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1 

Introduction 

The purpose of these studies was to analyze the regulation of the folate transport 

protein, reduced-folate transporter (RFr -1) in the retinal pigment epithelium (RPE) under 

conditions of hyperglycemia, hyperhomocysteinemia and folate deficiency~ A detailed 
I 

description of the r~tina, followed by information regarding folate and regulation of RFT-, 

1, is provided below. 

The retina 
I 

. I 

The retina fs the innermost tunic of the eyeball. This layer is where the optical 

image is formed by the eye's optical system. Here, photochemical transduction occurs so 
I , 

that nerve impulse
1

S are transmitted along visual pathways to the brain for higher cortical 
I 
I . . 

processing. The ·outer surface of the retina is 'in contact with Bruch.' s membrane of the 
I . • 
I 
l . 

choroid, while th~ inner surface is in contact with the vitreous body (Snell and Lamp, 

1998). The retina: consists of an outer pigmented layer ~d an inner neurosensory layer. 

Histologically, the retina can be subdivided into 10 distinct layers based upon the 

differing cell typds present in each as shown in Figure 1 A. Beginning at the choroidal 
I • 

edge and passing [towards the vitreous these are as follows: 1) RPE, 2) the rod and cone 

outer and inner s,egments, 3) outer limiting membrane, 4) outer nuclear layer, 5) outer 
I 

plexiform layer, 
I 
I 

6) Inner nuclear layer, 7) Inner plexiform layer, 



Figure 1. 

of mouse 

i 
I 
/. 
I 
I 

Layer~ J1 the. mammalian retina. (A) Hematoxylin and eosin stained section 
I . . 
i 

retina in which the 10 histolog~cal layers can be identified (400x). (B) 

' 
Schematic diagram of the retina depicting the cell types that are found within those 

layers (Kolb, 1991). Cell bodies of rod and cone cells are found in the outer nuclear 

layer. Horizontal, bipolar and amacrine cells are found in the inner nuclear layer. 

Ganglion cells are found in the ganglion cell layer. Muller, cells extend from the inner 

limiting membrane. to the outer lim~ting membrane. 
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I 

8) ganglion celllay~r, 9) nerve fiber layer, and 10) inner limiting membrane. 
I 

I 
The RPE consists of a single layer of simple low cuboidal epithelium. The basal 

end of each RPE cell is ·much infolded and rests on a basement membrane which forms 

Bruch's membrane of the choroid. The apical ends of the cell possess multiple microvilli 

which project between and interdigitate with the· outer segments of the rods and cones. 

Adjacent R_J>E cell ·membranes are bound together in the apical regions by tight junctions. 

RPE cells carry out a number of functions vital to vision which will be described later in 

detail. 

There are ·tWo types of photoreceptive cells, ro.ds and cones. It has been estimated 

that the total number of rods in the human retina is 110-125 million and the number of · 
I 

cones is 6.3-6.8 llJ.illion (Osterberg, 1935). The rods are mainly responsible for vision in 

dim light (scotopi~ vision) and produce images consisting of varying shades ofblack and 

white. The cones, on t~e other hand, are adapted for phot<?.pic vision, vision in bright 

light and can resolve fine details and color vision (high spatial resolution). Rod 

distribut~on is the: antithesis of cone distribution. Rods reach a maximum density at the 

10° circle around; the macula, while cones diminish rapidly. The foveal region contains 
I' 

I 

the greatest amoJnt of cones and is void of rods. The discs within the outer segments of 

rod and cone cell:s contain rhodopsin and iodopsin, respectively. As stated previously, it 

is the discs of the outer segments that are. continuously shed and remodeled. Therefore, 
I 

new discs form b1osest to the cell bodies while older discs are shed near RPE and are 

subsequently phlgocytosed within the Cells of the RPE (Young, 1967; Young and Bok, 

1969). 



4 

The outer 1ucle~ layer is composed of nuclei of the photoreceptor cells. The 
I I . 

external limiting m;embrane is the layer· that consists of junctional zones between Muller 

cells · and photoreceptor cell processes. This appears as a stainable line by light 

microscopy. The outer plexiform layer is a region of complex synaptic interactions. 

,between the proce~ses of the cells whose bodies lie in the abutting laminae. This layer 
I 

contains the synaptic process ofrod and cone cells, horizontal cells and amacrine cells. 
I 

I 

The inner nuclear layer is composed of the cell bodies of 3 neuronal cell types: 
! 

the horizontal cells, bipolar cells, and amacrine cells, as well as the cell ~odies of a glial 

cell type, the Miil~er cells. Horizontal cells respond to the neurotransmitter liberated by 
I 
I 

the rods and cones following excitation by light. They are believed to release·~ an 
. I 

I 
I 

inhibitory transm~tter, y-aminobutyric acid (GABA). GABA is thought to inhibit the 
i 

activity of bipolar cells some distance away, thus sharpening contrast and increasing 

spatial resolution;. It is also possible that the horizontal cells are involved in the 

integration of visual stimuli (Snell and Lemp, 1998). Bipolar cells. have a radial 

orientation. One: or more dendrites of the bipolar cells pass· outward to synapse with 

photoreceptor ce~l terminals. The single axon of the bipolar cell is directed inward to 

synapse with ganglion or amacrine cells. Several types of bipolar cells have been 

identified on the: basis of their synaptic connections. Rod bipolar cells connect several 

rod cells to 1 ;..4 ganglion cells. Diffuse cone bipolar cells connect up to ten cone cells 
i 
I 

apically with many ganglion ~ells to signal luminosity (Boy~ott and Wassle, 1991 ). 
. j . 

Midget bipolar cells are smaller than diffuse cone bipolar cells and connect a single cone 

cell with a singt midget ganglion cell to mediate high spatial resolution (Boycott and 

Wlissle; 1991). Lacrine .cells are. stimulated by the bipolar cells, and in tum excite the 



I 
i 
I 

I 5 
I 
I 
I 
I . 

ganglion cells. Tlte long horizontal pathways ensure that laterally placed ganglion cells 
I 
I 

are also excited. 4tnacrine cells appear to serve as modulators of photoreceptor signals. 

Muller cells are ra~ially oriented glial cells which span the entire thickness of the neural 

retina (Hollander· ~tal, 1991). Their nuclei lie within the inner nuclear layer, and send off 

i 

a single thick fibe~ which gives offcomplex lateral branches that form basket-like calyces . 
I 

~und the cel.1~1dies of ganglion, amacrine, photoreceptor and bipolar cells. as se~ in 

. Figure 1:13 (Wilhams et al, 1995). Toward· the outer surface of the neural retina, Muller 

I 
cells form a line ~f dense adhering zones with each other and with the inner segments of 

photoreceptor ceHs forming a dense-staining line known as the outer limiting membrane 

(Spitznas, 1970). At ·the vitreous ~urface of the neural retina the Muller c~ll processes 

have expanded t~rminations covered by a basement membrane which forms the inner 

limiting membrarie (Snell and Lemp, 1998). Other processes of the Muller cells make 
I 

extensive contact~·with the walls of blood capillaries. Muller cells ~e thought to play an 

important role in supporting the neurons of the retina; possibly they also ·assist in 

·nourishing the re~inal neurons (Reichenbach et al, 1993). They may also be responsible 
i 
I 

for the uptake of neurotransmitter substances and electrical insulation of receptors and 

neurons (Reichenbach et al, 1993). Other glial-like cell types called retinal astrocytes, 

perivascular gli~l cells and microglial cells have also been described. The retinal 
I 

microglial cells flfe important in that they have a phagocytotic function and may have 

immunologic fu~ctions as well. The inner plexiform layer is comprised of the synapses 
I 

between bipolar,) amacrine and ganglion cells. · 

The ganJ!ion cell layer contains the cell bodies of the ganglion cells, the second 

order neurons J the visual pathway. They are situated in the inner part of the. retina. In 



I 

! 
6 

I 

J 

most of the retina, t~e ganglion cells form a single, uniform layer. The ganglion cells are 
i 
i 

mutlipolar neurons.: Their dendrites synapse with the axons of bipolar cells and amacrine 

cells. The axons of ganglion cells converge to form the optic nerve. Most ganglion cells 

. are classified as either midget ganglion cells or the much larger parasol cells. Midget 

ganglion cells are linked by single midget bipolar neurons to a single cone cell (Snell and 

Lemp, 1995). In the human central retina, these form about 80-95% of all ganglion cells. 

Parasol ganglion c~lls ate much larger and make up only about 10% of all ganglion cells. 

They receive inputs from diffuse cone bipolars, rod bipolars and amacrine cells (Williams 

et al, 1995). 

The nerve i fiber layer contains the unmyelinated axons of the ganglion cells, 
I 

I 

which form a zone of variable thickness over the retinal inner surface. Also present on 

the inner aspect of this layer are the nuclei and processes of astrocytes which, along with 

those of Muller cells, ensheath the unmyelinated nerve fibers. 

Lastly, the internal limiting membrane. is a glial boundary .between the retina and 
! 

the vitreous bod Yr. · ·This membrane is formed by the expanded: terminal surfaces of the 
. I •• 

I 

Muller cells which are covered by a basement membrane. 
I • . . 

Other specialized areas of the retina: include the macula lutea at the center of the 

posterior part of the human retina. The center of the macula is a depressed area known as 

the fovea centralfs .. The fove~ is formed ·by the nerve cells ·and fibers of the inner layers of 

the retina being i displaced peripherally, leaving only the photoreceptors in the center. 

This arrangemeJt permits incoming light to have greater access to the photoreceptors 

than elsewhere, Lplaining in part why the fovea is thought to be the area of most distinct 

vision (Snell anl Lemp, 1998). The optic disc is where the optic nerve fibers exit the eye . 



7 

by piercing the sc~era. · This area is completely void of rods and cones; thus, it is 

insensitive to light ~dis referred to as the blind spot. 
i 

The blood supply of the retina is from 2 sources: 1) choroidal capillaries and 2) 

the central retinal ~ery. The outer retina~ including the rods and cones, and the outer 
j 

nuclear layer are sJpplied by the choroidal capillaries. These vessels do not enter these 
. I 

I . 

tissues, but tissue fluid. exudes between these cells. The inner retina is· supplied by the 

central retinal artel. The integrity of the retina depends on both of these circulations. 

The central retinal. artery enters the optic nerve as a branch of the ophthalmic artery and 

later divides into :several superior artd inferior branches. ·The structure of the blood 

vessels resembles I that of vessels elsewhere, . except that the internal elastic lamina is 
. . ; 

absent from the arteries and muscle cells may appear in their adventitia. Capillaries have 

a non-fenestrated ;endothelium and numerous mural pericytes are distributed along the 

vascular axis outside the endothelium, sharing the same basement membrane (Snell and 

Lemp, 1998). 

Retinal Pigment Epithelium · 

. The RPE is. a monolayer of cuboidal cells in the retin~ Sandwiched between the 

highly metabolically active photoreceptor .. c~lls and the choroidal vessels. . Its many . 

important functions include_ daily phagocytosis. of rod and cone outer segment fragments; 

uptake, processing, and the r~lease ofvitamiifA; and.mediatioti::ofthe vectorial transport 

of nutri~nts froJ choroi~ blood to photorec~tor cells (Bok, 1993; Hewitt and Adler, 

1997; Hughes et L, 1998). RPE cells play a crucial role in turnover of rod and cone outer 
I . . 

segments. Thesle shed segments are subsequently phagocytosed by lysosomal action 
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within the RPE eel~ (Bairati and Orza:lesi, 1963). Melanin granules in RPE cells absorb 

I 
light and prevent light from bouncing back into the photoreceptor layer with a consequent 

! 

I 

loss of image sharpness (Kim and Choi, 1998). The junctional complexes between the 
' . . 

membranes of adjacent .. RPE cells form an important blood-retinal barrier, the outer 
' 
I . 

blood-retinal barriei-, between tlie retina and the choroidal vasculature (Schraermeyer and 
. . . I '. . . 

I ., 

Heimann, ·1999). jhis arrangement limits the flow of ions and prevents diffusion of large 
. . I 

I 
toxic molecules from the choroidal capillaries to the photoreceptors. The RPE is also 

i 
i 

involved in the transport of ions and may secrete gro'Y!h factors (Boulton and Dayhaw-
, .\ 

Barker, 2001). It ~s 'known that the RPE is involved in the transport of certain essential 

nutrients, such as taurine (Miller and Steinberg, 1976; Miyamoto et al, 1991) and vitamin 
i 

A (Das et al, 1990). Therefore, the RPE plays a role in nourishing the layers of the retina 

immediately abov~ it. The RPE also plays a role in vitamin A storage and release 

(Bridges et al, 1982; Mata et al, 1998), a phenomenon necessary for the production of the 

photoreceptive pigments rhodopsin and iodopsin. How transport processes of the RPE 

' . 
are affected in disease states is beginning to be investigated as our understanding of the 

transport mechani:sms of specific nutrients is becoming clearer. For example, taurine, an 

I 

essential nutrient in the retina, is transported via a N aCl-dependent system present on the 

apical membrane of the RPE (Miyamoto et al, 1991 ). Taurine is known to function as an 

antioxidant and its intracellular depletion could promote cytotoxicity. It has been 

demonstrated recently that expression of the gene encoding the human taurine transporter 

is upregulated in the presence of nitric oxide (NO) donors (Bridges et al, 200lb). 
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Folate 

Folate· is an /essential, water-soluble vitamin required for DNA, RNA, and protein 
"i 

. J 

synthesis as well ~s for synthesis of some amino acids (Blakley and Benkovic, 1984; 
• • ;· .1' 

Kisliuk, 1984). Th~ folate molecule (C19H19N706) has a molecular weight of 441.4 g/mol 
I 

and is also known ~s folic acid. . It is composed of pterin, a molecule of p-aminobenzoic 
I . . : ·. . ; 

' . . 

acid (PABA) and Jne glutamate residue (Figure .2A)~ Thus collectively, folate is known 

I 
' ·. . . . .·· 

' •,' 

as pteroylgll,ltamar or pteroylglutamic acid (Westerhof, 1995; Stryer, 1995; Kamen, 

1997). · However, /the terms folate and folic acid are the preferred synonyms .. and were 

I 

first proposed by ritchell et al (1941). The p.terin molecule contains a pteridine ring, 

I . 

which is a bicyclie nitrogenous compound. Mammals. cannot synthesize folic acid so it 
I . . . . -: . . . . . . . 

must be provided ! in· the diet or by intestinal microorganisms. Sources that are rich in 

folate include liver, spinach, kidney beans, chickpeas and lentils. Folate is reduced 

enzymatically to 7,8-dihydrofolate (DHF) and further reduced to tetrahydrofolate (THF) 

(Figure 2B and 3). Both reductions are catalyzed by dihydrofolate reductase. The most 
I 

reduced fotin of rHF carries a methyl group, whereas the intermediate form carries a 

! 

methylene group.! ·More oxidized forms carry a formyl, formimino or methenyl group 

(Table 1 ). The ~ne-carbon units carried by THF are intercon~ertible meaning that N5
, 

! 

N10 -methylenetetrahydrofolate can be reduced to the principal form of folate, N5
-

methyltetrahydrofolate (MTF), or oxidized to N5
, N10-methylenet~trahydrofolate. N5

, 

N1 0 -methenyltetriydrofolate can be converted into N5
-formiminotetrahydrofolate or N10

-

formyltetrahydrofolate. THF and its derivatives function to transfer covalently attached 
I . . 

C1 units at positions N5
, N10

, or both to purines, thymidine, and amino acids such as 



Figure 2. Structures ,~f folate and THF. (A) shows the structure of folate, composed of 
I 
I 

pterin, PABA and glu_tamate. (B) shows the structure of THF. In the pteridine ring, two 

double bonds at N5 ·and~ are reduced to single bonds allowing the addition of 4 

hydrogens. 
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Figure 3. The two-~tage reduction of folate to THF. Folate is enzymatically reduced 
! 

. i 
twice before it becomes the active coenzyme, THF. · Both reactions are catalyzed by 

DHF. 
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Table 1. Oxidation levels of C1 groups carried by THF. C1 units that are covalently 

attached to THF at positions N5
, N1 0 or both may be at the oxidation. levels of formate, 

formaldehyde, or methanol. 



Oxidation Level 

Methanol 
Formaldehyde 
Formate· 

Table 1 

Group Carried 

Methyl (-CH3) .. 

Methylene (-CH2-) 

Formyl (-CH=O) 
Formimino (-CH=NH) 

. Metheny! (-CH ' ) 

THF Derivative(s) 

N5-Methyl-THF 
.N5, N 10-Methylene-THF 
N5-Formyl-THF, N 10-formyl-THF 
N-5-Formimino-THF 
N 5, N 10-Methenyl-THF 
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I 
I 

methionine and serine (Blakley and Benkovic, 1984). THF also contributes to the 

structure of the p~midine, thymidine. The methyl group Of thymine is donated by N5
, 

! 

