system Xe- activities were detected under hyperosmolar 

conditions compared ·to 5 mM glucose control cells at any of the times tested. 

A comparison of several types of osmolytes showed that none of the osmolar 

agents ~ested had an effect on GLAST or system Xe- transporter activities (Figure 34). 

Treatment solutions were prepared by adding 5 mM glucose or 5 mM glucose plus 30 

mM of an osmolar agent to the base medium. The three osmolytes tested included 

mannitol, L-glucose, and sorbitol. Primary Muller cells were treated for two days, and 

medium was changed daily. At the end of 2 days the uptake of glutamate by GLAST 



Figure 33. Hyperosmolarity: effect on GLAST and system xc· activity in primary Muller 

cells. Primary Muller cells were treated with 5 mM glucose or 5 mM glucose plus 30 mM 

mannitol for 15 min, 1, 2, 4, and 8 days. After each treatment time, transporter activity 

was assessed for (A) GLAST and (B) system Xe-- Transporter activities for osmolar 

treatments were expressed relative to 5 mM glucose, (100%). No differences in 

transporter activity between osmolar treatments and 5 mM glucose treated cells were 

detected at any of the times tested. Values presented are means + SE from 2-3 

independent experiments performed in triplicate. 
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Figure 34. Comparison of alternative osmolytes: effect on transporter activity. Primary 

Muller cells_ were treated for two days with 5 mM glucose or 5 mM glucose plus 30 mM 

of an osmolyte. The three osmolytes tested included mannitol, L-glucose, and sorbitol. 

Media was refreshed daily. At the end of 2 days (A) GLAST and (B) system Xe- transporter 

activities were evaluated. Transporter activities for osmolyte treated ce{ls were expressed 

relative to 5 mM glucose (100%). None of the osmolytes tested had an effect on 

transporter activity. Values presented are means + SE from 2 independ~nt experiments 

performed in triplicate. 
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and system Xe- (Figure 34A and 34B) was measured. None of the osmolar agents tested 

had an effect on either GLAST or system Xe- activities. 

Effects of high glucose on GLAST and system Xe- transporter activity 

The effect of high glucose on GLAST and system Xe- transporter activity was 

examined for a wide range of treatment times. The uptake of glutamate by GLAST and 

system Xe- in primary Mliller cells exposed to 35 mM glucose were compared to 5 mM 

glucose after treatment times of 15 min, 6 hr, 1, 2, 4, and 8 days. Exposure to 35 mM 

glucose did not alter GLAST or system Xe- transporter activities relative to controls for 

any of the treatment times tested (Figure 35). 

Given that hyperglycemia might have an effect on cell numbers or total 

concentration of cell prote~n, we analyied the protein levels for the various treatment 

conditions, 5 mM glucose or 35 mM glucose for 2, 4, and 8 days. Total protein per well, 

as measured using the Bio-Rad protein ass~y, showed no difference in primary Mliller 

cells treated with 3 5 mM glucose compared to 5 mM glucose at any of the times tested 

(Figure 36). Total cell protein levels did not change as a consequence of hyperglycemia. 

In a variation of the hyperglycemia uptake experiments described above, primary 

Muller cells were exposed to hyperglycemia for 2 days without changing the medium 

(Figure 37). The reasoning was that perhaps· daily medium changes were removing toxic 

by-products of hyperglycemia. Primary Muller cells were exposed to 5 mM glucose, 5 

mM glucose plus 30 mM mannitol, or 35 mM glucose but unlike previous experiments 



Figure 35. Hyperglycemia: effect on GLAST and system Xe- activity in primary 

Muller cells. Primary Muller cells were exposed to 35 mM (hyperglycemic) or 5 

mM (normoglycemic) conditions for 15 min, 6 hr, 1, 2, 4, and 8 days. (A) GLAST 

and (B) system Xe- transporter activities were assessed after each treatment time. 

Transporter activities for 35 mM glucose treated cells were expressed relative to 

5 mM controls (100%). No differences in transporter activities were detected for 

35 mM compared to 5 mM treated cells at any of the times tested. Values 

presented are means + SE from 2-3 independent experiments performed in 

triplicate. 



A 

..--... 
Q) -~e 

150 

Sc 
1- §- 8 100 
~$0 
--' ca ......, 
C!> ~ ~ 50 

......, ~ 

B 

..2 Q) 
(!) a.. ..._... 

..--... 
Q) -
~ e 

I ca~ 

0 

150 

0...., ~ 

>< §- 8 100 
E (I) "l-a,......, 0 ...., ca ......, 
~ E c: en m a, 50 ......, ~ 
~ Q) 
(!) a.. .._., 

0 

15 
min 

15 
min 

D = 5 mM ■ = 35 mM 

6 
hr 

1 2 
day day 

Treatment time 

4 8 
day day 

D = 5 mM ■ = 35 mM 

6 
hr 

1 2 
day day 

Treatment time 

4 8 
day day 

Figure 35 

117 



Figure 36. Effect of hyperglycemia on total cell protein. Primary Muller cells were 

prepared in an identical manner as for hyperglycemic transporter assays. The primary 

Muller cells were exposed to 35 mM (hyperglycemic) or 5 mM (normoglycetnic) 

conditions for 2, 4, and 8 days. At the end of each treatment time total cell protein was 

measured using the Bradford assay. No differences in total protein were detected in 

primary Muller cells· treated with 35 mM glucose compared .to 5 mM glucose at any of· 

the times tested. Values presented are means + SE of 4-6 readings taken from 2-3 

independent experiments. 
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Figure 37. Alternative treatment strategy: effect of hyperglycemia on GLAST and 

system Xe-• Primary Muller cells were exposed to 5 mM, 5 mM glucose plus 30 mM 

mannitol (osmolar control), and 35 mM glucose for 2 days. Unlike previous experiments, 

J 

medium was not changed or refreshed during the 2 day treatment. At the end of two days, 

transporter activity was assessed for (A) GLAST and (B) system Xe-- Transporter activities 

for 35 mM glucose and 5 mM glucose plus 30 mM mannitol treated cells were expressed 

relative to 5 mM controls (100%). This alternative method of treatment did not result in a 

difference in transporter activities for the osmolar controls or 3 5 mM glucose relative to 

5 mM glucose treated cells. Values presented are means + SE from 2 independent 

experiments performed in triplicate. 
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the medium was not changed during the 2 day treatment. At the end of 2 days glutamate 

uptake was measured for GLAST and system Xe- (Figure 37 A and 37B). This alternative 

method of treatment did notresult in a difference in either GLAST or system Xe- activities 

for 35 mM glucose or for osmolar controls relative to 5 mM glucose treated cells. 

Effects of oxidative stress on GLAST and system Xe- transporter activity 

In oxidative stress studies, the effect of short term acute stress and milder longer 

term stress were both examined for GLAST and system Xe-- In an effort to determine the 

relative responses of GLAST and system Xe- to oxidative stress a dose response study 

involving a 6 hour treatment with varying levels of xanthine:xanthine oxidase (X:XO) 

was performed. Based on the results from the dose response experiments, GLAST and 

system Xe- transporter kinetics were determined for, primary MUller cells exposed to the 

presence or absence of 70 µM X: 14 m U/ml XO for 6 hours. 

Several features were common in oxidative stress experiments. Primary Muller " 

cells were cultured as described in Figure 29. Treatment solutions were prepared in the 

presence or absence of oxidative agents added to low serum base medium containing 5 

mM glucose plus 0.5% FBS in no glucose DMEM without pyruvate. The base medium 

used in oxidative stress experiments was the same medium used to treat _5 mM control 

cells in hyp·erglycemic experiments. 

The effect of acute oxidative stress on GLAST and system Xe- activities was 

analyzed in primary Muller cells by the application of a strong oxidative stress agent for a 

short period of time. Primary Muller cells were treated in the absence or presence of 500 
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µM X:50 mU/ml XO or 500 µM of 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB) for 10-

15 · minutes after which the uptake of glutamate was measured for both GLAST and 

system Xe- (Figure 38A and 38B). A 10-15 minute exposure to 500 µM X:50 mU/ml XO 

reduced GLAST activity significantly by 19% (P < 0.0005), however, 500 µM DTNB 

resulted in no siginificant ch~nge in GLAST activity. A 10-15 minute exposure to 500 

µM X:50 mU/ml XO reduced system Xe- activity by 26% and a 10-15 minute expo~ure to 

500 µM DTNB also decreased system Xe- activity by 26% (P < 0.0005). 