~10-methylenetetr~hydrofolate (Figure 4A). The second and eighth carbons of the purine 

ring are donated by N10-formyltetrahydrofolate (Figure 4B) .. THF co~tributes to the side 

chains of the amino acids, methionine and serine. The methyl group on the methionine 

side chain is donated by N5 -MTF (Figure SA) while the· methylene group in the serine 

side chain is donated by N5
, N10-methylenetetrahydrofolate (Figure 5B) (Champ and 

Harvey, 1994). Therefore, aCt unit in the THF pool can have several fates: 1) it may be 

used directly as ~5, N10-methylenetetrahydrofolate, 2) it may be reduced to MTF for 

synthesis of methionine from honiocy~teine, and 3) i~ may be oxidized through N5
, N10

-
I '. '• • •: .. 

methenyltetrahydtofolate ·to N10-fo~yltetrahydrofolate ·for· use 1-n the synthesis ·of 
_/ 

punne~. 

Folate is necessary for survival of all cells. Therefore,· folate deficiencies, most 

commonly due to lack of dietary folate (Rosso, 1990), have been implicated in several 

pathological conditions. Lack of folat~ may .result in n~ural tube defects (Polin and Fox, 
• 1 • • • • r · 

1998) and megaloblastic anemia (Sifakis and Pharmakides, 2000). Neural tube defects, 

such as spina bi.fida and anencephaly, are extremely serious birth defects that are often 

incompatible wi;th life. To reduce the occurrence of these birth defects, the Food and 

Drug Administration authorized the fortification of all enriched cereal ~ain products 
[. 

with folic acid in March 1996 (Mathews et al, 2002). Lack of folate has serious ocular . I . .. . 

consequences. Folate deficiency is implicated in nutritional amblyopia (Knox et al, 1982; 

Golnik and sJaible, 1994; Miller, 1996), which is characterized by reduced central 

vision, pallor of the optic disk, and · optic atrophy (Miller, 1996). Lastly, 



Figure 4. The contribution of THF to the synthesis of puri11-es and pyrimidines. THF 

donates c) units in the synthesis of purines, adenine and guanine, and the pyrimidine, 

. thymine. The shaded regions represent those groups donated by THF. (A) The methyl 

group on thymine is donated by N5
, N10 -methylenetetrahydrofolate. (B) The second and 

eighth carbons of the purine ring are donated by N10 -formyltetrahydrofolate. 
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Figure 5. The contribution· of THF to. the synthesis of methionine and serine. THF 

donates C1 units to 'rethionine and serine. The shaded regions represent those groups 

donated by THF. (AJ MTF contributes to the methyl group on the methionine side chain. 

(B) N5
, N1 0 -methylenetetrahydrofolate contributes to the methylene group on the serine 

side chain. 
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I 
methanol-induced r¢tinal toxicity is characterized by photoreceptor cell dysfunction and 

I 
damage and retinal edema (Seme et al, 1999). Methanol metabolism results in the 

! . 
formation of a neu~otoxic metabolite, formate. The detoxification of formate to carbon 

I 

dioxide is a folate-dependent process (Martinasevic et al, 1996). 

Folate transport proteins 

Folate utilizes two different transport mechanisms to enter mammalian cells: 

folate receptor a: (FRa), and reduced-folate transporter-! (RFT-1) (Antony, 1996; 

Sirotnak and Tolner, 1999). FR, a glycosylated protein with a molecular weight in the 

40,000 range, binqs and internalizes folate via receptor-mediated endocytosis (Antony, 

1992 and 1996). : The entire FR protein is exposed to the exterior of the cell and is 

anchored to the plasma membrane via glycosylphosphatidylinositol. There are three 

isoforms of this r~ceptor (a, ~' and y) among which only the a-isoform has been shown 

to participate in tlie cellular uptake of folates in normal cells. While the FRa has a very 
r·· . 

''· . . 

high affinity for lion-reduced folate(~ <"l·uM), it interacts also with :reduced folates, 
• I ·: • ! " o\, 

I 

though with muc~ less affinity. 
i 

The seco4d protein, RFT -1, has a molecular m~ss in the range of 60 kDa 
f 

(Sirotnak and Tobler, 1999). · However, studies have shown that t~e molecular mass can 
I 

i 

vary from 36 - 85 kDa depending upon glycosylation (Sirotnak and Tolner, 1999). RFT-

1 is a typical traniporter protein with twelve membrane-spanning domains. RFT -1 is also 

I . 
known· as reduced folate carrier (Chello et al, 1992), FolT (Huang et al, 1997), and 

SLC19A1 (Chj et al, 1995). It interacts with reduced folates, such as MTF, the 

predominant circLating form Of folate, much more efficiently (K, < 0.25 J.lM) than with 
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i 
non-reduced folate i(Km = 200 - 400 JlM). RFT -1 was originally studied in a lymphoid 

I . . 

·leukemia cell line, [ L1210, and has been further characterized in numerous tumor cell 

lines, as well as several tissues (Sirotnak and Tolner, 1999). This transporter has been 
I 

cloned from mouse: (Brigle et al, 1991) and human tissues (Prasad et al, 1995). Zhao et al 
i 
I 

(200 1) revealed the importance of this transpo:r:er by demonstrating that RFT -1 null 

mouse embryos d.ied before embryonic day 9.5. RFT-1 was discovered to be an 

electroneutral and, sodium (Na+)-irtdep.endent ~ansporter capable of mediating bi

~irectional flux (H~rne, 1990; Selhub and Rosenberg, 1981 ). 

Folate transport proteins in non-ocular tissues 

Non-ocular tissues that express both FRa and RFT-1 and are thought to be 

involved in· vectorial transport of folate are placenta, kidney, choroid plexus and liver. 

The most abundant expression of. RFT -1 is in placenta, kidney, and liver (Eudy et al, 

2000). Functional studies revealed that placental syncytiotrophoblast, which transports 

folate from the maternal blood to· th~ fetus,: possesses both FRa (Antony et al~ 1981; 

Prasad et al1994) and RFT-1 (Prasacl-et al, 1995). It is though~that FRa is localized t~ 

the maternal, or apical, side of the placenta (Greena~d Ford 1984). 

In -the proximal tubule cells of the kidney, functional studies have demonstrated 
I ·. . 

the presence of RFT -1 on the basolateral membrane of the proximal tubule cell (Kamen 
I , 

et. ·al, 1991; Mor~hed et al; 1997): . This location is thought to "facilitate the transport of 

· folate froni the Jroximal tubule cell into the circulation. Immunohistochemical ~tudies 
detected RFT -1 in the basolateral membrane of cortical and medullary renal tubular 
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epithelial cells (Wang et al, 2001 ), and FRa to the apical brush-border membrane (Selhub 

and Franklin, 1984;1 Hj elle et al, 1991 ). . 
! 

I 

Functional !and molecular analyses have identified RFT -1 in choroid plexus 
I . . . 

i 

epithelial cells, w~ere. it is hypothesized to transport folate into the cerebrospinal fluid · 
I ~ '· • 

(Spector, and Lorenzo 1975, Chen and .Wagner 1975). Folate~binding assays and 

immunohistochemical studies localized FRa to the basolateral membni.ne of choroid 
i . 

plexus epithelial c~lls (Holm et al, 1991; Weitman et al, 1992). 

Liver hepatocytes mediate the transport of substances from the circulation into 
I• 

bile. FRa was id6ntified and characterized in a pig liver complimentary DNA (eDNA) 
I 

I 

library (Van Hooz~n et al, 1996). Functional studies suggest that RFT -1 is present on the 

basal membrane of the hepatocytes (Home, 1990 and 1993). Immunohistochemical 

studies suggest that RFT -1 is distributed in the plasma membrane of hepatocytes (Wang 

et al, 2001). 

Non-ocular tissues that express only RFT-1 are small intestine and colon. In the 

small intestine, fUnctional studies have suggested that RFT -1 is present. on the brush-

border membrane and participates in the absorption of folate from the intestinal lumen 
I 
I 

(Selhub and Ros~nberg, 1981; Blakeborough and Salter, 1988; Zimmerman, 1990; Said 
i 

et al, 1996; ~umar et al, 1997; Nguyen et al, 1997; Dudeja et al, 1997). 
I 
i 

lmmunohistochetrical studies by Wang et al (200 1) confirm the localization of RFT -1 to 

the brush-border membrane, specifically in the jejunum, _ileum and duodenum. mRNA 

transcripts ofFRa have not been identified in the intestine (Villanueva et al, 1998). 

. In the cofon, functional studies and western blot analysis using purified human 

colonic basolate al membrane preparations showed expression of the RFT -1 protein 
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• I 

(DudeJa et al, 199~ and 2001). Immunohistochemical studies detected RFT-1 on brush-

/ 

border membranes in the colon (Wang et al, 2001 ). 

! 

Folate transport p~oteins in retina 

l 

The two folate tr~sport ·proteins, RFT -1 and FRa, have been identified in the 

retina. In situ hybridization studies detected the transcript~ ofFRa mRNA in mouse 

RPE, ganglion cells, iimer nuclear layer and inner segments of photoreceptor c~lls (Smit~ 

et al, 1999b ). FR~ is distributed al?ng the basolateral surface of RPE and is proposed to 
! 

work in a coordin*ted manner with the RFT -1 in the vectorial transport of folate from the 
I 

choroidal blood tq the neural retin~ (Smith ~t al~ 1999a; Briqges et al, 2002). Confocal 

microscopy was used to confirm that FRa is distributed to the basolateral surface and 
I 
I 

RFT-1 to the apic~l surface in RPE (Chancy et al, 2000). Functional studies were used to 

identify the transport process that is responsible for the uptake of N5 -MTF, the 

predominant fomi of folate in blood, into RPE. It was detemiined that transport of N5
-

MTF in· cultured l;{PE cells occurs exclusively through RFT -1 (Huang et al, 1997). 

' 
I 

Regulation of RFT-1 in non-ocular tissues 

While folhte uptake has been studied extensively in various tissues. and cell types, 

regulation of RFT -l is not well studied. Until recently, little was known about regulation 
. . . . . ! . 

of RFT -1, except in small intestine. Said et al (2000) suggested that RFT -1 activity and 

expression are uJregulated in folate-deficient rats. Villanueva et a1 (200 1) concluded that 

chronic ethanol fxposure decreases intestinal absorption of folic acid by decreasing the 

expression of RFT -1. It has also been suggested that cyclic adenosine monophosphate 
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(cAMP) and protein tyrosine-kinase mediated pathways play a role in regulating folate 

uptake in colonic lens (Kumar et a!, 1997) and in intestinal epithelial ce11s (Said et al, 
I 
I 

1997). Jansen et ial (1997) studied the regulation of RFT-1 in human leukemia cells 
i 

under folate-deficient states · and suggest an upregulation of RFT -1 under those 

conditions. 

Regulation of RFT-1 in RPE 

The apical: placement and bi-directional transport capabilities of RFT -1 in RPE 
I , 

I 

allow the regulati?n of this transporter to be studied in these cells. The first assessment 

of the regulation I of RFT -1 in . RPE examined the effects of NO on RFT -1 expression 
. I 

I 

(Smith et al, 1999a). NO is a molecule thought to be involved in the pathogenesis of 

! 

diabetic retinopathy (Tilton et al, 1993; Goldstein et al, 1996; Schmetterer et al, 1997). 
f 
I 
I 

NO produces _it~ biological effects by activating soluble guanylate cyclase or by 

nitrosylation or Jxidation of target proteins either directly or through the formation of 
I . 
I 

peroxynitrite (Moncada et al, 1991). In experiments analyzing RFT-1 activity, NO 
i 

inhibited specifi~ally and reversibly the uptake of. N5 -MTF by a cyclic guanosine 
I 
I 
I 

monophosphate-i~dependent mechanism (Smith et al, 1999a). These studies suggested 
I • 
I • 

that NO produced during retinal ·disease might affect the· function of RFT -1 in adjacent 
.i . . . 

t . 

RPE cells. Asid~ from NO regulation ?f RFT -1, there are other. factors that may regulate 
i .· . 

RFT -1. · . In the ~resent studies the role. of hyperglycemia, hyperhomocysteinemia, high 

levelS of folate ld si~ing pathways was analyzed. 
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Hyperglycemia aft RFT-1 
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Diabetes ;mellitus is the most common endocrine disease with long term 

complications in~olving the kidneys, nervous tissue and the retina leading. to diabetic 

nephropathy, neuropathy and retinopathy, respectively (Singh et al, 2001 ). Patients that 
I 
I • 

present with per$istently elevated fasting plasma glucose are diagnosed with diabetes 
i 

(BaiT et al, 2002). piabetes mellitus can be classified into two types. Type I is an 

autoimmune disqrder whereby the body's own immune system destroys the pancreatic 

beta· cells. Pathogenesis of Type I .diabetes is believed to begin with a genetic 

I • 

susceptibility to ; the disease, and some environmental event ·initiates the process in 
I 

susceptible indiv~duals. Unlike Type I, Type II is a non-autoimmune disorder. The body 
i 

produces enoug~ insulin, but the cells do not respond to insulin, ter.med insulin resistance. 

Pathogenesis of Type II diabetes is not well understood (Foster, 199.8). 
I 

I 

Diabetic retinopathy is the leading cause of blindness among working-aged adults 

in the United S~ates affecting over 5,000 people yearly. It affects approximately 10-12 

million Americ~s. Even more threatening, an additional 8-10 million Americans are 

unaware that t~ey have diabetes (Wu, 1995). The first clinical signs of diabetic 

retinopathy are .retinal microaneurysms, which are thought to be the first in a series _of 

lesio.ns of increasing severity. Microaneurysms. probably arise from abortive attempts to 

revascula.rlze re.tinal ischemic areas. Abnormal, delicate, retinal blood vessels may form 
I 
I 

on the optic di:sc and elsewhere in the· retina. : · It one of these fragile blood vessels 

ruptures, a prJetinal or vitreous hemorrhage may occur, suddenly decreasing visual 

acuity (Klein ld Klein, 1997). It has also been suggested that hyperglycemia'leads to 

biochemical cianges · that result in functiomtl changes in the retinal vascula~ure. The 

I 
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I 

pathogenic mechahisms underlying diabetic retinopathy are not known. Several 
I 

mechanisms of d~age have been suggested including non-enzymatic glycation of long-

lived proteins, polyol accumulation within cells as a result of glucose metabolism by 

! . 

aldose reductase, and accumulation of free radicals, such as NO. Also, hyperglycemia-

induced breakdown of the blood-retina barrier, through defects in the endothelium and 

the RPE, or may cause macul~ edema (Ishibashi and Inomata, 1993). Recent studies 

have shown that the degree of glycemia is correlated to the development and progression 

of retinopathy (Klein and Klein, 1997). . Recent data from the Diabetes Control and 

Complications Trial, co~firming that strict glucose control .. can d~~ay the onset and 
i 
I . . 

improve the seve~ty of diabetic retinopathy, support the concept that prolonged exposure 
I 

to hyperglycemia ~s an important cause of retinal microvascular damage. 

While reti~al vasculature ·is particularly vulnerable to. damage in diabetes, other 

retinal cells are. at risk as ·well. Notable among these are RPE cells. . It is thought that 

i . 

when new blood: vessels form they are leaky because of abnormal endothelial cells, 

permitting plasm~ to escape to surrounding tissues. As a consequence of this, perivitreal 
I 

membranes form ;which are composed of extracellular matrix, macrophages, fibrocytes, 

i 

glial cells and Rl?E cells. These membranes and subsequent RPE hyperplasia have the 
I 

potential to serio~sly impair ocular function leaving the patient with severely reduced (or 
I 

I 

total loss _of) vis~on. Thus, in diabetes the blood retinal barrier consisting of the inner 
i 

capillary endothe:lium and the outer RPE are affected (Verma, 1993; Shiels et al, 1998). 

Early pathologic1 and electro-physiological changes of the retina in the streptozotocin 

(STZ)-diabetic rdts were investigated. Electnm microscopy showed deepened hollows in 

the basal infold~gs of the RPE of STZ rats diabetic for 1 month and large concavities 
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! 

into the cytoplasm lin STZ rats diabetic for 6 months suggesting that the degeneration of 

RPE is the most p~ominent pathological alteration· sites in the early stage of diabetic rats 
I 

I 

(Aizu et al, 2002). j Weinberger et al (1995) suggest that the leakage through RPE.seen in 

I . 
diabetic patients with non-proliferative diabetic retinopathy is due to the breakdown of 

the outer blood-retfnal barrier. MacGregor and Matschinsky (1986) noticed that changes 

in alloxan-diabetic rabbits included increased sorbitol, decreas-ed myo-inositol; elevated 

total Na+, and los:s of measurable Na+-K+-ATPase activity within the RPE. Diabetic 

alterations in the :RPE· might impair ·the ability of the tissue to maintain normal transport 

functions. It has been shown that some transporters in RPE are altered in diabetes. The 
! . 

~lucose transport~r, GLUT1, in RPE is.d~wnregulated in the diabetic state (Badr et al, 
I 

2000), although short-term exposur~ to elevated glucose was showri to increase function 
.. . 1 . ' . . . . . 

and expressi?n of GLUT1 in RPE (Busi~ .et al, 2002). Also, the Na+/H+ antiporter is 
I 

. I . , 

affected (Civan et: al, 1994). The present work addressed a specific transport function of 

RPE under high g~ucose conditions, simulating the diabetic state. 
I 

Hyperhomocystei7emia and RFT-1 
i 
I 

Recent st~dies on the effects of homocysteine in the retina include analysis of 

retinal vascular d~seases, such as diabetic retinopathy and central retinal vein occlusion 
I . . 

(Weger et al, 200b; Vine, 2000), and assessment of homocysteine o~ the retinal ganglion 
I • 

cell viability (Mobre et al,' 2001). However, there have been no studies on the effects or" _ 

homocysteine on folate transport in RPE. Assessment of folate transport is relevant to 

diabetes becaus~ folate is required for the conversi!>n of homocysteine, a sulfur-. 

containing amino ac~d, to methionine. Decreased levels of folate are ~ssociated with 
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.. I . 
increased levels of homocysteine (Jacques et al, 1996). This is noteworthy because 

hyperhomocysteiniia has been reported in patients with diabetes (Hultberg et al, 1997; 
- I . . .· . 

Vaccaro et al, 199?; Y ero:tnenko· et al, 200 1).. Ho~ocysteine i~ a homolog of cysteine 

produced by the d~methylation of S-adenosylmethionine followed by the hydrolysis of 

the resulting S-a~enosylhomocysteine. Increased levels of homocysteine, termed 

hyperhomocystein~mia, are associated with decreased levels of folate and vitamin B12, 

vitamins that occupy key positions in the remethylation of homocysteine (Ubbink, 1997). 

The normal conce;ntration of homocysteine in plasma is 5 J.!M, but it may attain levels 

I 

greater .than 200 J.!M in hyperhomocysteinemia (Stabler et al, 1988; Malinow, 1990). An 

elevated level of plasma homocysteine is an independent and significant risk factor in 

I 
atherosclerosis and hypertension (Graham et al, 1997; Parnetti et al, 1997; Guba et al, 

1996; Hultberg, 1997). Patients with diabetes mellitus have a high risk of cardiovascular 

diseases, including hypertension. It has been reported that insulin-dependent diabetic 

patients having the lowest age of diabetes onset and the poorest metabolic control are the 
I . 

most prone to a r~pid increase in plasma homocysteine (Hultberg et al, 1997). In subjects 
I . 

with hyperhomoc~steinemia usually an inverse relationship exists to levels of folate, and 
I 

supplementation fith folate lowers homocysteine concentrations (Widner et al, 2002). 

i 

Indeed, hyperhoniocysteinemia is considered by some to be an independent risk factor in 
I 

the development.: of diabetic retinopathy (Neugebauer et al, 1997; Vaccaro et al, 1997; 

I 
Hofmann et al, lr8). . 

. While th~ earliest clinical sign of diabetic retinopathy is the microaneurysm, this 

is preceded by important histopathological changes, notably thickening of the basement 

membrane and Its ofpericytes (reviewed by Wu, 1995),. In animals with experimental 
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diabetes, the baseJent membrane thickens progr~ssively from the onset of diabetes and 

the content of .typ~ N collagen and lamhrin increase. Homocysteine, a highly reactive 

thiol intermediate; in amino acid metabolism, damages endothelial cells. Several 

mechanisms have :been proposed for this damage including direct damage to cells via 
. l 

i 

reactive oxygen species or"protein hol)locysteinylation by thiolaqtone. Ikeda et al (1999) 
I . , .. , . ·. 

I 

and Upchurch et
1 

al (1997) suggest that homocystei~e stimulates endothelial NO 

production. This 1s noteworthy because NO has been shown to regulate the function of 

RFT -1 (Smith et a~, 1999a). 
I 

Amino ~cid transp
1

ort systems 
I 

Given that; folate deficiencies can lead to an increase in homocysteine levels and 

that homocysteine: and NO are involved in regulation of RFT -1, it was of interest to study 

the transport syst;ems that may be involved in homocysteine uptake into RPE. The 

transport system for homocysteine is not known, though systems for the transport of other 

amino acid trans~ort systems have been studied for many years. Eight of these systems 

were studied to i~entify the transport system involved in uptake of homocysteine. The 
i 

·eight systems we~e: Xc-, A, L, y+, EAAT, B0
, b0'+, and ATB0'+. These systems have been 

I 
I 

· classified based oin functional characteristics. 
. II 

··System xJ, a Na+-independent anionic amino acid transport system, is ubiquitous 
I 

in cultured mankalian cell lines {Ishii et al, 1992) and allows entry of cystine in 

exchange for gluLte. Cystine taken up by the cell via system Xc- is rapidly reduced to 
. I 

cysteine, a key element for glutathione synthesis (Sato et al, 1999). This is noteworthy 

because glutathione plays an important role in protection of cells against oxidative 
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I 

damage (Hayes and McLellan, 1999). Grattagliano et al (1998) suggests that oxidative· 
I 

damage contribute$ to diabetic retinopathy. In addition, system Xc- in cultured RPE cells 
I 

is upregulated in tHe presence ofNO donors (Bridges et al, 2001a). 
I 

System A is a Na+-dependent transport system for neutral amino acids including 
f ' ' 
I . 

glutamine. To date, there are three subtypes·of System A, ATA1-3. ATA1 is expressed 

predominantly in ~rain,. AT A2 is expressed ubiquitously (V aroqui et al, 2000; Sugawara 

et al, 2000b ), and ;AT A3 was discovered initially in liver and skeletal muscle (Sugawara 

et al, 2000a). 

System L Is a Na +-independent amino acid transporter specific for neutral amino 
I 

i 
acids, such as leucine. Suet al (1992) provided evidence of a L-leucine transport system 

i 
I 

using the functional expression of Xenopus oocytes. 

The EAAT (excitatory amino acid transporter) superfamily of Na+-dependent 

glutamate transporters consists of five subsystems:· EAATl-5. EAAT1-4 were cloned 

from brain (Arriza'et al, 1994; Fairman et al, 1995), while EAA';f5 was cloned from 

retina (Arriza et ial, 1997). In retina,' EAAT1 is found in Muller cells and astrocytes 
I 

(Arriza etal, 199~). EAAT2 is localized to cones and bipolar cells (Rauen and Kann~r, 
. I 

1994). EAAT3 fS fo1:1nd 9n horizontal, amacrine, ganglion cells and rarely, on bipolar 

cells (Rauen et ~1,' 1996) .. EAA T5 is localized to photoreceptor and bipolar cells (Pow 
I . . 

and B~ett, 200cl). EAAT4 has not been found in retina. 
I 

I . 

System b
1
°'+ is a Na+-independent amino acid transporter. This transporter is 

capable of trans~orting neutral and basic amino acids. Stevens et al (1982) initially 

demonstrated tlJ presence of this transporter using intestinal brush border membrane 

vesicles. 



27 

System B0 rs a Na+-dependent neutral amino acid transporter whose expression 

and regulation ha'le been studied in intestine (Avissar et al, 2001) and placenta (Kudo 
I. . . 

and Boyd, 2002). ! 
'· I 

System y+ is a Na+-independent cationic amino acid transporter. It is capable of 

transporting arginine, lysine and ornithine with high affinity. This system contains at 

least. four subtype~: CAT1-4. CAT1 was initially cloned in murine fibroblasts (Albritton 

et al, ~989) and w~dely expressed, except in liver. CAT2 was cloned· from murine T cell 
I 

lymphoma celllirie eDNA (MacLeod et al, 1990) and murine liver (Closs et al, 1993a; 

• ! 

Closs et al, 1993b, · Kakuda et a~, 1993). Expression of this subtype has been found in T 
I . 

cells, macrophager, lung and testes. CAT3 was clone~ in mouse brain (Ito and Groudine, 

1997; Hosokawa !et al, 1997) and is expressed specifically in brain. Lastly, CAT4 is 

expressed mainly in pancreas, skeletal muscle, heart, and placenta. 
I 

System ATB0'+ ~ediates Na+-dependent neutral and cationic amino acid transport, 

and has been expressed in intestine (Chen et al, 1994; Munck and Munck, 1995). The 

differences in these various systems ·. were exploited experimentally to dissect the 

mechanisms of hqmocysteine transport in RPE. 

·i 

Endogenous levefs of folate and RFT-1 

i . . 
An adequate supply o.f fola~e is necessary for normal health and well-being. 

I 
Some clinical abnormalities resulting from a deficiency of folate. include nutritional 

amblyopia (KnJ et al, 1982; Golnik and Schaible, 1994; Miller, 1996), methanol

induced retinol tLicity (Lee et al, 1994; Martinasevic et al, 1996), megaloblastic anemia . I . . 
; (Rosenblatt and iWhitehead, 1999), and neural tube defects (Wald and Gilbertson, 1995; 
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Refsum, 2001). It is known that levels of folate regulate the activity of FRa. 

Specifically, extracellular folate concentration inversely regulates FRa expression 
I . . -

(Antony, 1992; Hepderson, 1990; Kamen,-1987)~ Sadasivan et al (2002) demonstrated an 
' l 

increase inFRa ~A in response to low ~xtracellular folate .c~n-~entration in vitro. 

Conversely, Hsue~ and Dolnick (1'994) demonstrated that FR mRNA was downregulated 

in conditions of excess folate in vitro. The observation that folate deficient states led to 

increased FRa expression in cultured cell lines led to the first. in.vivo studies by da Costa 

and colleagues (2000). They reported that foiate deficiency results in a downregulation 

of FRa in the kidney of folate deficient rats. However, there was no significant 
! 

difference in the l~vel of this protein in liver and brain. 
i 

To date, t~ere have been few studies on the regulation of RFT-1 by endogenous 
I 

levels of folate. , Said et al (2000) revealed that dietary folate deficiency leads to 

significant upregulation of RFT -1 mRNA transcripts and protein levels in intestine. In 

addition, Backus; et al (2000) demonstrated that folate depletion is associated with 

i 
increased RFT -1 :activity, which resulted in increased sensitivity to antifolates. Recent 

studies have sho~n that transport of other nutrients in intestinal epithelia is regulated by 
I 

I 

their dietary leve~s (Ferraris ·and Diamond, 1989; Said and Khan, 1993; Said et al, 1989). 
! 

It is not known rhether the intestine is the only tissue in which folate levels regulate 
I 

RFT -1, or whethJr this phenomenon occurs in cell types in other tissues such as RPE. 

Signaling mechalisms and RFT-1 . . 

Signaling' molecules are substances synthesized and released by cells which 

produce a specihc response only in target cells that have receptors for the Signaling 
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· molecules. Three major classes of cell-surface receptors are G protein-coupled receptors, 

receptors with intsic enzymatic activity, and tyrosine kinase-linked receptors (Uings 

and Farrow, 2000). · · 

Ligand binding toG protein-coupled receptors .activates the· associated G protein. 

Activated G protein activates an -·effector enzyme, such as adenylyl cyclase, to generate 

an intracellular 'seconcl messenger. G .. ·protein-coupled receptors contain seven 

membrane-spamihig domains. This receptor family includes light-activated receptors, 

such as rhodopsin. G protein-coupled- receptors contain three subunits which alternate 

between the "on" ~tate with bound guanosine triphosphates {GTP) and an "off' state with 
I -

bound guanosine !diphosphate (GDP). When no lt.gand is. bound- to a receptor, the a 
! -. ' . • .-.. •• . . . 

I 

subunit of G sti~ulatory protein (Gsa) is bound to GDP and complexed with p and y 

subunits. Binding of a hormone or agonist causes a conformational change such that 

GDP is removed! from Gsa and thus is able to bind to GTP. The Gsa·GTP complex 
I 

dissociates from Opr and binds to adenylyl cyclase. Aqenylyl cyclase is free to convert 
i 

adenosine tripho~phate to . cAMP. This_ cycle stops when. GTP is hydrolyzed to GDP 

. I 

leading to the asspciation of Gsa and Gpy and inactivation of adenylyl cyclase. G protein-

! 
coupled receptor~ are expressed in ARPE-19 cells (Fukuoka et al, 2003). 

I 

I 

Receptors: with intrinsic enzymatic activity act as protein phosphatases, removing 

I 
phosphate groups from phospho tyrosine residues in substrate proteins, thereby modifying· 

I . 
their activity. The receptors for insulin are ligand-triggered protein kinases. The ligand 

binds as a dimJ, leading to dimerization of the receptor and activation of its kinase 

activity. Bindinl of insulin can initiate two distinct signaling pathways: Ras-dependent 

and Ras-indepenhent(Zhao and Alkon, 2001). The Ras dependent pathway leads to the 
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·r 

I 
activation ofRas·CfTP complex, ~hich in tum activates mitogeJ?. activated protein (MAP) 

I . 

kinase pathway ~Williams and Roberts, 1994). Activated Ras binds to Raf, a 
I 

serine/threonin~ kinase. Raf binds and phosphorylates MAP kinase kinase (MEK), a 
i 

i 

protein kinase tpat phosphorylates both tyrosine and serine residues. MEK 

phosphorylates and activates MAP kinase, another serine/threonine kinase. MAP kinase 

then phosphorylat~s different proteins, including nuclear transcription factors that cause 

transcriptional mo:dification (Agell et al, 2002). The Ras-independent pathway involves 

activation of phosphoinositide (PI)-3 kinase (Katz and McCormick, 1997). The increase 

in phosphoinositi4es leads to recruitment of protein kinase B. 

Tyrosine kinase-linked receptors lack intrinsic catalytic activity, but ligand 
I 

I , 

binding stimulatds formation of a dimeric receptor, which then interacts with and 
I 

, I 
activates one or more cytosolic protein-tyrosine kinases (Heldin, 1996). Interestingly, 

Kumar et al (19;97) suggest that protein kinase C and calcium/calmodulin-mediated 

pathways have ~o role in regulating RFT -1. However, cAMP arid protein tyrosine 

kinase-mediated pathways were found to play a role in the regulation using human 

normal colonic e~ithelial cell line NCM460 (Kumar et al, 1997). 
' ! 

Hypothesis 

' I 

I. 

This study fopused on the regulation of RFT -1 in the RPE. The hypotheses tested are 

depicted in FigJre 6. First, it •was hypothesized that high glucose ley~ls, which are 

associated with diabetes, lead to ·an.· ·attenuation of RFT -1 activity. Second, it was 

hypothesized that elevated homocysteine levels, wh~ch may occur in diabetes due to 

decreased RFT-I activity,.lead to downregulation of RF~-1 e~presSion. It is predicted. 



Figure 6: Hypothesized model of RFT-1 regulation by high glucose, high 

homocysteine, and high endogenous folate levels in RPE. !figh glucose, simulating the 

diabetic condition, j leads to decreased expression of RFT-1 resulting in a subsequent 

decrease in .activi1· of.RFT-1. A reduction in the levels of available folate will cause an 

increase in homoc~steine levels which will, in ttt:rn, lead to further decreased expression 
I 

' 
of RFT-1 resulting in decreased RFT-·1 ·activity. This hypothesis also predicts that 

'I 

increased endogenpus levels of folate lead to decreased expression of RFT-1, similar to 

FRa 
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that decreased ,T -1 expression in RPE as a consequence of these factors will lead to 

decreased RFT -1 aGtivity reducing folate transport across the RPE to the photoreceptor 

cells. Third, it ~as hypothesized that increased levels of endogenous folate will 

downregulate ~-1. . 

To test the~e hypotheses, the following specific aims were proposed: 

1. ~yze the regulation of RFT-1 by high glucose in cultured RPE cells 

and in RPE of diabetic mice. 
' ' r • ~ • 

2. An~lyz_e the regulation of RFT -1. by increased levels of homocysteine in 
.'I 

culhrred RPE cells. 
i 

! 

3. Identify specific amino acid transport systems involved In uptake of 

' ' 

homocysteine in cultured RPE .·cells. 

i 

4. Al\alyze the regulation of RFT -1 by altered levels of folate in cultured 
r .. . ~ 

~E cells. 