To analyze the sensitivity of _GLAST and system Xe- transporter activities to 

oxidative stress, a low level of oxidative stress was applied over a time period of 18 hours 

(Figure 39). The dosage of 10 µM X:2 mU/ml XO was chosen because this concentration 

increased system Xe- activity in another cell line (RGC-5) (Dun et al., 2006). Primary 

Muller cells were treated in the absence or presence of 10 µM X:2 mU/ml XO for 15 

minutes, 6 hours, and 18 hours. At the end of each treatment time the uptake of glutamate 

was measured for both GLAST (Figure 39A) and for system Xe - (Figure 39B). For this 

low level of oxidative stress, no difference in transporter activity was detected for either 

GLAST or system Xe- at any of the times tested. 

To understand the responses of GLAST and system Xe- to oxidative stress, a dose 

response study involving a 6 hour treatment with varying levels of X:XO was performed. 

Primary Muller cells were treated in the absence or presence of increasing levels of 

X:XO. The levels tested included 10 µM X:2 mU/ml XO, 40 µM X:8 mU/ml XO, 70 µM 

X:14 mU/ml XO, 100 µM X:20 mU/ml XO, and 200 µM X:40 mU/ml XO. After 6 hours 



Figure 38. Effect of acute oxidative stress on GLAST and system Xe- activity in primary 

M iiller cells. Primary Miiller cells were treated in the absence or presence of 5 00 µM 

X·50 mU/ml XO or 500 µM DTNBfor 10-15 minutes after which transporter activity was 

evaluated. (A) Exposure to 500 µM X·50 mU/ml XO decreased GLAST activity by 19%, 

however, 500 µM DTNB resulted in no significant change in GLAST activity. (B) 

Exposure to both 500 µM X·50 mU/ml XO and 500 µM DTNB decreased system Xe

activity by 26% (P < 0.0005). Values presented are means + SE from two independent 

experiments performed in triplicate. 
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Figure 39. Effect of low level oxidative stress on GLAST and system Xe- activity in 

primary M iii/er cells. Primary Millier cells were treated in the absence or presence of 10 

µM X·2 mU/ml XO for 15 minutes, 6 hours, and 18 hours. (A) GLAST and (B) system Xe

transporter activities were evaluated after each treatment period. Transporter activities 

for X·XO treated cells were expressed relative to controls (100%). No difference in 

transporter activity of X·XO treated cells relative to controls was detected for either 

GLAST or system Xe- at any of the times tested. Values presented are means + SE from 

two independent experi11}ents_ performed in triplicate. 
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exposure of primary Muller cells to X:XO, the uptake of glutamate by GLAST and 

system Xe- was measured. 

Increasing levels of oxidative stress decreased GLAST transporter activity by a 

small but significant amount (Figure 40A). Although no alterations in GLAST activity 

were detected at lower concentrations 10 µM X:2 mU/ml XO and 40 µM X:8 mU/ml XO, 

X:XO treatments of 70 µM X:14 mU/ml XO and 100 µM X:20 mU/ml XO both 

decreased GLAST activity by 10% (P < 0.005). 

In contrast to GLAST, increasing levels of oxidative stress robustly increased 

system Xe- transporter activity in a dose dependent fashion (Figure 40B). Treatment with 

40 µM X:8 mU/ml XO produced a 14% increase in system Xe- activity (P < 0.005). X:XO 

treatments of 70 µM X:14 mU/ml XO and 100 µM X:20 mU/ml XO produced increases 

in system Xe- activity of 43%, and 89%, respectively (P < 0.0005). 

By the time that GLAST activity significantly decreased, primary Muller cells 

were visibly damaged; yet, system Xe- transporter activity was still significantly above 

control levels. At 200 µM X:40 mU/ml XO, GLAST transporter activity decreased by 

60% (P < 0.0005) but system Xe- transporter activity was still increased 32% compared to 

controls (P < 0.0005) (Figure 40A and 40B). The sharp decline in GLAST activity and 

reduced increase in system Xe- transporter activity at this high c_oncentration of X:XO may 

be due in part to oxidative stress induced cell damage. After 6.hour treatment with X:XO 

the morphological appearance of treated and untreated primary Muller cells were 

examined using a phase contrast microscope. Visible damage was apparent in cells 

treated with 200 µM X:40 mU/ml XO compared to controls. Damage included cell 



Figure 40. Dose response for X:XO on GLAST and system Xe- activity in primary 

Muller cells. Primary Muller cells were treated in the absence or presence of increasing 

lev,els of X·XO. The levels tested included JO µM X·2 mU/ml XO, 40 µM X·8 mU/ml XO, 

70 µM X·J4 mU/ml XO, JOO µM X·20 mU/ml XO, 200 µM X·40 mU/ml XO. After 6 

hours of exposure to X·XO, transporter activity was assessed. (A) X·XO treatments of 70 

µM X·14 mU/ml XO and 100 µM X·20 mU/ml XO decreased GLAST activity by 10% (P 

< 0.005). X·XO treatment of 200 µM X·40 mU/ml XO decreased GLAST activity by 60% 

(P < 0. 0005). (B) In contrast to GLAST, system Xe- transporter activity increased with 

increasing X·XO treatments. Treatment with 40 µM X:8 mU/ml XO produced a 14% 

increase in system Xe- activity (P < 0.005).. X·XO treatments of 70 µM X·14 mU/ml XO, 

100 µM X·20 mU/ml XO and 200 µM X·40 mU/ml XO resulted in increases of 43%, . 

89%, and 32% relative to controls, respectively (P < 0.0005). Values presented are 

means + SE from 2-3 independent experiments performed in triplicate. 
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shrinkage as well as some floating cells. Consistent with microscopic observations, cell 

protein levels measured for 200 µM X/40 mU/ml XO treated wells were often lower than 

cell protein levels measured for control wells. 

To ensure that the effects observed in dose response studies were the results of the 

combined application of X:XO, the individual effects of xanthine and xanthine oxidase 

on GLAST and system Xe- activities were analyzed. Primary Muller cells were treated in 

the absence or presence of either 100 µM of xanthine or 20 mU/ml of xanthine oxidase. 

After 6 hours treatment, the uptake of gluta.:n:iate was measured for GLAST (Figure 41A) 

and for system Xe- (Figure 41B). No difference was observed in GLAST or system Xe-

. transporter activity in xanthine or xanthine oxidase treated samples compared to controls. 

Based on the results of the dose response study, kinetic analysis of GLAST and 

system Xe- transporter activities were performed for primary Muller cells treated in the 

presence or absence of 70 µM X: 14 mU/ml XO for 6 hours. The uptake of glutamate by 

GLAST and system Xe- for treated and control cells was measured using increasing 

amounts of cold glutamate. Concentrations used included 2.5 µM, 25 µM, 125 µM, 250 

µM, 500 µM, 5 mM, and 10 mM of cold glutamate. Uptake of glutamate by GLAST and 

system Xe- was plotted as a function ·of glutamate concentration (Figure 42). 

The inset graph in Figure 42A and 4XB is an Eadie-Hofstee plot. of transporter 

activity (V) versus transporter activity divided by glutamate concentration (V/S). For data 

that follow Michaelis-Menten kinetics, the Eadie-Hofstee plot produces a line with slope 

equal to -Km and a y intercept equal to V max• Sigma plot was used to fit the lines shown in 

the Eadie-Hofstee plots and to calculate values of Km and V max from these plots. 