5. Atialyze the signaling mechanisms involved in regulation of RFT-1 In 
I 

cultured RPE cells. 

I 
Alternative hypot~esis: The proposed hypothesis states that high glucose, characteristic · 

I 

of a diabetic stat6, leads to downregulation of RFT -1, which in turn leads to less folate 
I 

entering the cellsl causing increased homocysteine levels. Alternatively, ARPE-19 cells 

exposed to high ~lucose or increased levels of homocysteine may upregulate rather than 

downregulate, thl function and expression ofRFT-1. Such a scenario allows more folate 

to enter the cells! converting homocysteine to methionine, thereby, allowing the cells to 
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return to homeost sis. Data obtained in the present studies do not support this alternative 

hypothesis. 

I . 
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Materials 

Animals 

C57BL/6 mice were obtained from Harlan-Sprague Dawley (Indianapolis, IN). 

Cell culture 

Cultured 1 uman retinal pigment epithelial cells, ARPE-19, were obtained from 

the American TJe Culture Collection (Manassas, VA). RPMI 1640 medium, penicillin-

streptomycin and trypsin were purchased from Invitrogen (Rockville, MD); fetal bovine 

serum (FBS) wj obtained from Atlanta Biological (Atlanta, GA). Corning 75cm2 

culture flasks an<\ Coming 24-well plates were obtained from Fisher Scientific (Norcross, 

I 

GA). D-( + )-glucbse, D-mannitol, D, L-homocysteine, 5-methyltetrahydrofolic acid, folic 

acid, wortmannil colchicine, insulin and cholera toxin A subunit and all other chemicals 
. I . 

were purchased from Sigma (St. Louis, MO). Genistein was purchased from Research 

Biochemicals InJemational (Natick, MA), and forskolin was obtained from Molecular 
. j . 

Probes (Eugene, pregon). 

Radiolabeled cor'Pounds · 

[3', .5', 7, 9-3H]-N5-~ethyltetrahydrofolate (eH]-MTF) (specific radioactivity, 30 

Ci/mmol) was t~:hase<;I from Mo~vek Bio~hemicals (Brea, CA); L-eHJ-glutamine 

(specific radioachvity 40 Ci/mmol), L-[ carboxyl-14C]-ascorbic ~id (speCific radioactivity 
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17.0 mCi/mmol), d~oxycytidine 5' -[a-32P]-triphosphate, triethylammonium salt (e2P]

dCTP) ·(specific radioactivity, 3000 Ci/mmol), L-[ 4, 5_3H(N)]-ieucine. (specific 

radioactivity, 60 Cilmmol), L-[2,3,4,5,_3H]-arginine monohydrochloride (specific 

radioactivity, 55 Gi/mmol), L-[2,3_3H]-glutamate (specific radioactivity, 24 Ci/mmol), L

eH(N)]-carnitine (specific. radioactivity,· 65 Ci/tnlriol), . L-[2-3H]-glycine (specific 

radioactivity, 30 Ci/mmol) and L-[2,3_3H]-alanine (specific radioactivity, 40 Ci/mmol) 

were from Amers~am (Arlington Heights, IL). · · 

Semiquantitative jeverse transcriptase-polymerase chain reaction (RT-PCR) 

RNA WIZ reagent from Ambion (Austin, TX) was used to prepare total RNA in 

animals. TRizol reagent from Invitrogen (Rockville, MD) was used to prepare total RNA 

I . 
from cultured ~E-19 cells. RNA PCR core kit was pUrchased from Perkin-Elmer 

(Boston, MA). <GeneAmp PCR System 2700 was purchased from Applied :aiosystems 

(Foster City, CA)l · . · . ·. 

Type !-induced drbetes . 

STZ was purchased from Sigma (St. Louis, MO). Urine Strip Test (Diascreen G) 

was obtained frim American Diagnostics (Pendleton, IN). The Prestige Glucose 

Monitoring Systl was from Home Diagnostics (Ft. Lauderdale, FL). 

Western blotting 

ECL Western detection system was purchased from Amersham (Piscataway, NJ). 

Hybond ECL ltrocellulose membrane was purchased from Amersham Phannicia 
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Biotech (A!lington Heights, IL). Blotting grade blocker non-fat dry milk was obtained 

from Bio-Rad LaLratories (Hercules, CA). The monoclonal antibody to f3-actin and all 

other chemicals Jere purchased from Sigma (St. Louis, MO). 
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·.Methods 

Animals 

C57BL/6 mice were used in these experiments. Type I, or insulin-dependent 

diabetes mellitu,, was induced chemically in three-to-five week old mice following the 

method of Phelan et al (1997). Mice received an intraperitoneal injection of75 mg kg-1 
. I . . 

STZ dissolved ih sodium citrate buffer (0.01 mol/1, pH 4.5) on three successive days. 

Mice were screLed for diabetes beginning three days after the first dose of STZ by 

testing for the plesence of glucose in urine using the Urine Strip Test. At the time of 

mouse killing, Je diabetiC state ofthe animal was confirmed by measuring blOod glucose 
I .. . 
I . . 

levels via a glucometer. Diabetic C57BL/6 and age-matched control mice were 
I 

maintained in dur mouse colony. .. Mice were maintained in clear plastic cages and 
I . . . . . 

subjected to st~dard light cycles (12 hr Iight/12 hr dark). Light levels measured from the 
. I' . . . . 

bottom ofcage~.ranged from 1·2 to 1·5 foot candles (12·9-16·1 1x). Ro~m temperature 

was 23 . ± · f•c. I Mice were fed Harlan's Teklad rodent diet #8604 (min. crude protein, 
I . . . 

24.0%; min. crude fat, 4.0%; max. crude fiber, 4.5%). Care and use of the mice adhered 
I . . 

I . . 

to the principle~ set forth in the ARVO Stat~ment oti the Use of.Animals in Ophthalmic 

and Vision ReJarch. . 
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'· 

Cell culture for h 'gh glucose experiments . . . 

Human ~E~ 19 cells were maintained at 37°C in a humidified chamber of 5% . 
. , . I . . 

C?2 in ~~ .164

1 

0 medium containing 5 ~ glucose, supplemen~ed with 1()% FBS, 1 ~0 

U/ml pemcllhn, land 100 J.Lg/ml st:t;"eptomy~ln. . The culture med1um was replaced w1th 

fresh mediuni ev~ other day. Upon confluency~ cultures were passaged by dissociation 

in 0.05% (w/v) rsin iri phosphate buffered saline, p}f7.4 (PBS) .. After trypsinization, 

the cells were seeded at a density of 1.9 X 105 cells/well in 24-well culture plates and 
I 

cultured in the ~resence of 2 mllwell of medium. When cultures had reached 80% 

confluency, they were exposed to either high or low glucose medium following which the 

uptake of radiolabeled compounds was measured as described below. In most 

experiments, the. high glucose RPMI 1640 medium contained 45 mM glucose and the low 

glucose medium contained 5 mM glucose plus 40 mM mannitol. Mannitol was added to 

control for osmolar effects (Turner and Bierman, 1978). In dose-response experiments, 
. i 

. I 
RPMI 1640 medium containing 15, 25, 35 or 45 mM glucose was used and the control 

medium cont~b 5 mM glucose plus 10, 20, 30 or 40 mM mannitol, respectively. In 
I . 

time-course studies, the exposure to high glucose was for 4, 6, 9, 12, or 24 h. 

I . . 
I 

Cell culture for ~igh homocysteine experiments 

Human bE-19 cells were maintained in a similar fashion as the high glucose 

experiments, ex

1

bept that they were maintained in RPMI 1640 medium that contained 11 

mM glucose. l!Jpon confluency, cells were seeded into 24-well plates. After 3 days in 

culture plates, lens were exposed to either Na+ uptake buffer (control) or Na+ uptake 
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buffer containing D,L-homocysteine following which the uptake of radiolabeled 

compounds was leasured as described below. In most experiments, the concentration of 

D,L-homocysteJe was 500 J.lM. In dose-response experiments, Na+ uptake· buffer 
I 

. cont~ing 25, 5~, 100, ~00 of 1000 ~ D,L-homocysteinewas used. In time-course 

studies, the expo~ure to high homocysteine was for 2, 4, ~' or 8 h. 

Cell culture for Lgh folate experiments 
I - . . . 

Human fu'E-19 cells were maintaim:d in a similar fashion as the high glucose 
I 

experiments, ex~ept that cells, were maintained in. folate-~e RPMI ~ 640 medium 

supplemented with 10% FBS'. ·Although the bottle containing the medium was initially 

folate-free, supp~ementation with FBS provided 0.5 nM folate for cell survival. Upon 

confluency, cellj were seeded into 24-well plates. Cells were treated with either no MTF, 
I· . 

5 11M MTF or 2.f6 J.LM ~TF for 24, 48 or 72 h prior to uptake. 

Cell culture for ~ignaling mechanisms 
I 
i 

Human ARPE-19 cells were maintained in Dulbecco' s modified essential medium 
I 

supplemented w~th F-12 (DMEM/F-12). Cells were treated with wortmannin (1 and 5 
I 

j.IM), genistein (~0 and 25 J.tM), insulin (10 and 100 ng/ml), colchicine (10 and 25 J.lM), 

or forskolin (10,[ 25, 50 and 100 J.LM) for either 2 or 16 hand cholera toxin A subunit (10, 
. I 

100 and 1000 ng/ml) for 16 h prior to uptake. 
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Uptake experime ts in cultured cells 

Following exposure of cells the culture medium was removed and cells were 

I 
washed once with warm uptake buffer (25 mM Hepes/Tris, 140 mM NaCl, 5.4 mM KCl, 

I . 

1.8 mM CaCh, 0.8 mM MgS04, 5 mM glucose, pH 7.5). Uptake was initiated by adding 
! 

250 J..Ll of uptak~ medium containing the appropriate radiolabeled compound. The cells 

I 
were incubated for 30 inin at 37°C. 'The medium was removed and the cells were washed 

I 
~ 

I 

twice with ice-cbld uptake buffer. The cells were solubilized with 0.5 ml of 1% sodium 
! 

I 

dodecyl sulfate-0.2N NaOH (SDS/NaOH) and used for determination of radioactivity by 
I 

I 

liquid scintillation spectrometry (Beckman LS 1701 scintillation counter, Beckman 

l 
Instruments, Schaumburg, IL ). 

I . 
I 

I 

i 

I 
Uptake experimbnts in intact RP E tissue 

I 

Followirlg a procedure adapted from Vilchis and Salceda (1996), the uptake of 

I 
radio labeled MTF was measured in the RPE/eyecups of 6 mice that had been diabetic 12 

I . 

weeks and in 6 age-matched control mice. At the time of killing, blood glucose levels 

were measured land were 419 ± 30 mg/dl and 131 ± 12 mg/dl for diabetic and control 
! 

mice, ~espectiv~ly. To obtain ·RPE/eyecup~, the corneas were slit with a sharp scalpel 
i ' ., ' . . ' 

and the lens f4 . vitreous humors extruded. The retinas .. were .lifted free from the 
' . . 

RPE/ey~cup'sallowing the apical RPE surface exposure to the incub.ation .. medium. The 

I .. 
dissected RPEJeyecups were immediately placed in folate-free RPMI 1640 medium 

containing eH -MTF (3 nM) and were incubated for 30 min at 37°C in a humidified 

chamber with l gaS flow of0.1 J mili.~1 of 95% oxygen, and 5% carbon dioxide. This 

organ culture ststem has been described (Vilchis and Salceda, 1996; Smith and O'Brien; 
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1991 ). After inlubation, the tissues were washed 5 times with ice-cold uptake buffer and 

subsequently wtghed using an analytical balance. Each RPE/eyecup was sonicated (10 

pulses) using a rrsonic SO sonicator (Virtus, Gardiner, NY) in 0.5 ml of 1% SDS/NaOH .. 

Tissues were i~cubated in the SDS/NaOH solution for 90 min and radioactivity was 
I 

determined by li~uid scintillation spectrometry . 

. I 

Semiquantitativ~ RT-PCR analysis of RFT-1 mRNA in human ARPE-19 cells cultured in 

high or low gludose, high or low homocysteine, and high or low MTF 
I 

I 

Subconfluent ARPE-19 cells were cultured in RPMI medium in the pre~ence of 5 
i . ~ 

I . 

mM glucose pl\ls 40 mM mannitol or 45 mM glucose for 6, 12 and 24 h. In separate . 
! 

experiments, .ApE-19 cells were incubated in the presence or absence of 500 J.lM D,L-
1 

. I 
homocysteine ip N a+ uptake buffer· for 4, 8 and 24 h. In another set of separate 

! . 

experiments, ce~ls· were maintained in folate-free RPMI medium supplemented with 10% 
i 

FBS. Cells w+e treated with this medium supplemented with no MTF, 5 nM MTF or 

2.26 J..lM MTF lfor 72 h. Total RNA was prepared using the TRizol reagent. RT-PCR 
I I. 

was carried out using primers specific for human RFT -1 and human glyceraldehyde-3-
1 • 

i 
phosphate depydrogenase (GAPDH). The primers for RFT-1 were 5'-

1 

CAGCGTGTG
1

GCCGGCTACTC-3' (sense) and 5 '-TCTGCCGCGGGCCGTTGTAGA-

3' (antisense)! corresponding to nucleotide positions 542-561 and 1005.-1023, 

I .. . 

respectively, of the human RFT-1 eDNA (Prasad ef al,--1995). RT-PCR was done with 

cycles ranging lm'9 to 32, with denaturing phase of30 sec at 94•c, annealing phase of 
.· I - . . .· . 

30 sec· at 63.9oc;· and~ extension of2 min at 72°C. 10 J..ll of the PCR products were gel 

electrophoresJ and subjected to Southern hybridization with a 32P-cDNA probe specific 
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for human RFTil. Human GAPDH was utilized as an internal control. The upstream 

primer 5'-AAiCTGAGAACGGGAAGCTTGTCATCAAT-3' (sense), and the 

downstream primer 5'-TTCCCGTTCAGCTCAGGGATGACCTTGCCC-3' (antisense) 
. I . 

correspond to n4cleotide positions 241-270 and 711-740, respectively, in human GAPDH 

eDNA (Tokunaka et al, 1987). The hybridization signals were quantified using STORM 

Phosphorimagilg System (Molecular Dynamics, Sunnyvale, CA) and processed using 
I 

ImageQuaNT <y ersion 4.2a) softwwe applic_ation.. Intensities were analyzed using the 

linear range of the PCR cycle . 
. I 

< I 

Seriziquantitative RT-PCR analysis .of RFT..;J mRNA in RPE of control and STZ-induced i . . . 

diabetic mice ! 

I . . . . . 

The RPp/eyecup was isolated from. C57BL/6 mice that had been diabetic for 3 
I 

and 12 weeks., Average blood glucose levels were 436 ± 22 and 351 ± 34 mg/dl for 

animals that had been diabetic 3 and 12 weeks, respectively. Age-matched, non-diabetic 
I 
I 

mice were usetl as controls; blood glucose levels were 172 ± 14 mg/dl. Six eyes per 

i 

group per expFriment were pooled for analysis. Total RNA was isolated using the 

! 

RNAWIZ reagent. RT-PCR was carried out using primer pairs. specific for mouse RFT-
, 

I 

1. The upstre~ primer 5'-GCGTCTTCCCTGTCTAAA-3' and the downstream primer 

5 '-GTCTCCCCTGTCGTCCTC-3' correspond to nucleotide positions 1182 to 1199 and 

i 

1539 to 1557, ~respectively, in the cloned mouse RFT-1 eDNA (Brigle et al, 1991). For 

semiquantitative RT-PCR, PCR following reverse transcription was carried out over a 
I . . 

range of 9 to 32 cycles. Similar experiments were done with primer pairs specific for 

I . 
mouse GAPDH (upstream primer 5'-ACCGGATTTGGCCGTATT-3', downstream 
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primer 5'-TCTiA~GGAAATTGTGAG-3' co~espond.to positions 65 to 82 and 

1132 to 115,1, respectively). The products were s1ze-fractionated ort agarose gels and 

subjected to solthern hybridization with probes specific for each of the products. These 
. I 

probes were ge~erated by labeling the respective subcloned RT-PCR products with e2P]-

dCTP. The injensity of the hybridization signals for RFT -1 versus GAPDH in diabetic 
I . 

and control mile was quantified using STORM Phosphorimaging System and processed 

using ImageQu~T software. The relationship between the intensity of the signal and the 
I . 

PCR cycle number was analyzed to determine the linear range for the PCR product 
I 

formation. The intensities of the signals within the linear range were used for data 

analysis. 

I • •. 

I 

Semiquantitati~e-RT-PCR analysis of FRa mRNA in human ARPE-19 cells cultured in 

high or low MTF 
! 