Figure 41. Effect ofxanthine and xanthine oxidase controls on GLAST and system Xe

activity in primary M iiller cells. Primary Muller cells were treated in the absence or 

presence of either 100 µM ofxanthine or 20 mU/ml ofxanthine oxidase. After 6 hours of 

exposure to xanthine or xanthine oxidase alone, transporter activ~ty was assessed and 

compared with controls (100%). Neither xanthine or xanthine oxidase alone had any 

_effect on (A) GLAST or (B) system Xe- activity relative to controls. Values presented are 

means + SE from 2 independent experiments performed in triplicate. 
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Figure 42. Kinetic analysis of GLAST and system Xe-: X:XO (70:14) treated versus 

coil~rols~ Kinetic analysis of primary Muller cells treated for 6 hours in the presence and 

absence of70 µM ofxanthine:14 mU/ml ofxanthine oxidase. (A) GLASTand (B) system 

Xe- activity was assessed using increasing amounts of cold glutamate ranging from 2.5 

µM to 500 µM for both groups of cells .. The main graph shows the rate of glutamate 

uptake (pmole/mg/15 min) as a function of glutamate concentration (µM). The inset is an 

Eadie-Hofstee plot of V, uptake velocity with units of pmole/mg/15 min, versus VIS where 

S is cold glutamate concentration (µM). Values presented are means + SE from 2 

independent experiments performed in triplicate. 
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The kinetic data for GLAST showed that the decrease in GLAST activity after a 6 

hour exposure to 70 µM X:14 mU/ml XO resulted from changes in Vmax, not Km. For the 

GLAST transporter, the Vmax for X:XO treated primary Muller cells (5877 pmole/mg/15 

min) was a 10% decrease in V max compared to control cells (6579 pmole/mg/15 min) (P < 

0.001). The Km for.both X:XO treated and control cells were similar, 19.23 and 18.9 µM, 

respectively (Figure 42A). These values of Km were in agreement with literature reports 

of GLAST Km values ranging from 11-77 µM (Anderson and Swanson, 2000). 

The kinetic data for system Xe- showed that the increase in system Xe- activity after 

a 6 hour exposure to 70 µM X:14 mU/ml XO resulted from changes in Vmax, not Km. For 

the system Xe-, the Vmax for X:XO_ treated primary Muller cells (1946 pmole/mg/15 min) 

was 30% higher than the Vmax (1459 pmole/mg/15 min) calculated for control cells (P < 

0.0002). The Km for both X:XO treated and control cells were similar, 57.3 and 54.9 µM, 

respectively. The Km values for glutamate in this study were in the range of published 

values which varied from 160-300 µM in RGC-5 cells, ARPE-19 cells, and fibroblasts to 

18-54 µM in primary rat astrocytes and the LRM55 glioma cell line (Bannai and 

Kitamura, 1980; Bannai, 1984; Bridges et al., 2004; Dun et al., 2006; qochenauer and 

Robinson, 2001; Patel et al., 2003). 

In summary, the data obtained from the third aim provided two important 

findings. The first was that hyperglycemia alone qid not alter the activity of GLAST or 

system Xe-• The second finding was that moderate concentrations of oxidative stress 

decreased GLAST activity slightly but robustly increased system Xe- activity. The 

GLAST transporter showed a substantial decrease in activity only when concentrations of 
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X:XO were high enough that cells showed signs of damage. Kinetic studies showed that 

the changes observed in GLAST and system Xe- activity after exposure to 70 µM X:14 

mU/ml XO resulted from changes Vmaxnot Km.• The Vmax for GLAST decreased by 10% 

compared to control levels while the V max for system Xe- increased by 30% relative to 

controls. 

Aim 4. Determine the effects of high glucose and oxidative stress on GLAST and 

system Xe- gene and protein expression. 

Although high glucose did not alter the activity of GLAST or system Xe

transporter activity, it was not known if gene or protein expression was altered. Primary 

Muller cells were prepared and treated with 3 5 mM and 5 mM glucose for 2, 4, and 8 

days after which gene expression and protein levels in whole cell lysates were examined 

for GLAST and the two system Xe- subunits, xCT and 4F2hc. In addition, protein levels 

of GLAST, xCT, and 4F2hc were assessed in biotinylated plasma membrane fractions 

after 8 days of exposure to 3 5 mM glucose and were compared to 5 mM glucose. 

High glucose effect GLAST and system Xe- gene expression 

After exposure of primary Muller cells to 5 mM or 35 mM glucose for 2, 4, or 8 

days RNA was collected and converted to cDNA. Semi-quantitative PCR and subsequent 

analysis of the bands for GLAST (384 bp), xCT (181 bp), and 4F2hc (141 bp) was 

performed. 18S (315 bp) was used as an internal control. Representative PCR gels show 

the PCR bands obtained for GLAST, xCT, 4F2hc, and 18S after 2, 4, and 8 day 
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treatments (Figure 43A). A quantification of band densities relative to 1 ~S (internal 

control) is shown in the bar graph (Figure 43B). A comparison of bands from 35 mM 

samples to bands from 5 mM controls showed 1:10 difference in the mRNA expression of 

GLAST, xCT, or 4F2hc at any of the times tested (Figure 43). 

High glucose effect on GLAST and system Xe- proteins in whole cell lysates 

. An analysis the GLAST protein in whole cell lysates showed that hyperglycemia 

resulted in an increase in a 60 kDa form of GLAST after 8 days but not at earlier time 

points (Figure 44). Primary Muller cells were treated with 35 mM glucose or 5 mM 

glucose for 2, 4, or 8 days, after which protein samples were collected and Western blots 

were performed. Representative immunoblots for the GLAST protein are shown in Figure 

44A. Band densities were quantified for GLAST normalized to P-actin after 2, 4, and 8 

day treatments with 35 mM glucose compared to 5 mM glucose (Figure 44B). Protein 

levels were similar in 3 5 mM and 5 mM glucose treated cells after 2 and 4 day 

treatments. After 8 days, however, the 60 kDa form of GLAST was elevated in cells 

treated with 35 mM glucose relative to 5 mM controls (P < 0.05). 

An analysis of system Xe- protein levels in whole cell lysates showed that 

hyperglycemia resulted in an increase in xCT after 8 days but not at earlier time points 

(Figure 45). Representative immunoblots show bands for xCT (50 kDa) (Figure 45A). 

Quantification ofxCT band densities (normalized to P-actin) for 35 mM glucose relative 



Figure 43. Hyperglycemia effect on transporter gene expression. After exposure of 

primary Muller cells to 5 mM or 35 mM glucose for 2, 4, or 8 days, RNA was collected. 

Semi-quamtitative PCR and subsequent analysis of the resulting bands was performed for 

GLAST (384 bp), xCT (181 bp), and 4F2hc (141 bp). 18S (315 bp) was used as an 

internal control. (A) Representative PCR gels show bands for the GLAST, xCT, 4F2hc, 

and 18S after 2, 4, and 8 day treatments. (B) The bar graph shows the quantification of 

the band densities for GLAST, xCT, and 4F2hc relative to 18S. A comparison of bands 

for 35 mM samples to bands from 5 mM controls showed no difference in the mRNA 

expression of GLAST, xCT, or 4F2~c. Va}ues presented are means+ SE of band densities 

obtained from 2-3 PCRs performed for each sample. 
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Figure 44. Hyperglycemia effect on GLAST protein levels in whole cell lysq,tes. 

Primary Muller cells were treated with 35 mM glucose or 5 mM glucose for 2, 4, or 8 

days. After each tre<?,tment time protein samples were collected and Western blots were 

performed. (A) Representative immunoblots show bands for the GLAST protein after 2, 4, 

and 8 days exposure to 35 mM glucose and 5 mM glucose. /3-actin was used as the 

internal control. (B) The bar graph shows the quantification of GLAST protein 

(normalized to /3-actin) after 2, 4, and 8 day treatments with 35 mM glucose relative to 5 
' 

mM glucose. After 8 days a small form of GLAST (60 kDa) was elevated in cells treated 

with 35 mM glucose compared to 5 mM glucose (P < 0.05). Values presented are means 

+ SE of 2-3 readings from 2 to 3 independent experiments. 
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Figure 45. Hyperglycemia effect on system Xe- protein levels in whole cell lysates. 

Primary Muller cells were treated with 3 5 mM glucose or 5 mM glucose for 2, 4, or 8 

days. After each treatment time protein samples were collected and Western blots were 

performed. (A) Representative immunoblots show bands for the transporter specific 

system Xe- subunit, xCT (50 kDa). /J-actin was used as the internal control. Underneath 

the immunoblots, a bar graph shows the quantification of xCT protein (normalized to /3-

actin) for 35 mM glucose relative to 5 mM glucos_e controls. After 8 days of treatment, the 

xCT subunit (50 kDa) was elevated in cells treated with 35 mM glucose compared to 5 

mM glucos_e (P < 0.005). Values presented are means + SE of 3-6 readings from 2 to 3 

independent experiments. (B) Representative immunoblots showing bands for the 

ubiquitous system Xe- subunit 4F2hc (90 kDa). /J-actin was used as the internal control. 

Underneath the immunoblots a bar graph shows the quantification of 4F2hc protein 

(normalized to /3-actin) after 2, 4, and 8 day.treatments with 35 mM glucose relati,ve to 5 

mM glucose. There were no differences in 4F2hc protein levels in 35 mM glucose 

·compared to 5 mM controls at any of the time points tested. Values presented are means 

+ SE of 3-~ readings from 2 to 3 independf!nt experiments 
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to 5 mM glucose controls showed that at 2 and 4 days xCT (50 kDa) protein levels were 

not altered. After 8 days oftr~atment, however, the xCT subunit (50 kDa) was elevated in 

cells treated with 35 mM glucose compared to 5 mM glucose (P < 0.005). 

In Figure 45B, representative immunoblots show bands for the system Xe- subunit 

4F2hc (90 kDa). Quantifiqation of 4F2hc band densities (normalized to ~-actin) after 2, 4, 

and 8 day treatments with 35 mM glucose relative to 5 mM glucose showed no 

differences at any of the time points tested. 

High glucose effect on GLAST and system Xe- proteins in biotinylated fractions 

Typically, in transporter studies, an increase in protein expression is accompanied 

by a corresponding increase in transporter activity. The hyperglycemia induced increase 

in protein levels of both GLAST and xCT with no corresponding increase in transporter 

activity, prompted an investigation of whether or not hyperglycemia altered the levels of 

GLAST and xCT .at the plasma membrane. To explore this, the surface biotinylation 

technique was used to separate plasma membrane proteins from intracellular proteins in 

primary Muller cells that had been treated with 35 mM glucose and 5 mM glucose for 8 

days. Western blots were performed on both the plasma membrane and intracellular 

protein fractions. Representative immunoblots show a comparison GLAST, xCT, and 

4F2hc in the plasma membrane :fraction compared.to the intracellular fraction for 35 mM · 

and 5 mM glucose treated cells (Figure 46A). Protein levels for GLAST, xCT, and 4F2hc 

were quantified in the plasma membrane :fraction (Figure 46B). 



Figure 46. Hyperglycemia effect on transporter protein levels at the plasma membrane. 

After exposure of primary Muller cells for 8 days to 35 mM glucose or 5-mM glucose, the 

biotinylation technique was used to separate proteins on the plasma membrane from 

those located intracellularly. Western blots were performed on both the plasma 

membrane and intracellular protein fractions. (A) Representative immunoblots show 

bands for the GLAST transporter and system Xe- subunits xCT and 4F2hc in both the 

plasma membrane and intracellular fractions. (B) The bar graph shows the 

quantification of the plasma membrane proteins GLAST (60 kDa plus 64 kDa), xCT (40 

kDa) and 4F2hc (90 kDa). A comparison of 35 mM plasma membrane proteins to 5 mM 

plasma membrane controls showed no differences for any of the three proteins tested. 

Plasma membrane proteins were normalized to Ponceau staining as the internal control. 

Values presented are means + SE of a total of 3 readings from 3 independent 

b iotinylations. 
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For GLAST, a 64 kDa form of GLAST was present primarily in the plasma 

membrane fraction. The 60 kDa form was present in both the plasma membrane and 

intracellular fractions and appeared to be elevated in the 35 mM glucose treated samples, 

which was similar to the elevation of 60 kDa GLAST observed in whole cell lysates. 

Repeating this experiment showed that the relative distribution of the 60 kDa GLAST 

protein between the plasma membrane and intracellular fractions varied with each 

biotinylation, therefore it was not feasible to quantify the 60 kDa and 64 kDa forms 

individually. Instead, the combined band intensity of both GLAST bands was used in 

protein calculations. A quantitative analysis of GLAST protein normalized to the internal 

control (Ponceau staining) showed that total GLAST protein levels in the plasma 

membrane fraction were similar in 3 5 mM glucose treated cells compared to controls 

(Figure 46B), which was in agreement with uptake studies that showed hyperglycemia 

did not alter GLAST activity (Figure 35). 

The system Xe- subunit, xCT appeared in the plasma membrane fraction as a 40 

kDa band. A 50 kDa form of xCT was present mainly in the intracellular fraction where it 

appeared to be elevated in the 35 mM glucose treated samples similar to the elevation of 

xCT (50 kDa) seen in whole cell lysates. Quantification of the band densities for plasma 

membrane xCT (40 kDa) normalized to the internal control (Ponceau staining) showed 

that xCT protein levels were not altered in 3 5 mM glucose treated plasma ,membrane 

fractions relative to 5 mM glucose controls, which was in agreement with the finding that 

system Xe- transporter activities were not affected by hyperglycemia (Figure 35). 
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The 4F2hc protein (90 kDa) was localized primarily in the plasma membrane 

fraction (Figure 46). Quantification of the band densities for 4F2hc normalized to the 

internal control (Ponceau) showed no difference in 35 inM glucose plasma membrane 

fractions relative to controls. The consistent localization of 4 F2hc to the plasma 

membrane provided a positive control that the biotinylation technique was effectively 

separating the plasma membrane proteins. 

Effect of oxidative stress on GLAST and system Xe- gene expression 

For oxidative stress experiments primary Muller cells and treatment solutions 

were prepared as in the corresponding uptake experiments. Primary Muller cells were 

treated for 6 hours in the presence or absence of 70 µM X:14 mU/ml XO. After 

treatment, gene expression and protein levels for GLAST and both system Xe- subunits, 

xCT and 4 F2hc, were examined. Protein levels were analyzed in whole cell lysates as 

well as in biotinylated plasma membrane and intracellular fractions. 

After treatment of primary Muller cells with 70 µM·X:14 mU/ml XO for 6 hours, 

RNA was col~ected and converted into cDNA. Semi-quantitative PCR and subsequent 

analysis of the resulting band densities was performed for GLAST (384 bp), xCT (181 

bp), and 4F2hc (141 bp). 18S (315 bp) was used as _an internal control. Representative 

PCR gels show bands for GLAST, xCT, 4F2h, and l~S after treatment with X:XO 

compared to controls (Figure 47A). Band densities normalized to 18S were quantified 

and compared with controls (Figure 47B). These comparisons showed that the GLAST 

mRNA level was elevated 1.2 fold compared to controls (1.0). Regarding system Xe-, 



Figure 47. Effect of 70 µM X: 14 mU/ml XO on GLAST and system Xe- gene expression. 

Primary Muller cells were treated for 6 hours in the presence and absence of 70 µM of 

xanthine:14 mU/ml xanthine oxidase, after which RNA was collected. Semi-quamtitative 

PCR and subsequent analyses of the resulting band densities were performed for GLAST 

(384 bp), xCT (181 bp), and 4F2hc (141 bp). 18S (315 bp) was used as an internal 

control. (A) Representative PCR gels show bands for GLAST, xCT, ,4F2h, and 18S after 

treatment with X·XO for 6 hours. (B) The bar graph shows the quantification of the band 

densities for GLAST, xCT, and 4F2hc relative to 18S. A comparison of bands for X·XO 

treated samples to bands from controls showed a small increase in GLAST expression, 

1. 2 fold relative to controls. The xCT transporter specific subunit of system Xe- showed a 

substantial 2. 4 fold increase in band density relative to controls (P < 0. 0005). The 

ubiquitous 4F2hc band density was similar to controls. Control band densities were 

taken as 1. 0. Values presented are means + SE of band densities obtained from a total of 

4-5 PCRs performed on RNA obtained from two independent experiments. 
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the xCT mRNA was increased substantially and was elevated 2.4 fold relative to controls 

(1.0) (P < 0.0005). This elevation in xCT gene expression was consistent with the 

increase in system Xe- transporter activity observed in uptake studies. There was no 

change in 4 F2hc m.RNA under conditions of oxidative stress compared to controls. 

Effect of oxidative stress on protein expression 

The results of Western blot analysis using whole cell lysates obtained from 

primary Muller-cells treated with 70 µM X:14 mU/ml XO are shown in Figure 48. After 

treatment with X:XO, protein samples were collected and Western blots were performed. 