ARPE-19 ·cells were maintained in folate-free RPMI medium. Cells were treated 

with folate-free RPMI medium supplemented with no MTF, 5 nM MTF or 2.26 J.LM MTF 

I 

for 72 h. Total RNA was prepared using the TRizol reagent. RT-PCR was carried out 

I 

using primer ~air~ specific for human FRa and human GAPDH. The ___ primers for FRa 

were 5'-GAGACAGACATGGCTCAGCGGATGACAA-3' (sense) and 5'-AGGAGGT 

CAGCTGAGGAGCCACAGCA-3' (antisense) corresponding to nucleotide positions 
i . 

3561-3586 and 7556-7581, respectively, of the human FRa gene (Elwood, 1989). RT-

PCR was don, with cycles ranging from 9 to 32, with denaturing phase of 30 s~ at 94"C, 

annealing phase of30 sec at 55°C, and an extension of 1.3 min at 72°C. 10 J.Ll ofthe PCR 

products were gel electrophoresed and subjected to Southern hybridization with a 32P-
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eDNA probe specific for human FRa. Human GAPDH was utilized as an internal 
I . . . . . 

control. The· upstream primer- 5;-AAGGCTGAGAACGGGAAGCTTGTCATCAA T -3' 

. (sense), and thl downstream primer 5'-TTCCCGTTCAGCTCAGGGATGACCTTGCC 

I 
C-3' (antisense} correspond to nucleotide positions 241-270 and 711-7 40, respectively, in 

I 
human GAPDH eDNA (Tokunaga et al, 1987). The hybridization signals were 

I 
I 

quantified usirlg STORM Phosphorimaging System (Molecular Dynamics, Sunnyvale, 

CA) and procJssed using ImageQuaNT (Version 4.2a) software application. Intensities 
! 

were analyzed using the linear range of the PCR cycle. 
! 
I 

Western blot akalysis of RFT-1 levels in ARPE-19 cells cultured in high or low glucose 

and high or tal homocysteine · 
! 

I 

ARPE-[ 9 cells were cultured in medium containing 45 mM glucose or 5 mM 
I 

! 
glucose plus 40 mM mannitol and incubated for 6 or 24 h. In addition, ARPE-19 cells 

I . 

were treated separately with 500 J.!M D,L-homocysteine or no homocysteine in Na+ 

i 

uptake buffer for 4, 8 and 24 h. Cells were washed with 0.01 M PBS and lysed in cold 
i 

lysis buffer (59 mM Tris-HCl, pH 7.4, containing 1% Triton-X-100, 10 mM EDTA, 2 

mM Na3 V04, I 0.5% deoxycholate, 10 mM sodium pyrop~osphate and 50 mM NaF). 

Cells were scrfiped off the flask and passed through a 26-gauge needle 15 times to create 

a homogenou~ mixture. Cells were sonicated for 15-20 sec and the cell debris was 
I 

removed by cttrifugation at 10,000 x g for 10 min at 4°C. Protein concentrations in the 

supernatant were determined according to the method of Lowry et al (1951). Equivalent 

amounts of p~tein (1,0, 20 and 30 J..Lg) from the total cell lysates were boiled in 

Laemm~i's buffer for 5 min and analyzed by 7.5% SDS-PAGE (Laemmli, 1970). After 
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transferring the separated proteins onto nitrocellulose membranes,_: the membranes were . 
. ' 

blocked . for· .1 .5 · h at room temperature. with Tris-buffered saline-0.1% Tween-20 
. . 

containing 5%inon-fat milk. The membranes were incubated for 2 h with a polyclonal 

antibody that *as raised against the peptide sequence RPKRSLFFNRDDRGRC, which 

corresponds to ;residues 20~-220 of human·:RFT-1 (Chancy et al, 2000). The specificity 

of the antibody was confirmed (Naggai- et al, 2002). The antibody identified a major 

protein in ill,E':' 19 cell membranes whose molecular size corresponded to that of RFT-

1. In addition, ;there were two faint immunopositive bands detected. Preincubation of the 
I 
I 

antibody with the antigenic peptide prior to western blot analysis no longer recognized 
! 

the major RFTi1 band, though the two faint bands were still observed. This data suggests 

that the major band corresponds to RFT -1 and this was the band that was used in 

densitometric quantification. The membranes were probed with a secondary HRP-

conjugated goat anti-rabbit IgG antibody (1:3000) for 1.5 h, washed and the proteins 

visualized using the ECL Western detection system. The membranes were washed three 

times and reprpbed with an antibody specific for ~-actin. Following iminunoblotting, 
! 
I 

films were placed on a white light box vertically and image c_apture was performed using 

the Alphalmager 2200 digital imaging system (Alpha Innotech Corporation, San 

Leandro, CA). i A drag-and-drop rectangular grid of identical size was placed on the band 
I 
I 

of interest· ruid selected for processing. Background densitY · was automatically 
• I 

subtracted. Data represent an average of all the pixel values enclosed in the grid. 

Western blot alalysis of RFT-1 levels in RPE of control and SIZ-induced diabetic mice 

The JE/eyecup was isolated from C57BU6 mice that had been diabetic for 3 

and 12 weeks. Eyes from age-matched C57BL/6 were used as controls. Ten eyes per 
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group per experimJnt were pooled for analysis. Tissues were homogenized using a glass-
[ 

glass homogeniz~ 20-30 times in 50 mM Tris-HCI buffer pH 7.4, containing I mM 

PMSF and a protekse inhibitor cocktail. The sample was then centrifuged at 21000 x g 
I 

! 
for 30 min. The ppllet was collected and dissolved in lysis buffer (50 mM Tris-HCl, pH 

! 

. 7.4, containing 1% Triton-X-100, 0.1% SDS, 10 mM EDTA, 2 mM Na3V04, 10 mM 

sodium pyrophosphate and 50 mM NaF). The sample was sonicated for 10-15 sec and 

then passed throu~ a 26-gauge needle 10 times. The sample was then centrifuged at 

21,000 x g for 30 min at 4°C. The supernatant was collected and the protein 
i' 
I \ 

concentrations we~e estimated according to the method of Lowry et al (1951). Equivalent 

amounts ofproteitf from the tissue lysates were boiled in Laemmli's buffer for 5 min and 
I . 

analyzed by 1 o<fo SDS-PAGE. After transferring the separated proteins onto 
I .. 
I .. , . . 

nitrocellulose merilbrC).lles, the membranes were blocked for 1.5 h at room temperature 
. I . . . . . . . 

with Tris-buff~red~ saline-0.1% Tween-20 containing S% non-fat milk. The membranes 
• . I . . . 

were incubated for 3 h at room temperature· with the same polyclonal antibody ag~inst 

RFT -1 that was u~ed detect to RFT -1 -protein ·in ARPE-19 cells. The membranes were 

. probed with a secbndary HRP-conjugated goat anti:-rabbit lgG antibody (1 :3000) for 1.5 
I ~ , . . . . 

·I . .. , . . .. 

h, washed and th~ proteins visualized using the ECL Western. detection system. The 
I 

membranes were ]washed and reprobed with an antibody against ~-actin. Following 
I 

immunoblotting, 41ms were placed on a white light box vertically and image capture was 

performed using the Alphalmager 2200 digital imaging system (Alpha Innotech 

Corporation, San Leandro, CA). A drag-and-drop rectangular grid of identical size was 

placed on the bJd of interest and captured for processing. Background density was 
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automatically subtracted. Data represent an average of all the pixel values enclosed in 

the grid. 

Transient transfec{ion of cloned mouse ATB0
·+ in cultured hRPE cells using the vaccinia 

virus expression s)(stem 

Subconflu¢nt cultures ofhRPE cells were trypsinized and 0.06 x 106 to 0.12 x 106 

I 

cells/well were s~eded in 24-well tissue culture plates. After 30 hours, the cells were 
I . 

! 

infected with the irecombinant VTF7_3 vaccinia virus at 37°C for 30 minutes and were 
. i 

transfected with 1e plasmid containing the cloned ATB0·+ eDNA using Lipofectin (Life 

Technologies). One microgram of plasmid was used per well. The recombinant virus 

contains the g~nelenc~ding for T7 ~A ~olymerase, which carries ~ut the transcri~tion 
of the eDNA msr m the plasmtds usmg the T7 promoter. This allows functional 

expression of ATB0·+ In hRPE cells. Twelve hours after transfection, the medium was 

removed from thelwells by aspiration to initiate uptake.. . 

I 
I 
I 

Data analysis . . ; f . 

Data Wer1 :malyzed using the Number Cruncher Statistical Systems 97 statistical 

package (Kaysvilte, UT). In cases of multiple comparisons, ANOV A was used followed 

by Tukey-Krame~'s paired comparison test. A p-valu~ < 0.05 wa~ considered significant. 
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·Results 

It is hypothesized that folate is transported vectorially in RPE (Bridges et al, 

2002). Two fola~e transport proteins, FRa (Smith et al, 1999b) and RFT-1, have been 

localized in RPE (Chancy et al,_ 2000). Functional studies suggested the presence of an 
i 

I 
apically-placed RfT -1 protein in cultured human RPE cells (Huang et al, 1997). Further 

i 

studies using con(ocal microscopy localized this apical protein in cultured ARPE-19 cells 

I 
(Chancy et al, 20QO). While folate uptake has been documented in RPE, the regulation of 

RFT-1 in RPE hls not been studied extensively. The purpose of these studies was to 
I . 

analyze the re+ation of RFT -1 in RPE under conditions of hyperglycemia, 

hyperhomocysteirlemia and folate deficiency. The results- of these studies are described 

I 
below. j 

I 
I 

AIM 1. REGULATION OF RFT-1 BY HYPERGLYCEMIA 
I 
I , 

The first aim analyzed the effects of hyperglycemia on RFT -1 in vitro and in vivo. 

Functional studiel were used to determine whether high glucose levels have an effect on 

the activity of r-1 in RPE. Molecular and biochemical analyses were used to 

determine whether mRNA and protein levels of RFT -1 in RPE were affected in the 

presence of high ilucose. 
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Functional activitj( ofRFT-1 in RPE cells cultured under hyperglycemic conditions. 
I 

Uptake ass~ays using eH]-MTF were performed to assess the functional activity of 
I \ 

RFT -1. An ideal jncubation time of eHJ-MTF is a time that falls within the linear range 

for uptake .. Cells! were incubated with eH]-MTF for· 5, 10, 20, 30, 45 or 60 minutes 
: ' . 

(Figure 7). Upt~e was approximately linear for the first 45 minutes. Thus, an 
. i 

i . . 
I -· 

incubation time of3·o minutes was ideal for studies ofRFT-1 function. 
I . 

I 

The uptak~ of eH]-MTF (3 nM) by ARPE-19 cells exposed to 45 mM-glucose for 
I 

4, 6, 9, 12, and 2t hwas compared ~ith control cells cultured in 5 mM glucose plus 40 

mM mannitol. qells exposed to 45 mM glucose· for 4 h showed a· 10% stimulation of 
i 

MTF uptake com~ared with control values (Figure 8). Within 6 h, however, the uptake 
I 

··of MTF in cell~ exposed with 45 mM glucose decreased by approximately 35% 

compared to conLl values. Similar results were obtained for cells exposed to high 

glucose for 9 h an~ longer. 
I 

I 

. The gluc1se-induced attenuation of eHJ-MTF (3 nM) uptake in ARPE-19 cells 

was not nonspecific. It is not likely that the attenuation of uptake was due to cell damage_ 

because the uptje of other nutrients such as eHJ-glutamine and e4CJ-ascorbic acid was 
I 

not reduced unde} identical experimental conditions (Figure 9). The uptake of glutamine 

and ascorbic acid was enhanced somewhat by exposure of cells to high .glucose. 

The effects of increasing concentrations of glucose on the uptake of eH]-MTF (3 

I 
nM) by ARPE-19 cells are shown in Figure 10. ARPE-19 cells were incubated for 6 h 

. . I 
with 15, 25, 35 or 45 mM glucose. The uptake ofMTF was compared with cells that had 



Figure 7. Determination of the linear range for [3H]-MTF uptake in ARPE-19 cells. 

To determine the liiieJ range oj MTF uptake cells were incubated with f H) -MTF for 5, 
I . 

10, 20, 30, 45 or. 60 tinutes. U~take versus in~batio~ tim~ was appr~ximately li~ear 

for the first 45 mznute$ and then zt plateaus. An zncubatzon tzme of 30 mznutes was zdeal 
' . I • • 
I 

for MTF uptake in RPE cells. 
i 
I 
I 

! 
I 

l 
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I 
I 
I • 

Figure 8. Time course lot attenuation of MTF uptake in the presence of high glucose. 
I 

ARPE-19 cells were ex}psed to 45 mM glucose for various lengths of time and the uptake 

of [3 H) -MTF. (3 nM) w4s determined. Parallel experiments were carried out with cells 
I 
: . 

cultured in the presence/ of 5 mM glucose plus 40 mM mannitol (osmolar control-line at 
I 
I 

100%). Results are.gi~en as percent of MTF uptake measured in corresponding control 

cells not treated with high glucose. Values represent means :t SEM for four 

determinations from tw& independent experiments. *Significantly different from control 
' . 

(p < 0.05). 
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Figure 9. Specijifizy of glucose-induced attenuation of MTF uptake. ARPE-19 cells 
. I 

were exposed to iff ·mM glucose for 6 h prior to measuring the uptake of [3 H] -MTF (3 
I . 

nM), f H) -glutamile, (25 nM) or [14 C) -ascorbic acid (3 JlM). Parallel experiments were 

carried out with c~lls cultured 6 h in the presence of 5 mM glucose plus 40 mM mannitol 
I 
i 

(osmolar control~ line at JqO%) . . . Resu/is are given as percent of uptake measured in 
I . . 
I 

corresponding co~trol cells not treated with high glucose. Values represent means :t 

SEM for four determinations from two independent experiments. *Significantly different 

from control (p < 0. 05). 
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Figure 10. Dose-response relationship for the effect of high glucose on the uptake of 
I· . . , 

MTF. ARPE-1~ cells were exposed for 6 h to 15 mM, 25 mM, 35 mM, or 45 mM 
I . . 

glucose after which the uptake of [3 H] -MTF (3 nM) was measured. Parallel experiments 

were carried out Jith cells cultured 6 h in the presence of 5 mM glUcose plus 10, 20, 30 
I 
i 

or40 mM mannitor(osmolar cont~ols -line at 100%). Results ilre given as percent of 
i 

MTF uptake meas~red in corresponding control cells not treated with high glucose. 
I I 

! 

Values represent i means i: SEM for four determinations from two i~dependent 

experiments. *Sig~ificantly different from control (p < 0.05). 
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been incubated with f mM .·glucose and the appropriate concentration of mannitoL In 

cells incubated with ~-15 mM glucose,'' the uptake of eHJ-MTF was not significantly 
I 

different from the osrholar control (5 mM glucose plus 10 mM mannitol) values. Cells 
·: 

incubated for 6 h with 25 mM glucose demonstrated a slight attenuation of MTF uptake, 

but this attenuation did not differ significantly from control values. When cells were 

exposed to 35 mM glucose for 6 h, however, the uptake of MTF was reduced by nearly 
i 
I 

30% compared to the[osmolar control (5 mM glucose plus 30 mM mannitol). These data 
! 

. . . 

were similar to th~ attenuation of MTF uptake observed in the cells incubated 6 h with 45 

mM glucose. 

The kinetics of RFT -1 activity were analyzed in ARPE-19 cells exposed for 6 h to 
i . ' 

45 mM glucose versus those incubated in 5 mM glucose plus 40 mM mannitol. Uptake 
I -

of eHJ-MTF (3 nM) \was measured in the presence of cold MTF ranging from 0.05 to 1 

j!M (Figure 1 i). Thl analysis showed that the decrease in transport activity of RFT-1 
I. 

observed under hyperglycemic conditions compared with control was associated with a 
! . 
I 

decrease in the maxi~al velocity of the transporter (50.4 ± 3.1 versus 77.9 ± 4. 7 pmol/mg I . 

protein/30 min for ~5 mM glucose versus 5 mM glucose plus 40 mM: mannitol, 
I . 

! 

respectively) with nd significant change in the substrate affinity (Km = 0.28 ± 0.05 and 
I 

! 