Representative immunoblots show bands for GLAST (60 kDa), xCT (40 kDa and 50 kDa 

forms), and 4F2hc (90 kDa) (Figure 48A). ~-actin was used as the internal control. 

Quantification of GLAST, xCT, and 4F2hc protein levels normalized to ~-actin showed 

no difference between X:XO treated samples and controls (Figure 48B). Based on our 

previous observations of increased system Xe- transporter activity (Figure 40), increased 

V max (Figure 42) and increased gene expression in X:XO treated cells (Figure 4 7), an 

increase in protein levels for xCT was expected. 

Owing to the discrepancy between the X:XO · uptake experiments and protein 

analysis using whole cell lysates, plasma membrane fractions were examined to see if any 

differences in transp·orter protein levels were present on the cell surface of X:XO treated 

cells compared to controls. After treatment of primary Muller cells in the presence and 

absence of X:XO, the biotinylation technique was used to separate proteins into plasma 



Figure 48. Effect of 70 µM X:14 mU/ml XO on transporter protein levels in primary 

Muller cell whole lysates. Primary Muller cells were treated for 6 hours in the presence 

and absence of 70 µM X·J4 mU/ml XO. After treatment, protein samples were collected 

and Western blots were performed. (A) Representative immunoblots show bands for 

GLAST (60 kDa), the transporter specific system Xe- subunit, xCT (50 kDa and 40 kDa), 

and the ubiquitous system Xe- subunit 4F2hc (90 kDa). P-actin was used as the internal 

control. (B) The bar graph shows the quantification of GLAST, xCT, and 4F2hc protein 

levels relative to controls. No difference was detected in any of the transporter proteins 

compared to controls. Values presented are means + SE of a total of 6 readings, 2 each 

from 3 independent experiments. 
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membrane and intracellular fractions. Western blots were performed on both the plasma 

membrane and intracellular protein fractions. 

Representative immunoblots showed bands for GLAST in both the plasma 

membrane and intracellular fractions (Figure 49A). The 64 kDa form of GLA~T was 

localized primarily to the plasma membrane while the 60 kDa form occurred both on the 

plasma membrane ~d intracellularly. Quantification of GLAST band densities 

normalized to internal controls showed no differences for GLAST band densities for 

X:XO treated samples relative to controls either in the plasma membrane or intracellular 

fractions (Figure 49B). 

For xCT, the 40 kDa and 50 kDa forms were both located in the plasma 

membrane and intracellular fractions (Figure 50A). Quantification of the band densities 

normalized to internal controls (Ponce staining or ~-actin) showed that protein levels for 

the ~O kDa form of the xCT protein was the same in X:XO treated cells and controls 

regardless of_ localization (Figure 50B). In contrast the· 40 kDa form of xCT was 

substantially elevated in the plasma membrane fraction of X:XO treated cells with a band 

density 3.6 fold. higher compared to controls, 1.0 (P' < 0.005). In contrast, in the 

intracellular fraction of X:XO treated cells, the band density of xCT (40 kDa) was 

decreased 0.8 fold compared to controls (P < 0.05) (Figure 50C). A comparison of 

biotinylated and intracellular protein fractions suggested that the elevation of the 40 kDa 

form of xCT present on the plasma membrane of X:XO treated primary Muller cells may 

be responsible for the increased system Xe- activity observed in uptake experiments and 



Figure 49. Effect of 70 µM X:14 mU/ml XO on GLAST plasma membrane protein 

expression. Primary Muller cells were treated for 6 hours in the presence and absence of 

70 µM X· 14 m Ulm! XO. (A) Representative immunoblots show bands for GLAST in both 

the plasma membrane, and intracellular fractions. (B) The bar graph shows the 

quantification of GLAST (64 kDa and 60 kDa) in the plasma membrane fraction and 

GLAST (60 kDa) in the intracellular fraction. Bands for plasma membrane proteins were 

normalized to Ponceau staining as the internal control. Bands for intracellular proteins 

were normalized to /J-actin. Values presented are means + SE for a total of 4 readings 

from 2 independent ·biotinylations. 
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Figure 50. Effect of 70 µM X:14 mU/ml XO on system Xe-plasma membrane protein 

expression. Primary Millier cells were treated for 6 hours in the presence and absence of 

70 µM X·l4 mU/ml XO. After treatment, the biotinylation technique was used to separate· 

proteins on the plasma membrane from those located intracellularly. Western blots were 

performed on both the plasma membrane and intracellular protein fractions. (A) 

Representative immunoblots show bands for xCT (40-and 50 kDa) and 4F2hc (90 kDa) 

from both the plasma membrane and intracellular fractions. (B) The bar graph shows the 

quantification of xCT (5 0 kDa) in the plasma membrane and intracellular fractions and 

4F2hc (90 kDa) in the plasma membrane fraction. No differences were d_etected in 

protein levels for xCT (50 kDa) or 4F2hc from X·XO treated samples relative to controls. 

(C) The bar graph shows the quantification of xCT (40 kDa) in the plasma membrane 

and intracellular fractions in X·XO treated cells compared to controls. The band density 

for xCT (40 kDa) in X·XO treated cells is elevated 3.6 fold relative to controls in the 

plasma membrane (P < 0. 005). In contrast, the band density for xCT (40 kDa) in X·XO 

treated cells is decreased 0.8 fold in the intracellular fraction relative to controls. 

Control bands were taken as 1. 0. Bands for plasma membrane proteins were normalized 

to Ponceau staining as the internal control._ Bands for intracellular proteins were 

normalized to /3-actin as the internal control. Values presented are means + SE for a 

-total of 4 readings from 2 independent biotinylations. 
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a part of this elevation may come from a change in localization from an intracellular to a 

plasma membrane location. 

The 4 F2hc protein was localized prima;ily on the plasma membrane. 

Quantification of the 4F2hc band density normalized to an internal control (Ponceau 

staining) did not detect a difference in 4 F2hc protein levels in X:XO treated and control 

cells (Figure 50B). 

In summary, for Aim 4 experiments, the effects of hyperglycemia and oxidative 

stress on gene and protein expression were examined. Although hyperglycemia does not 

alter gene expression of GLAST, xCT, or 4F2hc, the protein levels of GLAST (60 kDa) 

and xCT (50 kDa) proteins were elevated intracellulary after 8 days exposure to 35 mM 

glucose. On the plasma membrane, however, GLAST and system Xe- transporter protein 

levels were similar in 35 mM glucose treated cells as in controls which supported the 

results of uptake experiments that showed GLAST and system Xe- transporter activity 

were unaltered by hyperglycemia. 

In contrast to hyperglycemia, oxidative stress had a marked effect on gene and 
i 

protein expression. Gen~ expression studies of primary Muller cells treated with 70 µM 

X:14 mU/ml XO for 6 hours showed an increase in xCT gene expression that was 

consistent with the increase in system Xe- transporter activity observed in uptake studies. 

Although an· elevation in xCT was not detected in whole cell lysates, analysis of plasma 

membrane and intracellular fractions showed that xCT ( 40 kDa) was substantially 

elevated on the plasma membrane of X:XO treated cells and this elevation may be due, in 

part, to the movement of xCT from an intracellular to a pl~sma membrane location. 
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DISCUSSION 

The experiments undertaken for this thesis were designed to test the hypothesis 

that factors associated with diabetes, namely hyperglycemia and oxidative stress, would 

alter the activity of two transporters for glutamate: GLAST and system Xe-- The matter of 

glutamate transport and diabetic retinopathy was of interest because an elevation of 

glutamate has been reported in the vitreous of human diabetic patients (Ambati et al., 

1997) and in retinas of diabetic rats (Lieth et al., 1998). Given that extracellular 

glutamate is toxic to cells, particularly neurons (Goto et al., 2002; Otori et al., 1998; 

Vorwerk et al., 1996; Yoneda et al., 2003) and given that neuronal death is a feature of 

diabetic retinopathy (Barber et al., 1998; Martin et al., 2004; Barber et al., 2005), the 

analysis of the mechanism responsible for accumulation of glutamate may be relevant to 

the pathogenesis of diabetic retinopathy. 

The .retina uses various transporters to clear glutamate; notable among these are 

members of the excitatory amino acid transporters (EAA Ts). Muller cells use the 

EAATl (GLAST) transporter to clear glutamate from the extracellular milieu. The 

literature is conflicting on the effects of diabetes on this transporter. Li and Puro (2002) 

used patch clamp methodology in diabetic rats and found decreased GLAST transporter 

activity while Ward et al. (2005) examined in vivo accumulation of D-aspartate ( a 

substrate for GLAST) in the diabetic rat retina and found increased levels of D-aspartate 
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in Muller cells, which were attributed to increased GLAST activity. The discrepancy in 

the data may reflect differences in experimental . methods. Li and Puro used an 

electrogenic measure of isolated cell function, while Ward used a whole retina 

preparation that was analyzed immunohistochemically for amino acid levels. In addition, 

Ward and collaborators gave supplemental insulin injections to the rats after inducing 

diabetes. 

In addition to the GLAST transporter, system Xe- can exchange glutamate and 

cystine. While system Xe- is known to be expressed in retinal Muller cells (Kato et al., 

1993) and is known to be important for generation of glutathione (Bannai, 1984; Kato et 

al., 1992; Scuutte and Werner, 1998), no analysis of the effects of diabetes on the 

function of system Xe- transporter has been reported in the literature. 

Because the analysis of the activity of a transporter protein is exceedingly difficult 

in a complex tissue such as the retina, most studies of transporter activity are performed 

using cultured cells. Researchers have exploited cultured cell lines to learn many of the 

properties of transporter proteins and factors that regulate their activity. Cell lines have 

advantages of uniform morphology and growth rates, although they may not mimic 

perfectly the physiological condition of the parent cell or tissue. Earlier studies in the 

Smith lab had attempted to utilize a Muller cell line (rMC-1) to analyze various factors 

that might regulate the function of several transporters. In some cases, meaningful results 

were obtained. For example, rMC-1 cells are sensitive to osmolar effects and the activity 

of the taurine transporter is affected by increasing osmolarity of culture mediuin (El

sherbeny et al., 2004). Interestingly, the rMC-1 cell line did not show altered function of 
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several transporter proteins when exposed to hyperglycemia, a key feature of diabetes. 

This apparent insensitivity to hyperglycemia prompted an interest in using primary cell 

cultures of Muller cells. Primary cell cultures ( early passages of primary cells) are · 

predicted to have more features in common with the physiological state than would cell 

lines. 

The isolation of primary Muller cells from the rat retina was established several 

years ago by Hicks and Cortois (1990). Few studies have been reported using primary 

cells from mouse retina. Primary mouse Muller cells would be of great use given the 

plethora of genetic models available in mice, including models associated with diabetes. 

Thus, it was of interest to adapt the rat methodology for isolating Muller cells to the 

· mouse eye. Ultimately, it is hoped that Muller cells can be harvested from various genetic 

models of retinal dystrophy in mouse, although this was not the focus of the present 

work. 

Thus, Aim 1 of this thesis was: to'establish primary culture of mouse Muller cells, 

to verify their purity and to establish that they express the transporter proteins of interest 

(GLAST and system Xe-)- After experimentation with several dissection methods, a range 

of mouse ages as the source of cells, and variations of culture medium, it was established 

that harvesting Muller cells from neonatal pups at age 6-7 days yielded the most 

consistent and viable cultures_. Cultures prepared as described in the results section 

· (Figure 19) resulted in a population of cells that initially extended radial processes and 

maintained a differentiated morphology through 3-4 passages and after freezing (Figure 

20). The purity of the cultures was confirmed by using known markers for Muller cells 
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including vimentin and glutamine synthase (Figure 21) (Sarthy and Ripps, 2001 ). The 

presence of GF AP was slight, which is consistent with low level Muller cell expression, 

if the cells are not stressed (Figure 22) (Ekstrom et al., 1988). The cells were also 

positive for CRALBP, known to be expressed in Muller cells and RPE cells (Figure 22) 

(Bunt-Milam and Saari, 1983). It is noteworthy that the isolated cells were negative for 

the RPE cell marker cytokeratin-8 and the neuronal marker, NF-L (Figure 23). If the 

primary Muller cells were to be of use in studying the activities of GLAST and system Xe

, it was essential also to demonstrate that these transporter systems were present. Data are 

shown in Figures 24 and 25 indicating that these transporters are expressed in the primary 

Muller cell cultures. 

In addition to establishing the primary mouse Muller cell culture in Aim 1, it was 

necessary to optimize the culture conditions to ensure suffi~ient numbers of cells to 

conduct assays of transporter activity. It was not practical to perform the studies on the 

initially isolated cells, but it was feasible to isolate the cells and, because they proliferate 

in culture, to passage them 3-4 times, freeze them and then re-thaw and passage one more 

time for uptake studies. By incorporating this protocol a uniform population of cells was 

available for all of the uptake studies as well as the analysis of gene and protein 

expression. After establishing the primary mouse Muller cells, it was necessary to 

develop a workable protocol for maintaining the cells and acquiring meaningful 

functional data. Few studies have analyzed the function of transporter proteins in 

primary cells and hence it was not known whether there would be considerable variation 

in the data from culture to culture and assay to assay. 
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Aim 2 of this thesis was to optimize the culture conditions to permit functional 

assays of the GLAST and system Xe- transporter systerp.s. Freezing the cells after passage 

3-4 followed by thawing, growing and passaging one more time ensured uniformity of 

the cells. Following this protocol, cells were seeded and GLAST and system Xe- activity 

was measured after 1, 2, 3, 4 or 6 days. Over this time period the activity of GLAST and 

system Xe- was unchanged. It was established that a seeding density of 100,000 cells per 

well ( of a 24-well plate)· led to .appropriate confluency to perform studies of uptake of 

glutamate. After seeding, the cells were grown 3-4 days in a growth medium containing 

DMEM with 5 .5 mM glucose, 10% FBS and 1 % peni~illin-streptomycin. Cells were then 

transferred to medium containing low serum (0.5% FBS, DMEM with 5.5 mM glucose). 

Pyruvate was omitted from treatment medium because it has been shown to confer 

protection against oxidative stress in cultured cells (Frenzel et al., 2005). Seeding cells at 

this density (100,000) and maintaining them in the initial higher serum followed by the 

lower serum at the time of experimentation led to reproducible results when the activity 

· of GLAST and system Xe- were assessed. This methodological aim set the stage for the 

remaining two aims to analyze first, the effects of hyperglycemia and then oxidative 

stress on the function of GLAST and system Xe- in primary Muller cells. 

Aim 3 investigated the effects of hyperglycemia on GLAST system Xe

transporter activities. While an earlier study by Li and Puro (2002) suggested that 

GLAST activity would be decreased, a later study by Ward et al. (2005) indicated an 

increase in GLAST activity. The studies performed for Aim 3 were designed to test only 

· the effect of exposure to elevated glucose on transporter activity in the isolated Muller 
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cell. In order to explore the sole effects of hyperglycemia on GLAST and system Xe

transporter activities in the Muller cell, no other factors associated with diabetes were 

present. 

Since it is well known that hyperglycemia can be accompanied by hyperosmolar 

effects, initial experiments were carried out with the primary mouse Muller cells to 

determine whether exposure to mannitol, L-glucose or sorbitol would alter GLAST or 

system Xe- function. The findings of these studies indicated that there was no osmolar 

effect on the function of either transporter .(Figure 33 and 34). Interestingly, when the 

cells were exposed to hyperglycemic conditions (35 mM glucose) the transporter 

functions of both GLAST and system Xe- also remained unchanged (Figure 35). This was 

I ' 

true for very short exposures to high glucose (15 min) and was observed over a course of 

8 days with assessments being· made at 6 hours, 1, 2, 4, and 8 days. The level of glucose 

chosen for these studies (35 mM) reflects a severe hyperglycemic state as it is equivalent 

to 637 mg/dl glucose. Such high levels are observed routinely in the Ins2Akita mouse 

model of diabetes (~550-650 mg/dl) (Barber et al., 2005 and unpublished observations). 

This level of glucose would be extremely high for diabetic human patients, but was 

relevant for the mouse model, the source of the cells used in this investigation. 