0.22 ±. 0.04 j!M f1r 45 mM glucose and 5 mM glucose plus 40 mM mannitol, 

respectively). The ~arked change in Vmax with no change in Km suggests a change in 

I . 
protein density of RFT-1. The Eadie-Hofstee plot (uptake/concentration versus uptake) 

was linear for both 45 mM glucose and control conditions (r2 
= 0.992 and 0.990, 

respectively). It is unlikely that at "higher MTF concentrations, FRa is contributing . . -

significantly to the observed uptake of MTF. This was investigat~d rec~ntly by Huang et 
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Figure 11. Kinetit analysis of MTF uptake in ARPE-19 cells treated with high levels 
I . 

of glucose. ARPE-19 cells were treated with 45 mM glucose for 6 h(O). Parallel 

I 
experiments were ~arried out with cells cultured 6 h in the presence of 5 mM glucose plus 

I 

40 mM mannitol (osmolar control) ( •J. Uptake of MTF was measured in these cells for 

30 min over an M'iJF concentration range of0.05 to 1 p.M. Values are means :tSEMfor 
I . . 

3 determinations .!(rom two independent experiment. Results are presented as plots 
i 

describing the rela(ionship between MTF concentration and MTF uptake rate and also as 

Eadie-Hofstee plots (insert) (VIS versus V; V, · MTF uptake in pmol/mg of protein/30 min; 

I 

S, MTF concentration in )1M). 
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al (1997). FRa binding activity (in which membrane binding of eH]-folic acid in the 

absence or presence if unlabeled folic acid is carried out at 4°C, a temperature at which 

transport is minimize~) showed virtually no specific binding of folate on the apical RPE 
I 
! 

surface (Huang et al,[1997). It is also unlikely that the uptake is mediated by simple 
i 

f 

diffusion because fol~te is a hydrophilic (lipophobic) molecule and requires an active 
I_ 

transport mechanism. 

Semiquantitative RT-lfCR analysis of hyperglycemia-induced attenuation of RFT-1 in 
l 

ARPE-19 cells. 
I 

The influenc1 of high glucose on the steady-state levels· of mRNA transcripts 

specific for RFf -!.las in~estigated us~g semiquantitative RT -PCR. mRNA enco~g 

RFT -1'· was normahz~d ·agatnst GAPDH for treated and control cells. In cells treated w1th 
... I 

~ . . I . . .... 
45 mM glucose for 6 h, the steady-state levels of RFT -1 mRNA decreased to 66% as 

.: . I . . . . . . 

compared with contrfls (Figure 12A) .. As the exposure times to high glucose increased 

(12 and 24 h), th, mRNA levels encoding RFT-1 decreased to 54% and 48%, 

respectively. The pliosphorimage analysis showed the ratio . of RFT -1 mRNA bands to .. I . . .. 

GAPDH bands decrJased as exposure to high glucose increased (Figure 12B). These 
I 
! 

results suggest that t~e hyperglycemia-induced decrease in the transport activity of RFT-
I 
I 

1 is likely due to decfased de novo synthesis of the transporter protein resulting from the 

reduced steady-state levels of the transporter mRNA. 



Figure 12. Anal~t of steady-siate .level~ of inRNA for RFT-1 and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) in ARPE-19 cells exposed to ·high levels of 
, . I ·. . . .. . 
. I ~ . 

glucose. ARPE-1( cells were treated with~~ mM glucose or 5 mM glucose plus 40 mM 
I . 

mannitol (control) for 6, 12 and 24 h at 3l°C. Total RNA was then isolated from these ' ' l' ·:·. ', ' ' . 
cells and used for ~~miquahtitaiive RT-PCR. Primer pairs speCific for human RFT-1 and 

I 

human GAPDH mlf.NA were used. RT-PCR was done with a wide range of PCR cycles 
I . 

(9-32). The resulfant products were run on a gel and then subjected to Southern 
: ' 

hybridization with! 32P-labeled eDNA probes specific for. RFT-i and GAPDH The 

hybridization signals were quantified using the STORM Phosphorimaging System and the 

intensities that we~e in the linear range with the PCR cycle number were used for 
l 
I 

analysiS. A: repr~sentative Southern hybridization signal of bands from the 18th cycle 
j 

for RFT-1 and th~ 15th cycle for GAPDH B: the relative band intensity (RFT~ 
I 

1/GAPDH) in cells! treated with high glucose relative to that in control cells. The RFT-

1/GAPDH ratio inl control cells was taken as "1." Values are means :t SEM for 3 
I 

determinations frol two independent experiments. *Significantly different from control 
I . . 

(p < 0.05). 
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Western blot analysis of RFT-1 in ARP E-19 cells exposed to ,high glucose. 

After determininl that the miNA levels en~oding :Rn -1 were reduced in ARPE-

19 cells exposed to 451 mM glucose compared with the osmolar control, we asked 
I . . . . , 

whether there was any crange in the level ofRFT-1 protein in there cells. ARPE-19 cells 

were exposed to 45 mM glucose for 6 or 24 hand control.cells were incubated with 5 
r · I 

mM glucose plus40i mannitol for the same time periods.~he cells were lysed and 

the lysate proteins were/ subjected to SDS-PAGE followed by immunoblotting using an 

antibody against RFT -1.1 Figure 13A shows scans of gels loaded with 10 f.!g and with 20 
I 

f.!g protein for treated aJd control cells. Densitometric scans of gels showed that in cells 
I . . I 

incubated 6 h with 45 mM glucose, there was a 16% decrease in detectable RFT-1 protein 

compared to control ce~ls. The decrease in protein levels was iimilar for both loading 

concentrations. After 2l h in high glucose, there was a 25% delease in detectable RFT-
1 
I 

1 in the cells exposed t~ 45 mM glucose compared with controls (Figure 13B)~ Levels of 

I 
P-actin were not altered/under hyperglycemic conditions. 

Functional activity of RfT-1 in RP E of diabetic mice. 
! 

To determine whether the activity of RFT-1 was affected under in vivo diabetic 
I · I 

conditions, the uptake /of MTF was analyzed in RPE. The RPE/choroidleyecup was 
. ! I 

isolated from 12 weC;Jk fabetic or age-matched control mice and the uptake ofeH]-MTF 

was analyzed as described in the methods section. Since in Je eye, RFT-1 is present 

only in RPE (Chancy~ al, 2000) and notin the choroid or selL, the presence of these 

latter two tissues does not affect uptake studies. The uptake jf radio labeled MTF was 



Figure 13. WestTn blot analysis of RFT-1 in ARPE-19 cells exposed to high glucose 

for 6 and 24 h. ARPE-19 cells were exposed to 45mM glucose for 6 or 24 h, lysed and 

the lysate subjecled to SDS-PAGE followed by immunoblotting with a polyclonal 
! 

antibody recognizing RFT-1. Membranes were washed and re-probed with an antibody 
! 

against /)-actin.. j Parallel experiments were carried out with ·cells cultured in the 
i . 

presence of 5 rf!N{ glucose plus 4 0 mM mannitol (osmolar control). · The density of the 
I· 

bands was quanti{zed using the Alphalmager digital imaging system. A: ·. immunoblot 
I 

. i 

from a representative experiment showing two loading concentrations: 10 pg and 20 pg. 
i . : 
I 
I 

B: relative band ~ntensity from densitometric scans (RFT-11/)-actin) in cells treated with 

high glucose rel+ve to that in co~frot cells for both loading concentrations. The RFT-

1 I /)-actin ratio in control cells was taken as "1. " Values are means ::t SEM for 2 
. i . 

determinations frbm four independent experiments. *Significantly different from control 

(p < 0.05). 
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expressed as the amount of MTF ·taken up per unit weight of the tissue. As shown in 

Figure 14, the uptake df MTF by the RPE of diabetic mice was reduced by about 20% 
• I 

I 

compared with non-dia~etic control mice. 

I 
. I 

Analysis of steady-statllevels of mRNA for RFT-1 in the RP E of diabetic and control 
! 

mice.. I 

The RPE of coAtrol mice and mice that had been diabetic for 3 or 12 weeks was 
I 

used for semiquantitatire RT -PCR for the det=ination of levels of mRNA transcripts 

encoding RFT -1. As an internal control, the steady-state levels of GAPDH mRNA in the 
f . 

I 

samples were determined in parallel. The results showed that the RPE of 3 week diabetic 

mice had about 15-20J. less RFT-1 mRNA compared with controls. RPE of mice that 
I 

had been diabetic for. l2 weeks demonstrated a 90% decrease in steady-state levels for 
I 

. mRNA encoding RFTJl (Figure lSA). Levels of the housekeeping gene, GAPDH, did 
I 

not change in the· diabJtic ~ice suggesting that the effect of diabetes on mRNA encoding 
I 

i 

RFT -1 was specific. jThe phosphorimage analysis (Figure 15B) confirmed that RFT -1 

mRNA levels decreasL as diabetes progressed in these ~s. These results suggest 
J . . . . . 

I. . .. 

that the decreas~ iri th~· uptake· of radio labeled .MTF observed in the RPE isolated from 
. I· '· •· . I ·.. , 

• I 

diabetic mice (shown I in Figure J 4) may be due to decreased expression of the gene 

coding for RFT -1 or td decreased ~tability of the RFT -1 mRNA. 

_. . ~ ' 

Western blot analysis (}fRFT-1 in STZ-induced diabetic mice. 

WestemblotLysis was usedto det=ine protein levels ofRFT-1 in the RPE 

of control mice and jce that had been diabetic for 3 or 12 weeks ~as used for. As an 



Figure 14. Uptake of MTF by RPE of normal and diabetic mice. C57BL/6 mice were 

m~de diabetic Jing three consecutive daily 75 mg/kg doses of S1Z. At .12 weeks post-
1 

onset of diabete~, the RP E was dissected from remaining ocular tissues as described in 
. I 

the text. RPE fro/m age-matched ·c57BL/6 mice was used as control. Incubation of RPE 
i 

was carried out i at 3 7 °C for 30 min in a folate-free RPM! medium supplemented with 

[
3H]-MTF (3 n¥). Results are expressed as the mean :t SEM (n = 12). Values are 

I • 

means :t SEM f~r 6 determinations from two independent experiments. *Significantly 

different from control (p < 0. 05). 
[ 

' 
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Figure 15. Analyr ofsteady-state.levels ofmRNAfor RFT-1 and GAPDHin RPE of 

control (C) and diabetic (D) mice. C57BL/6 mice were made diabetic using three 
. I . . 

consecutive 7 5 mg/kg doses of STZ. At 3 and 12 weeks post-onset of diabetes, mice were 
I . 
I 
I 

killed and the RP~ was dissected free from adjacent neural retina. Age-matched control 
! 

mice were used i~ parallel. Total RNA was isolated from the RPE and used for 
i 

semiquantitative RiT-PCR. Primer pairs specific for mouse RF'T-1 and mouse GAPDH 

mRNA were used.! RT-PCR was done with a wide range of PCR cycles (9-32). The 

resultant products [were run on a gel and then subjected to Southern hybridization with a 

32P-labeled probe~ specific for RFT-1 and GAPDH The hybridization signals were 

quantified using th~ STORM Phosphorimaging System a7Jd the intensities that were in the 
I . 

linear range with ! the PCR cycle number were used for analysis. A: · representative 
l 

Southern hybridiz~tion signal showing bands from the 21st cycle of RT-PCR. for RFT-1 

and 15th cycle for iGAPDH. B: the relative band intensity (RFT-1/GAPDH) i~ diabetic 
I 

: I 

RPE relative to that in control RPE. The RFT-1/GAPDH ratio in control cells was taken 

as "1. " Values I are ~eans ± SEM. for 3 determinations from two independent 

experiments. *Sigrlificantly different from control (p < 0.05). 
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· internal control, ~-actin in the samples were determined in parallel. The results showed 

that the RPE of 3 weeM diabetic mice had about 15% less RFT-1 protein compared to 
. . . I 

controls. RPE of mice ~hat had been diabetic for 12 weeks demonstrated a 22% decrease 
I 

in levels of RFT -1 pr~tein (Figure 16A). The densitometry analysis (Figure 16B) 

confirmed that RFT -1 p~otein levels decreased as diabetes progressed in these animals. 

I 
I 
I 

• • . I 

AIM 2. REGULATION OF RFT -1 BY HYPERHOMOCYSTENEMIA 

The second ai~ /analyzed ~he effects of hyperhomocysteinemia on RFT -1 in vitro. 

Functional studies wer~ used to determine whether high homocysteine levels have an 
I . , .. - . 

·effect on the activity of/RFT~l in RPE.: Molec~lar and biochemical analyses were used to 
I . . 

determine· whether niRNA and protein levels· of RFT -1 in RPE~··were affected in the 
• ··. • I 

. '· I 
presence of high homoc,ysteine. .. . I . . 

I . 

Functional activity of *T-:1 in- cultured RP E cells under hi~h h~m·ocysteine conditions . 
. I . . . . . . . . . . 

The uptake of r1HJ-MTF (3 nM) by ARPE-19 cells .exposed to Na+ uptake buffer 
! 
I 

containing 1 mM D,L-pomocysteine for 2, 4, 6, 8 and 24 h was compared with control 

cells cultured in N a+ uptake buffer in the absence of homocysteine. Cells exposed to 1 

mM homocysteine fo~ 2 h showed a significant difference in uptake of eH]-MTF 

compared to control v~lues (Figure 17). Exposure of RPE cells for 4 h to 1 mM D,L

homocysteine resulted~~ in a 55% inhibition of eH]-MTF uptake. As the length of 

exposure to 1 mM D,L-homocysteine increased, the uptake of [3H]-MTF decreased. The 

- . 

uptake in cells treated for 6, 8 and 24 h decreased by 70%, 75%. and 93%, respectively. 



I 

I 
I 

i 

Figure 16. Westkrn blot analysis of RFT-1 in STZ-induced diabetic mice. C57BL/6 

mice were made 1iabetic using three consecutive 75 mg/kg doses of S1Z. At 3 and 12 
i· 

weeks post-onset jof diabetes, mice were killed and th? RPE was dissected free from 

adjacent neural rhtina. Age-matched control mice were used in parallel. Total protein 

was prepared. RfE tissue was lysed an~ the lysate subjected to_SDS-PAGEfollowed by 

I 

immunoblotting -\yith a polyclonal antibody recognizing RFT-1. Membranes were 

washed and re-probed with an antibody against P-actin. Age-matched control mice were 

used in parallel. The density of the bands was quantified using the Alphalmager digital 

imaging system. ~: immunoblot from a representative experiment showing bands from 
I • • 

I 
I 

control (C) mice !and diabetic (D) mice. B: relative band intensity from densitometric 
! 
I 

scans (RFT-1/P-qctin). The RFT-1/P-actin ratio in control cells was taken as Hi." 
I 

Values are mean~ :t SEM for two determinations from two independent experiments. 
I 
I 

*Significantly different from control (p < 0.05). 
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Figure 17. Time course of attenuation of MTF uptake in the presence of high levels of 

D,L-homocysteinJ. ARPE-19 cells were exposed to 1000 pM D,L-homocysteine in Na + 

uptake buffer for ! various lengths of time and the uptake of (H] -MTF (3 nM) was 
! 

determined. Pardllel experiments . were carried out with cells cultured in Na + uptake 
I 

buffer without D,Li-homocysteine (control). Results are given as percent of MTF uptake 
! 

measured in corr~sponding control tells not treated with high homocysteine. Values 

represent means ± SEM for three determinations from four independent experiments. 
! 

*Significantly diff~rent from control (p < 0. 05). 
I 
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· The effects of increasing concentrations of D,L-homocysteine on the uptake of 

eHJ-MTF (3 nM) by IARPE-19 cells are shown in Figure 18. ARPE-19 cells were 

I 
incubated for 8 h in Na+ uptake buffer containing 25, 50, 100, 250 and 500 f.!M D,L-

[ ' 

homocysteine. The uptake ·of. MTF was compared _with. cells cultured in Na + uptake 
i . 

buffer in the absence! of D,L-homocysteine. In cells incubated with 25 f.!M D,L-
i 

homocysteine, the up:take of eHJ-MTF was attenuated by 12%, which was not 

i 
si~ificantly different j from control values. Cells incubated for 8 h with 50· J.!M 

I 

homocysteine demonstrated a 35% attenuation of MTF uptake. As the concentration 
I -

increased to 500 mM, MTF uptake was inhibited approximately 70% compared to control 
r . - -_ 

values. j 

I , ;· 

To determine jwhether . the ·homocysteine.:. Induced . attenuation of uptake was 
•• J . • . • . • ,· '. •• '· •. 

I .· . . . 

specific to_ MTF_ or waf more generali~ed to o_~her c~mpounds, ce~l;s w~re i~_cubated in the 

. . . I . . . . ~ . . ·'-

presence ·of'500 f.!M Ip,L-homocysteirie for 8 h following which the uptake of several 

radio labeled compounHs . was assessed. · As- :shown in Figure 19, the homocysteine-
~ 

I 
induced ~ttenuation of) eHJ~MTF (3 nM) uptak~ in ~E-19 cel~s ~as not a nonspecific 

_-. I . . - . .. - . 
effect. It is not likely that the attenuatio~ of MTF ~ptake was due to cell. damage because 

I " . ,. 

the uptake of other nutrients such as eH]-glutamine and eH]-carnitine was not reduced 
I . 

significantly under idltical experimental conditions (Figure 19). The uptake of eHJ-
1 

leucine, eH]-arginin~ and eHJ-glutamate was inhibited by approximately 20% as 
I 

I . . -
compared to control values (p < 0.05) suggesting that other transport systems are affected 

under hyperhomocystjinemic conditions. Interestingly, the uptake of [ 14C]-ascorbic acid, 

an antioxidant, was elhanced slightly (though not significantly) by exposure of cells to 

high homocysteine. 



I. 

Figure 18. Dose-~esponse relatio~ship for · the effect of high homocysteine on the 
. I -

uptake of MTF. -4RPE-19 cells were exposed for 8 h to Na + uptake buffer that contained 
I 
I 
I 

25 f.1M, 50 f.1M, 100 f.1M, 250 pM or 500 pM D,L-homocysteine after which the uptake of 
I . 
i 
I 

[
3 H) -MTF (3 n~ was measured.. Parallel exp~riments were ca~ried out with cells 

cultured 8 h in Naf uptake buffer without D,L-hqmocysteine (control). Results are given 

as percent of MTf uptake measured in corresponding control cells not treated with 

homocysteine. Values represent means :t SEM for three determinations from four 

independent exper~ments. *Significantly different from control (p < 0. 05). 
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I 

' Figure 19. Specificity of homocysteine-induced attenuation of MTF uptake. ARP E-19 

cells were exposj to 500 pM D,L-homocysteine in Na+ Uptake buffer for 8 h prior to 
I 
I 
I 

measuring the upt~ke of [3 H] -MTF (3 nM), [3 H] -arginine (5 pM), [ 3 H] -carnitine (5 pM, 

[
3 H] -leucine (5 pM) , [3 H] -glutamate (5 pM), [ 3 H] -glutamine (5 pM), or [14 C] -ascorbic 

acid (0.5 pM). Parallel experiments were carried out with cells cultured 8 h in Na + 

uptake- buffer withbut D,L-homocysteine (control). Results are given as percent of uptake 

in control cells. ; Values represent means :t SEM for three determinations from four 

independent experiments. *Significantly different from control (p < 0.05). 
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. The kinetics o1RFT -1 activity were analyzed in ARPE-19 cells exposed for 8. h to 

500 J..LM D,L-homocy;steine versus those incubated in the absence of homocysteine. 

Uptake of eH]-MTF ~3 nM) was measured in the presence of cold MTF ranging from 
I . . 

• I 

0.025 to 2 J.!M (Figure 20). The analysis showed that the decrease in transport activity of 

RFT -1 observed under hyperhomo·cysteinemic conditions · compared with control 
I ·. . . 

• . I . . , 

conditions was associ~ted with a decrease in the maximal velocity .(129.6 ± 8.0 versus 
. I . 

183.2 ·± 7.4 pmol/mg protein/30 min· for 500 J..LM . D,L-homocysteine versus no 

homocysteine, respec~ively) with no significant change in the substrate affinity (Km = 
! 
l 

0.30 ± 0.05 and 0.32 ± 0.07 J.!M for· 500 J.!M D;L .. honiocysteine versus no homocysteine, 
• ' I . . • 

I 

I 
respectively). The m~rked change in Vmax with no change in Km suggests a change in 

I • 
I • 

protein density of RFI.r-1. The Eadie~Hofstee plot (uptake/concentration versus uptake) 
. . . I . . 

was linear for both ~igh homocysteine and control conditions (r2 
= 0.992 and 0.982,' 

I 

• I -

respectively). As desbribed previously, it is unlikely that at higher MTF concentrations, 

I 

FRa is contributing si1gnificantly to the observed uptake of MTF (Huang et al, 1997). 

i 

Semiquantitative .RTlPCR analysis of hyperhomocysteinemia-induced attenuation of 
I 

. I 

RFT-1 in ARPE-19 cC4lls. 

The influenJ of high homocysteine on the steady-state levels of mRNA 
i 

transcripts specific fqr RFT -1 was investigated using semiquantitative RT -PCR. mRNA 

encoding RFT -1 was normalized against GAPDH for homocysteine-treated and c~ntrol 

cells. In cells treati with 500 jlM D,L-homocysteine for 4, 8 and 24 h, the steady-state 

levels of RFT -1 mRNA (cycle 18) were significantly less than controls (Figure 21A). 

The hybridization tgnals were quantified using the STORM phosphorimaging 



Figure 20. Kineti1 analysis of MTF uptake in ARPE-19 cells treated with high levels of 

homocysteine.· ARPE-19 cells were treated in Na +uptake buffer containing 500 pM D,L

homocysteine ( Q) ~or 8 h. Parallel experiments ( •) were carried out with cells cultured 

I 

8 h in Na + upta~e buffer without D,L-homocysteine (control). Uptake of MTF was 

measured in these: c~lls for 30 min over an MTF concentration range of 0.025 to 2 p.M. 

Values are mean~ :t SEM for 3 determinations from two independent experiments. 

Results are presented as plots describing the relationship between MTF concentration 

and MTF uptake rate and also as Eadie-Hofstee plots (VIS versus V; V, MTF uptake in 
i 

pmol/mg ofprotei*/30 min; S, MTFcorJ,centration in J.LM}. 
l 
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Figure 21. Analysis of steady-state levels of mRNA for RFT-1 and GAPDH in ARPE-
\ . 

19 cells exposed ti high levels of homof:Ysteine. ARP E-19 cells were treated in Na + 

·. uptake buffer containing 5 00 pM D,L-homocysteine or in the absence of 5 00 pM D,L-
. I . 

I 

homocysteine (con,trol) for 4, 8 and 24 h. Total RNA was then isolated from these cells 
I 
i 

and used for semfquantitative RT-PCR. Primer PC!irs specific for human RFT-1 and 
I 
I 
I 

human GAPDH mlRNA were used. RT-PCR was done· with a wide range of PCR cycles 
I 

I . 

(9-32). The resUltant products ·were run on a gel and then subjected to Southern 
I 
I 

hybridization wit~ 32P-labeled eDNA probes specific. for RFT-1 and GAPDH · The 
i 

hybridization signbls were quantified us.ing the STORM Phosphorimaging System and the 
I 

. . I . 

intensities thai w~re in the linear range with the . PCR cycle number were used for 
I 
I . 

analysis. A: rep~esentative Southern hybridization signal of bands from the 18,1h cycle · 
I 

I 

for RFT-1 and t~e 151
h cycle for GAPDH. B: the relative band intensity (RFT-

1 • 

i 
1/GAPDH) in cell~ treated with high levels of homocysteine relative to that in control 

I 
. ' ,·. 

I 

cells. The RFT-1/QAPDH ratio in contro( cells was taken as H1 ". Values are means :t 

SEM for 3 deter~inations from tWo independent experiments. *Sig'!-ificantly different 
. ! ' 

,, : 

from control (p < 0.05). 
I 

! 

( 
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system. The ratio of RFT -1 mRNA bands to GAPDH bands for cells cultured for 4 h in 

500 IJM D,L-homocjteine revealed a 32% decrease in mRNA levels compared to cells 

cultured in the absent of homocysteine. Cells treated for 24 h demonstrated a 36% 
I . 
I 

decrease in ~~ levels (Figure 21B). These results suggest that the 
I 

hyperhomocysteinemi~-induced decrease in the transport activity of RFT -1 is likely due 

to decreased de nov~ synthesis of ~he transp6rter protein resulting from the reduced 
i . . 

I 

steady-state levels of the transporter·mRNA. 

: . 

Western blot analysis :of RFT-1 in ARP E-19 cells exposed to high homocysteine. 

After determiJng that the mRNA levels encoding RFT-1 were reduced in ARPE-

19 cells exposed to koo !JM D,L-homocysteine compared with the control, we asked 
I . 

whether there was any change in the level of RFT -1 protein in these cells. ARPE-19 cells 
I 

were exposed to 500 ~ D,L-homocysteine for 4, 8 and 24 h. The cells were lysed and 
i . 

the lysate proteins w~re subjected to SDS-PAGE followed by immunoblotting using an 
I 

! 
antibody against RFT -1 (Figure 22A). Densitometric scans of gels showed that cells 

incubated in 500 JJM homocysteine for 4 h had a 25% decrease in detectable RFT-1 
I 

protein compared to bontrol cells. Cells treated for 8 h had a 46% decrease, while cells 
I -

. I 

treated for 24h had af53% decrease (Figure 22B). 

. i . 
AIM 3. AMINO ACID IRANSPORT SYSTEMS INVOLVED IN UPTAKE OF HOMOCYSTEINE 

The third aim. analyzed the specific amino acid transport systems involved· in 
I . . 

uptake of homocysteine in cultured RPE cells. Competitive studies using uptake assays 



Figure 22. Wester blot analysis ofRFT-1 in ARPE-19 cells exposed to high levels of 

homocysteine. ARPE-19 cells were exposed to Na+ uptake buffer containing 500 pM 

D,L-homocysteine ~or 4, 8 and 24 h, ly~ed and the lysate subjected to SDS-PAGE 

. followed by immuTzloblO;ting with tipolydlondtantibody fecognizing RFT-1. Membran(!s 
I . . . 

. I 

were washed and re-pro bed with an antibody 'against P-actin. Parallel experiments were 
. I 

I • 

carrie~ out with Cflls cultured in the absence of 500 pM D,L-homocysteine (control). 

The density of the ~ands was quantified using the Alphalmager digital imaging system. 
f . 

A: immunoblot ffrom a representative experiment. B: relative band intensity from 
i . 

densitometric scan~ (RFT-1 I P-actin) in cells treated with homocysteine relative to that in 
! 

control cells for both loading concentrations. The RFT-1 I P-actin ratio in control cells 
I 
I 

i 
I 

was· ta~en as "1 ". 1 Values are means :t_ SEM for 3 determinations (rom two indf!pendent 
I. 
I 

experiments. *Significantly different from control (p < 0.05). 
I 

I 

I 
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were used to determine which am1no acid transp.ort system was inhibited by 

homocysteine. 

Competitive inhibition by homocysteine of various transport systems. 

To determine the transport mechanism involved in uptake of homocysteine into 

RPE competitive inhibition studies were performed using radiolabeled substrates for the 

known amino acid transporter systems (Table 2). ARPE-19 cells were exposed to 

radiolabeled primary substrate plus 5 J.lM cold primary substrate in the presence or 

absence of 5 mM D,L-homocysteine. Since Na +-independent transporters can .function in 

aNa+ environment, uptake values for Na+.;.independent transporters were subtracted from 

N a+ -dependent values to calculate the true uptake for N a+ -dependent transporters. All the 

systems· tested were significant from control (p < 0.05). However, homocysteine 

inhibited certain transport systems more than others. Uptake of labeled leucine in the 

presence of homocyste~ne resulted in an almost three-fold decrease using system L (841 

± 22.02 and 303.76 ± 12.98 pmol/mg protein/15 min). Uptake of labeled alanine in the 
• I 

presence of homocysteine resulted in more than a five-fold decrease using system b0'+ 

(199.76 ± 6.41 and 38.13 ± 2.03 pmol/mg protein/15 min). Lastly, the Na+-dependent 

transporters using alanine as a primary substrate demonstrated a thirty four-fold decrease 

in uptake in the presence ·of homocysteine as compared to uptake in the absence of 

homocysteine (1.96 ± 0.45 and 68.12 ± 4.31 pmol/mg protein/15 min, respectively). 

Uptake for system· A' showed a four-fold ·'decrease (1._92 ±. ~.40 versus 0.53. ± 0.40 

pmol/mg . protein/lsj· min, respectively) in the presence of · homocysteine. 

. I 

I 

I 
I 

.I 
I 



Table 2. Competitive inhibition by homocysteine of various transport systems. ARPE-

19 cells were exposed to radiolabeled primary substrate plus 5 p.M cold primary 

substrate in the presence or abs~nce of 5 mM D,L-homocysteine (control). Values 

represent means ± SEM for three determinations from two independent experiments. 

*Significantly different from control (p < 0.05). 



Uptake in NaCI buffer Uptake in NMDGCI buffer 
(pmol/mg protein/15 min) (pmollmg protein/15 min) 

Primary System(s) Control (+)Hey · Control (+)Hey 
Substrate (-)Hey (-.)Hey 

-- -Leucine_ -- . L ------- ------- 841.82 ± 22.02 303.76 ± 12.98 * 
-- --

-------
... 

Glutamate EAAT 229.70 ± 4.33 186.95 ± 5.2 * ------ ------

Glutamate - 56.88. ± 3.41 39.32 ± 2.12 * Xc ------- ___ ..;. ___ 

Arginine bO,+ + ,y ------ ------- 523.88 ± 12.'14 272.23 ± 7.32 * 

Alanine · B0 ATB0'+ A 68.12 ± 4.31 1.96 ± 0.45 * ------ ------
' ' 

Alanine bO,+ ------ ------ 199.76 ± 6.41 38.13 ± 2.03 * 

Me AlB A 1.92 ± 0.14 0.53 ± 0.24 * ------ ------

Table 2 
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Systems L, B0
, A, ATB0

'+ and b0
'+ exhibited the greatest inhibition by homocysteine 

I . 

i . . 
suggesting that homocysteine most likely uses these systems for entry into RPE~ 

Dose-response for the homocysteine-induced inhibition on systems L, B0
, and b0

• +. 

The affinity for homocysteine by systems L, B0 and b0•+ was studied by examining 

the dose-response effects of homocysteine on uptake_. The effects of increasing 

concentrations ofD,L-homocysteine (0- 10 mM) on the uptake of eH]-leucine and eH]-

alanine by ARPE-19 cells are shown in panels A, B and C of Figure 23. Uptake via 

system L was initiated by adding 250 J.Ll of N-methyl-D-glucamine-chloride (NMDGCl) 

buffer with [3H]~leucine in .the. presence of 1 J.LM cold leucine and increasing 

concentrations ofhomocysteine (0- 10 mM). The IC50 value was determined to be 319 ± 

80J.LM (Figure 23A). Uptake via system b0
'+ was initiated by adding-250 J.!l ofNMDGCl 

buffer with [
3
H]-alanine in the. pre·s.ence · ~f 5 J.LM cold alanine 'and increasing 

concentrations of homocysteine (0-1 0 mM). The IC50 va~ue was 339 ±31 J.LM (Figure 

23B). Uptake via s;st~m. B0 
was initiated ·by adding 250 J.Ll of NaCl buffer with [

3
H]- · 

alanine in the presence of 5 J.LM cold alanine, 5 mM cold arginine (to inhibit system b0'+ 

and ATB0'+ activity) and increasing concentrations of homocysteine (0- 10 mM). The 

IC50 value was 220 ± 79 J.LM (Figure 23C). 

Study of sy~tem ATB0
' + using vaccinia virus expression system. 

i 

To study systerh ATB0·+ as an isolated system, hRPE cells were used to express 

functionally the cloned mATB0·+ eDNA (Hatanaka et al, 2001a; Nakanishi et al, 2001) by 



Figure ·23. Dose-response for the homocysteine-induced inhibition on systems L, B0 

and b0'+. A: Uptake via system L was initiated by adding 250 pi of NMDGCl buffer with 

[3Hj-leucine in the presence of 1 p.M cold leucine and increasing concentrations of 

homocysteine (0 - 10 mM). IC50 = 319 ± 80 p.M. B: Uptake via system b0·+ was 

initiated by adding 25 0 pi of NMDGCl buffer with {H) -al~nine in the presence of 5 p.M 

cold alanine and increasing concentrations of homocysteine (0- 10 mM). IC50 = 339 ± 

31 p.M. C: Uptake via system B
0 

was initiated by adding 250 pi of NaCl buffer with 

{H) -alanine in the presence of 5 /1M cold alanine, 5 mM· cold arginine and increasing 

concentrations of homocysteine (0- 10 mM). IC50 = 220 ± 79 p.M. Values represent 

means ± SEM for three determinations from two independent experiments. 
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employing the vaccinia virus expression. system. This system has been widely employed 
l : ' • '. ' 

(Blakely et ·al, 1991; Ramamoorthy et al, 1994). Uptake of[3H]-glycine was used to 
; ' . . ~ . 

study the ATB0
'+ transport system. The. kinetics of ATB0

'+ activity were analyzed in 

HRPE cells transfected with the cloned .mATB0
'+ eDNA. Uptake of eHJ-glycine was 

measured in th~ presence of cold glycine ranging ·from 25 to 2000 ~ and in the 

presence or absence of D,L-homocysteine (Figure 24). The analysis showed a similar 

maximal velocity (66400 ± 4091 versus 59097 ± 3125 pmol/mg protein/15 min for D,L-

homocysteine versus no homocysteine, respectively) with a change in the substrate 

affinity (Km = 616 ± 100 and 212 ± 42 f.!M for D,L-homocysteine versus no 

homocysteine, respectively). This suggests that homocysteine is a competitive inhibitor 

of glycine for transport using system ATB0·+. The Eadie-Hofstee plot 

(uptake/concentration versus uptake) was linear for both high homocysteine and control 

conditions(?= 0.989 and 0.971, respectively). 