The findings of these experiments indicated that hyperglycemia alone is not 

sufficient to disrupt the normal function of either GLAST or system Xe- in primary Muller 

cells. This result underscored the complexity of the disease, diabetes, and raises the 

question as to why altered GLAST transporter activity was observed in some models of 

diabetic retinopathy (Li and Puro, 2002). One possibility is that the diabetic condition is 
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associated with oxidative stress; several reviews implicate hyperglycemia-induced 

oxidative stress in the pathogenesis of diabetic retinopathy (Brownlee, 2001; Bonnefont

Rousselot, 2002; van Reyk, 2003). Having the isolated Muller cells allowed this 

hypothesis to be tested. 

Oxidative stress was induced in the primary Muller cells usmg a combined 

application of xanthine:xanthine oxidase (X:XO), a well known method for generating 

superoxide (Fridovich, 1970). Xianthine oxidase is the enzyme that catalyzes the reaction 

of xanthine with water and oxygen to form uric acid, hydrogen peroxide and superoxide. 

The X:XO system produces superoxide and hydrogen peroxide in a molar ratio of 

approximately 1 :3 (Asai et al., 2007). Given that hyperglycemia-induced overproduction 

of superoxide by the electron transport chain is involved in pathogenesis of diabetes 

(Brownlee, 2001 ), this reagent was considered appropriate as an inducer of oxidative 

stress. 

The amount of oxidative stress induced by the X:XO system is directly correlated 

with the concentration of xanthine. The second component of the system, xanthine 

oxidase, is an enzyme and only affects the rate of reaction (1 unit of xanthine oxidase 

converts 1 µmole of xanthine/min at pH 7.5 and 25°C). Theoretically, if the rate of 

reaction is not affected by the concentration of xanthine or xanthine oxidase, then a 10 

µM solution of xanthine combined with 2 mU/ml xanthine oxidase would react in 5 

minutes to form a solution of 2.5 µM superoxide plus 7.5µM hydrogen peroxide. In 

comparison, a 100 µM solution of xanthine combined with 20 mU/ml xanthine oxidase 

would react to form a solution 10 times stronger (25 µM superoxide plus 7 5 µM H2O2). 
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These levels of H202 are comparable to the dosage of H202 (250 µM) that has been used 

in an in vitro study of superoxide induced apoptosis of retinal endothelial cells (Kowluru 

and Kowluru, 2007). 

Increased superoxide concentration is thought to be a major causative factor in the 

pathogenesis of diabetic complications (Kowluru and Chan, 2007). Unfortunately, there 

are no data in the literature that, quantify the absolute level of superoxide present in the 

diabetic retina, but relative points of comparison do exist. For example, levels of 

superoxide are two-fold greater in the diabetic rat retina relative to controls (Du et al., 

2003). Kowluru and colleagues showed that thiobarbituric acid reactive substances 

(TBARS), a measure of lipid peroxidation are two-fold greater in diabetic rat retinas 

compared to controls. Elevated levels of lipid peroxidation are particularly relevant to our 

experimental system given that one mechanism by which superoxide and H202 induce 

cytotoxic effects is via lipid peroxidation (Sheriden et al., 1996). 

To address the effects of oxidative stress on the function of the GLAST and 

system Xe- transport systems, initial experiments were performed using an acute very high 

dosage of X:Xb (500 µM X:50 mU/ml XO for i's minutes) to determine if the cells 

would be sensitive to this stressor (Figure 38). The primary Muller cells were exquisitely 

sensitive to this severe treatment and demonstrated an immediate 19% decrease of 

GLAST activity. In addition, the high exposure to X:XO led to 26% decrease in system 

Xe- activity. This finding was unexpected because the literature is replete with data 

showing that oxidative stress increases the activity of system xe·• The prevailing theory is 

that since this transporter facilitates the transfer of cystine into cells, which is in turn 
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converted to cysteine required for generation of glutathione ( a tripeptide comprised of 

glycine, cysteine, and glutamate), that stress will likely upregulate expression of the 

transporter. This is the first report that acute oxidative stress transiently decreases the 

activity of system Xe-; however, this decrease may be due to the toxicity of the treatment. 

After observing that the high dosage, acute exposure· to X:XO could alter the 

activity of GLAST and system Xe- ·in the primary cells, a low dosage of X:XO was 

applied for an extended period of time. GLAST and system Xe- transporter activities were 

not altered, even after 18 hours exposure to 10 µM X:2 mU/ml XO .. GLAST and system 

Xe- transporter activity was not affected by low levels of oxidative stress (Figure 39). 

To determine the sensitivity of GLAST and system Xe- function to oxidative 

stress, the effects of a 6 hour exposure tQ various dosages of X:XO were examined. For 

the GLAST transporter, lower dosages (10 µM X:2 mU/ml XO, 40 µM X:8 mU/ml XO) 

did not alter GLAST activity significantly. Exposure of the cells for 6 hours to higher 

concentrations ofX:XO (70 µM X:14 mU/ml XO and 100 µM X:20 mU/ml XO) led to a 

10% decrease in GLAST activity, which was statistically significant. As exposure to 

X:XO neared toxic levels (200 µM X/40 mU/ml) a dramatic 60% decrease in GLAST 

activity occurred (Figure 40A). 

The interesting observation in the oxidative stress studies was the robust activity 

demonstrated by system Xe- in primary Muller cells (Figure 40B). The system Xe

transporter responded to oxidative stress by increasing its activity. At X:XO dosages of 

40 µM X:8 mU/ml XO, there was a 14% increase in Xe- activity, which was significant. 

As X:XO levels increased there was a corresponding marked increase in system Xe-
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activity (Figure 40B). As the level of X:XO increased to near toxic levels (200 µM X:40 

mU/ml XO) the functioning of the system Xe- transporter began to fail and activity, 

although still 32% greater than the control, began to decrease. 

Thus, while the 100/20 X:XO dosage decreased the GLAST activity by only 10%, 

it increased the system Xe- activity by nearly 90%. The primary responder to oxidative 

stress was the system Xe- transporter which exhibited robust increased activity while the 

GLAST activity, although depressed, was relatively well preserved. Although the effect 

of oxidative stress has been reported for GLAST and system Xe- transporters individually, 

this is the first time that the relative effects of oxidative stress has been quantified for 

both transporters at the same time. 

In order to understand how oxidative stress altered transporter function, kinetic 

studies for GLAST and system Xe- were performed using primary Muller cells treated in 

the presence and absence of 70 µM X:14 mU/ml XO for 6 hours. The subsequent kinetic 

analysis showed that, for both GLAST and system Xe-, the observed effects of oxidative 

stress on transporter activity were due to alterations in V max and not Km, For the GLAST 

transporter, the V max for X:XO treated primary Muller cells decreased by 10% compared 

to control cells, while the Km for GLAST calculated from X:XO treated and control 

uptakes remained the same. For the system Xe- transporter, the V max for X:XO treated 

primary Muller cells was 30% higher than the V max calculated for control cells and the 

Km for system Xe- calculated from X:XO treated and control uptakes was the same. 

The findings of the oxidative stress uptake experiments indicated that oxidative 

stress had a pronounced effect on glutamate transporter activity in primary Muller cells. 
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The significant inhibitory effect of oxidative stress on GLAST activity suggested that 

oxidative stress is a factor that could negatively impact GLAST function in the diabetic 

retina. The dramatic stimulation of system Xe- activity in response to oxidative stress 

suggested that this transporter may have an important role associated with antioxidant 

production (glutathione) in the d~abetic retina. 

Aim 4 investigated the effects of hyperglycemia and oxidative stress on GLAST 

and system Xe- gene and protein expression. Although hyperglycemia did not alter the 

activity of GLAST or system Xe-, it was not known whether protein or gene expression 

was altered. In agreement with the finding that hyperglycemia did not affect.transporter 

function, no change in gene expression of GLAST or system Xe- (xCT and 4 F2hc) was 

detected after 2, 4, or 8 days exposure to 35 mM glucose relative to controls (Figure 43). 

Interestingly, an analysis of GLAST and system Xe- protein levels in whole cell lysates 

showed that after 8 days exposure to 35 mM glucose, GLAST (60 kDa) and xCT (50 

kDa) protein were elevated (Figure 44 and 45). 

Typically, in transporter ~tudies, an increase in protein expression is accompanied 

by a corresponding increase in transporter activity. The hyperglycemia induced increase 

in protein levels of both GLAST and xCT with no corresponding increase in transporter 

activity, prompted an investigation of whether or not hyperglycemia altered the levels of 

GLAST and xCT at the plasma membrane. To explore this, the surface biotinylation 

technique was used to separate plasma membrane proteins from intracellular proteins in 

primary Muller cells that had been treated with 35 mM glucose and 5 mM glucose for 8 

days. 
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A combined analysis of GLAST and system Xe- (xCT and 4F2hc) protein levels in 

plasma membrane and intracellular fractions showed that after 8 days exposure to 35 mM 

glucose, GLAST (combined 64 kDa and 60 kDa forms), xCT (40 kDa), and 4F2hc 

protein levels on the plasma membrane were similar to controls (Figure 46). This result 

was in agreement with uptak~ experiments in which hyperglycemia did not alter 

transporter function. Interestinglr, GLAST (60 kDa) and (xCT) 50 kDa both appeared to 

be elevated in the 35 mM glucose treated intracellular fractions. A combined analysis of 

biotinylation and whole cell lysate data _indicated that the elevation in GLAST (60 kDa) 

and xCT (50 kDa) occurred inside the cell, hence, it did not affect the GLAST or system 

Xe- activity at the plasma membrane. 
I 

Given that oxidative st~ess altered GLAST activity somewhat and system Xe-

activity profoundly, the expression of GLAST and system Xe- gene and protein expression 

were analyzed for primary Muller cells treated with 70 µM X: 14 mU/ml XO for 6 hours. 

Although treatment with X:XO had little effect on GLAST or 4F2hc, xCT showed a 

robust increase in gene expression, that was consistent with the increase in system Xe

transporter activity observed in uptake studies (Figure 47). An analysis of GLAST, xCT, 

and 4F2hc protein levels in whole cell lysates showed no difference in protein level_s 

between X:XO treated samples and controls (Figure 48). The lack of change in GLAST 

protein levels was not surprising1 since functional studies only showed a 10% decrease in 

GLAST activity at this concentration of X:XO. Based on our previous observations of 

increased system Xe - transporter activity (Figure 40), increased Vmax (Figure 42) and 

· increased gene expression in X:XO treated cells (Figure 4 7), an increase in protein level 



158 

for xCT was expected. The results for xCT, prompted the use of biotinylation methods to 
·! 

obtain plasma membrane and intracellular protein fractions from cells treated with 70 µM 

X/14 mU/ml XO for 6 hours. 

A comparison of biotinylated and intracell:ular protein fractions showed that, 

regardless of localization, xCT (50 kDa) protein levels were the same in X:XO treated 

cells and controls (Figure 50). Interestingly, xCT (40 kDa) was substantially elevated on 

the plasma membrane of X:XO treated primary Muller cells compared to controls. In 

contrast the protein level of the xCT ( 40 kDa) in the X:XO treated intracellular fraction 

was reduced in treated cells relative to controls. 

These results suggested that in primary Muller cells one of the early responses to 

oxidative stress may be the tr~fficking of xCT ( 40 kDa) to the plasma membrane. 

Although, xCT movement to the plasma membrane is well known to be associated with 

4F2hc, no reports in the literature have analyzed the relative expression of xCT inside the 

cell compared to the plasma membrane (Bassi et al., 2001; Palacin and Kanai, 2004). In 

addition, although the existence of both the 40 kDa and 50 kDa forms of xCT have been 

reported, this is the first time that an isoform specific response has been identified (Burd~ 

et al., 2006; LaBella et al., 2007; Shih et al., 2006; Tomi et al., 2003). 

In summary, hyperglycemia and oxidative stress affe~ted the gene and protein 

expression of GLAST and system Xe-, Although the effects of hyperglycemia were 

limited to an increase in GLAST (60 kDa) and xCT (50 kDa) proteins that was confined 

to an intracellular location, the fact that protein levels were altered suggested that over a 

longer time course GLAST and system Xe- protein levels or transporter function might 
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eventually be altered by hyperglycemia. In contrast to hyperglycemia, oxidative stress 

produced profound changes in the gene and protein expression of the system, Xe

transporter specific subunit xCT. Specifically, xCT gene expression was elevated and the 

xCT ( 40 kDa) protein levels were elevated at the plasma membrane. These gene and 

protein expression changes for x~T were in agreement with the stimulation of system Xe-
!, 

transporter activity by oxidative stress. 

In conclusion, the present studies have laid the foundation for future work on the 

effects of diabetes on GLAST and system Xe- transporter function. Although 

hyperglycemia al~ne was not sufficient to alter the function of either GLAST or system. 

Xe-, changes in internal protein levels of GLAST and xCT suggested that hyperglycemia 

did affect the primary Muller cells. Future work in.this area might be to investigate the 

effects of advanced glycation endproducts, a toxic byproduct of long term 

hyperglycemia, on GLAST or system Xe- transporter activity. 

In contrast to hyperglycemia, elevated levels of oxidative stress had profound 

effects on both GLAST and system Xe-, In agreement with the work of Li and Puro 

(2002), high levels of oxidative stress inhibited GLAST function. The small decrease in 

GLAST function at moderate levels of oxidative stress, however, suggested that GLAST 

function is, to an extent, preserved. In contrast, the robust increase in system Xe

transporter activity as well as gene and protein expression indicated that this transporter 

, may be a key player in the antioxidant defense mechanisms of the diabetic retina. Future 

in vivo work to evaluate the relative expression levels and function of system Xe- in the 
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diabetic retina may provide valuable insights on the pathogenic mechanisms of diabetic 

retinopathy. 



SUMMARY 

The experiments undertaken for this thesis tested the hypothesis that factors 

associated with diabetes, namely hyperglycemia and oxidative stress, would alter the 

activity of two transporters for glutamate: GLAST and system Xe-• To test this hypothesis, 

the in vitro model of cultured primary mouse Muller cells was chosen. Although primary 

rat Muller cells are often used in the literature, primary mouse Muller cells are used less 

frequently. The isolation and culture of these cells was a new technique for the Smith lab 

and the successful isolation and culture of primary Muller cells enabled us to study the 
! 

transporter function of GLAST and system Xe- as well as to perform gene and protein 

expression studies. 

Because hyperglycemia .is considered to be the most important factor in the 

progression of diabetic retinopathy, we expected elevated glucose to alter GLAST and 

system Xe- transporter function. Surprisingly, the findings of experiments in the present 

study indicated that hyperglycemia alone was not sufficient to disrupt the normal function 

of either GLAST or system Xe- in primary Muller cells. Even though transporter function 

and protein expression were not altered at the plasma membrane, hyperglycemia did 

result in an increase in GLAST (60 kDa) and xCT (50 kDa) inside the cell, suggesting 

that, over a longer time course, GLAST and system Xe- transporter function might 

eventually be altered by hyperglycemia. This result underscored the complexity of 

161 
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diabetes and raised the question as to why altered GLAST transporter activity was 

observed in some models of diabetic retinopathy (Li and Puro, 2002; Ward et al., 2005). 

In answer to this question, the effects of oxidative stress on GLAST and system Xe- were 

studied. 

Oxidative stress is strongly implicated in the pathogenesis of diabetic retinopathy, 

and given that hyperglycemia-induced overproduction of superoxide by the electron 

transport chain is involved in pathogenesis of diabetes (Brownlee, 2001 ), the X:XO 

system, a known superoxide generator, was chosen as the inducer of oxidative stress in 

these studies. In contrast to hyperglycemia, elevated levels of oxidative stress had 

profound effects on both GLAST and system Xe- transporter function. In agreement with 

the work of Li and Puro (2002), higher levels of oxidative stress dramatically inhibited 

GLAST function. The small decrease in GLAST function at moderate levels of oxidative 

stress, however, suggested that GLAST function was, to an extent, preserved. In contrast, 

the robust increase in system Xe- transporter activity as well as corresponding increases in 

gene and protein expression indicated that system Xe- may be a key player in the 

antioxidant defense mechanisms of the diabetic retina. Noteworthy, also, was the 

observation that one of the early respon~es of system Xe- to oxidative stress was the 

trafficking of xCT ( 40 kDa) to the plasma membrane. 
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