The dose-response effects of Hey on system ATB0·+ was also examined. 5 f.!M 

cold glycine and increasing concentrations of D,L-homocysteine, homocysteine

thiolactone atid L-cysteine were used to compete with eHJ-glycine transport. Figure 25 

shows that homocysteine is as effective as cysteine in competing with glycine for 

transport via the cloned ATB0
'+ (IC50 values for homocysteine and cysteine are 44.7 ± 6.8 

and 63.6 ± 4. 7 J.!M, respectively). Homocysteine ~hiolactone was also an effective 

competitor, though to a lesser extent than homocysteine. These competition data suggest, 

but do not prove, that ; homocysteine is transported by ATB0
'+. This amino acid may 

block glycine transport without itself being transported by ATB0
'+.: Based on these 



Figure 24. Kinetic analysis of glycine uptake in HRPE cells treated with high levels of 

. homocysteine. HRP E cells were transfected with the cloned mATB0
• + transporter using 

the vaccinia virus in the presence ( 0) or absence ( •J of D,L-Hcy. Parallel experiments 

were carried out with cells transfected with a plasmid that does not contain the cloned 

transporter (cont~ol). Uptake of glycine was measured in these cells for 15 min over a 

glycine concentration range of 25 to 2000 p.M. Values are means ::t SEM for 3 

determinations from two independent experiments. Results are presented as plots 

describing the relationship between glycine concentration and glycine uptake rate and 

also as Eadie-Hofstee plots (VIS versus V; V, glycine uptake in pmol/mg of protein/15 

min; S, glycine concentrqtion in pM). 
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Figure 25. Inhibition study of system ATB0
'+ using vaccinia virus expression system. 

hRPE cells were transfected with the cloned mATB0·+ transporter using the vaccinia 

virus. Uptake via system ATB0·+ was initiated by adding 250 f.1l of NaCi buffer with 

[3 H] -glycine in the presence of 5 pM cold glyc~ne. Increasing concentrations of D,L

homocysteine,. homocysteine-thiolactone and L.;.cysteine (0 - 3.16 mM) ~ere added to 

compete . with glycine uptake. Values represent means ± SEM for three determinations 

from two independent experiments . 
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·competition studies it appears that several known transport systems can transport 

homocysteine. These include systems L, B0
, A, b0•+ and ATB0·+. 

AIM 4. REGULATION OF RFT-1 BY ENDOGENOUS LEVELS OF FOLATE 

The fourth aim analyzed the effects of high levels of supplemented MTF on RFT-

1 in vitro. Functional studies were used to determine whether high levels of MTF 

supplemented in the medium have an e.ffect on the activity of RFT -1 in RPE. Molecular 

analyses were used to determine whether mRNA ·of RFT-1 and FRa in RPE were 

affected in the presence of high MTF. 

Dose-response for endogenous folate levels. 

To determine whether endogenous MTF levels reglilate RFT -1 activity, cells were 

incubated in RPMI medium in which the concentration of MTF was adjusted. The three 

incubation media were RPMI containing 5 nM MTF (physiological concentration), RPMI 
' " 

containing 2.26 J..LM MTF or RPMI containing only the amount that i& found in 10% FBS 

(0.5 nM). Incubation limes in these three media were for 24, ·48 or 72'h. In Figure 26, as 

time of exposure to eH]-MTF increased from 15 to 30 minutes, uptake of [3H]-MTF 

increased as expected.. The uptake of. eHJ-MTF for cells exposed to medium 

supplemented with 0.5 nM or 5 nM MTF.for·24 h was ~imilar at.15, 30 and 45 minutes. 

For the 30 and 45 tininute exposure times to eH}-MTF cells that were treated with 
. · .... I . 

medium supplemented with 2.26 J..LM MTF for 24 h demonstrated a 20% decrease in 
. !· 

upt~e as compared ~o cells that were treated with medium supplemented with 5 nM 
I , 

MTF. 

. ' 



Figure 26. Regulation of endogenous levels of MTF on RFT-1 activity in cells treated 

for 24 h. ARPE-19 cells were maintained in folate-free RPM/ medium supplemented 

with 10% FBS. Subsequently, cells were treated with RPM/ medium supplemented with 

no MTF, 5 nM MTF or 2.26 J1M MTF. ·Cells were incubated in[3H]-MTFfor 15, 30 and 

45 minutes. Values represent means :tSEMfor two,determinationsfrom two independent 

experiments. *Significantly different from· control (p < 0.05). 
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Figure 27 shows a similar increasing trend with exposure to eH]-MTF for 15, 30 

and 45 minutes as Figure 26. The uptake of eH]-MTF for cells exposed to medium 

supplemented with 0.5 nM or 5 nM MTF for 48 h was similar at 15, 30 and 45 minutes. 

The incubation times for 15, 30 and 45 minutes in cells supplemented with 2.26 J.lM MTF 

resulted in a 40% decrease in uptake as compared with cells supplemented with 5 nM 

MTF. 

In Figure 28, cells were treated with RPMI containing 5 nM MTF, RPMI 

containing 2.26 J.lM MTF or 0.5 nM MTF RPMI for 72 h. Again Figure 28 shows a 

similar trend with exposure to eH]-MTF for 15, 30 and 45 minutes as Figure 26 .. The 

incubation times for· 15, 30 and 45 minute in cells supplemented with 2.26 J.lM MTF 

resulted in a 40% decrease in uptake compared ·.with cells supplemented with ·5 nM MTF. 

The uptake of eH]-MTF shown in Figures 25, 26 and 27 was always lower for cells 

incubated in the medium containing 2.26 mM MTF compared with cells incubated in the 

medium containing·' 0.5 nM · MTF ·and 5 · nM,,MTF. This finding suggests that cells 
I ' ' >' ' .. ' 

exposed to high levels ofMTF regulated RFT-1 by atte~uating its activity. 

The effect of endogenous MTF on RFT-1 and FRa mRNAs by semiquantitative RT-PCR. 

Expression of FRa has been shown to decrease in the presence of high folate 

levels '(Sadasivan et al, 2002; Hsueh and . Dolnick, 1994; Kamen, 1987). Functional 

activity of RFT -1 was; decreased in presence of high folate (2.26 J..tM) for 24, 48 and 72 h. 

Thus, to determine whether levels of mRNA encoding RFT -1 and FRa were also affected 
I 
! 

by altered MTF level~, semiquantitative RT-PCR was performed. Steady-state levels of 

RFT-1 mRNA expre$sion decreased (15%) in the presence of high MTF levels in the 
I 

I 



Figure 27. Regulation of endogenous levels of MTF on RFT-1 activity in cells treated 

for 48 h. ARPE-19 cells were maintained in folate-free RPM/ medium supplemented 

with 10% FBS. Subsequently, cells were treated with RPM/ medium supplemented with 

no MTF, 5 nM MTF or 2.26 pM MTF. Cells were incubated in [3H]-MTF:for 15, 30 and 

45 minutes. Values represent means ::tSEMfor two determinations from two independent 

experiments. *Significantly different from control (p < 0.05) . 

. l 
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Figure 28. Regulation of endogenou~-levels t>f MTF on RFT-1 activity in. cells treated 
i 
I ., 

for 72 h. ARPE-19 cells were maintain~d in folate-free RPM/ medium supplemented 

with 10% FBS. Sub~equently, __ cells were treated with RPM/ medium supplemented with 
~ ' . . . . . ~ 

no MTF, 5 nM MTF or 2.26 pM MTF. Cells. were incubated in [3 H) -MTF for 15, 30 and 

45 minutes. Values represent means :tSEMfor two determinations from two independent 

experiments. *Significantly different from control (p < 0.05). 



-c 
Cl)·e 
.:.:.._ 
n:s c ..., ·-Q.CI) =»o 

LL ._ 
1-Q. 
:Etn 
,.!..E 
:x::::: 
M 0 ....... E 

-..... -

1200 

15 30 45 

[3H]-MTF incubation time (min) 

Figure 28 

I MTF free (deficient) 

!HH 5 nM MTF (physiological) 

~ 2.2611M MTF (excess) 



86 

medium (2.26J.LM) com~ared with MTF-free and physiological levels (Figure 29). Levels 

of FRa decreased drastically (55%) when cells were exposed to 2.26 J.LM MTF for 72 h 

(Figure 30). 

AIM 5. ANALYSIS OF SIGNALING MECHANISMS INVOLVED IN REGULATION OF RFT-1 

The fifth aim analyzed the potential signaling mechanisms involved in regulating 

RFT -1 in vitro. Several compounds were chosen to screen the impact of the signaling 

mechanisms involving G protein-coupled receptors, receptors with intrinsic enzymatic 

activity, and tyrosine kinase-linked receptors on RFT -1 function. Therefore, functional 

· studies were used to assess whethe~ ~nsulin; ·colchicine, ~e~stein, wortmannin, forskolin 

and cholera toxin had an effect on the activity of RFT -1 in RPE. 

The effect of putative cellular signaling mechanisms on MTF uptake. 

To determine the signaling mechanisms 'that are involved in regulation RFT -1, the 
r ' ' ' , ' • ' • 

uptake of CHJ~MTF was stti~ied in ARPE-19 cells that were incubated with a battery of 

compounds. These compounds included wortmannin (1 and 5 J.LM), genistein (10 and 25 

J.LM), insulin (10 and 100 ng/ml), colchicine (10 and 25 J.LM), forskolin (10, 25, 50 and 

100 J.LM) for either 2 or 16 h and cholera toxin A subunit (1 0 ng/ml. 100 ng/ml and 1000 

ng/ml) for 16 h. Cells exposed to these compounds for 2 h had no effect on RFT-1 

activity (Figures 31, 3,2 and 33) suggesting that activators of G protein-coupled receptors, 

i 
receptors with intrins~c enzymatic activity and tyrosine-kinase receptors do not regulate 

! 
RFT-1 after 2h. Ho.Wever, 10, 25 and 50 J.LM forskolin and 10, 100 and 1000 ng/ml 

cholera toxin causJ an approximate 20% and 80% increase in MTF uptake when 

I 
! 

I 
I 



Figure 29. Analysis' of steady-state levels ofmRNAfor RFT-1 and GAPDH in ARPE-

19 cells exposed to ~igh levels of MTF. ARPE-19 cells were treated with folate-free 
: 

RPM! medium supplemented with no MTF, 5 nM MTF or 2:26 pM MTF for 3 days. 

Total RNA· was then isolated from these cells and used for semiquantitative RT-PCR. · 

Primer pairs specific for human RFT-1 and human GAPDH mRNA were used. RT-PCR 

was done with a wide range of PCR cycles (9-32). The resultant products were run on a 

gel and then subjected to Southern hybridization with 32 P-labeled eDNA pr~bes specific 

for RFT-1 and GAPDH. The hybridization signals w~re quantified using the STORM. 

Phosphorimaging System and intensities in the linear range with- the PCR ·cycle number 

were used for analysis. A: representative Southern hybridization signal of bands from 

the 15th cycle for RFT-1 and the 1 ih cycle for .GAP DH. B: the relative band intensity 

(RFT-1/GAPDH) in cells treated with high levels of homocysteine relative to that in 
' ' ' 

control cells. The RFT-1/GAPDi{~atio in control cells was taken as al." Values are 

means :t SEM for 3 determinations from two independent experiments. *Significantly 

different from control (p < 0. 05 ). 
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Figure 30. Analys!s of steady-state levels of mRNA for FRa and GAPDH in ARPE-19 
I 

cells exposed to high levels of MTF. ARPE-19 cells were treated with folate-free RPM/ 

medium supplemented with no MTF, 5 nM MTF or 2.26 pM MTF for 3 days. 

Total RNA was then isolated from .these cells and used for semiquantitative RT-PCR. 

Primer pairs specific for human FRa and human GAPDH mRNA were used. RT-PCR 

was done with a wide range of PCR cycles (9-32). The resultant products were run on a 

gel and then subjected to Southern hybridization with 32 P-labeled eDNA probes specific 

for FRa and GAPDH. The hybridization signals were quantified using the STORM 

Phosphorimaging System and intensities in the linear range with the PCR cycle number 

were used for analysis. A: representative Southern hybridization signal of bands from 

the 151
h cycle for FRa and the 121

h cycle for GAPDH B: the relative band intensity 

(FRa/GAPDH) in cells treated with high levels of homocysteine relative to that in control 

cells. The FRa/GAPDH ratio in cells.treated with 5 nM MTF was taken as "1." Values 

are means :t SEM for 3. determinations from two independeni experiments. *Significantly 

different from control (p. < 0.05). 
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Figure 31. Analysis of the effects of G protein-coupled receptors and adenylyl cyclase 

on MTF uptake (2 h treatment). ARPE-19 cells were cultured in DMEM/F-12 and 

treated with forskolin for 2 h prior to uptake. Parallel experiments were carried out with 

untreated cells (control). Values represent means :t SEM for three determinations from 

two independent.experiments. 



1600 

.-. 

.5 1200 
E 

(I) 0 
~("') ca -.. ..... c: 
c. ·-::l (I) ..... 
u. 0 800 
1- ... 
:i c. 

I C) 

~E 
M -.., --o 

~ 400 ._.. 

0 
Control 

Figure 31 

. : 

.I 
I 

I 

I 

Forskolin 
(1 0_ J.tM) 

Forskolin 
(25 J.tM) 

Forskolin 
(50 J.tM) 

Forskolin 
(1 00 J.tM) 



Figure 32. Analysis of the effects of wortmannin and insulin on MTF uptake (2 h 

treatment). ARPE-19 cells were cultured in DMEM/F-12 and treated with wortmannin, 

or insulin for 2 h prior to uptake. Parallel experiments were carried out with untreated 

cells (control). Values represent means :t SEM for three determinations from two 

independent experiments. 
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Figure 33. Analysis of the effects of genistein and colchicine on MTF uptake (2 h 

treatment). ARPE~19 cells were cultured in DMEM/F-12 and treated with genistein 

(tyrosine kinase inhibitor) or colchicine (mitosis inhibitor) for 2 h prior to uptake. 

Parallel experiments were carried out with untreated cells (control). Values represent 

means :t SEM for three determinations from two independent experiments. 
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I 

! 

exposed for 16 h (Figute 34). 100 ng/ml insulin (Figure 35), 10 and 25 J..lM colchicine 

I 
(Figure 36) led to approximately 14% decrease in RFT-1 activity. 



Figure 34. Analysis of the effects of G protein-coupled receptors and adenylyl cyclase 

I 

on MTF uptake (16 h treatment). ARP E-19 cells were cultured in DMEM/F-12 and 

treated with forskolin or cholera toxin A subunit for 16 h prior to uptake. Parallel 

experiments were carried out with cells not treated (control). Values represent means :t 

SEM for three determinations from two independent experiments. *Significantly different 

from control (p < 0. 05). 
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Figure 3~. Analysis of the effects of wortmannin and insulin on MTF uptake (16 h 

treatment). ARPE-19 cells were cultured in DMEM/F-12 and treated with wortmannin, 

or insulin for 16 h prior to uptake. Parallel experiments were carried out w_ith cells not 

treated (control) . . Values represent means .:t SEM for three determinations from two 

independent experiments. *Significantly different fr9m control (p < 0.05). 
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Figure 3 6. Analy~is of the effects of genistein and colchicine on MTF uptake (16 h 

treatment). ARP £-19 cells were cultured in DMEM/F-12 and treated with genistein 

(tyrosine kinase inhibitor) or colchicine (mitosis inhibitor) for 16 h prior to uptake. 

Parallel experiments were carried out with cells not treated (control). Values represent 

means :t SEM for three determinations from two independent experiments. *Significantly 

different from control (p < 0. 05). 
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Discussion 

The purpose of this study was to analyze the regulation of the folate transport 

protein, reduced-folate transporter {RFT-1) in the retinal pigment epithelium (RPE) under 

l~vels 9f elevated glucose, homocysteine and folate. RFT -1 is hypothesized to play a key 

role in delivery of folate to adjacent photoreceptor cells (Chancy et al, 2000; Bridges et 

al, 2002). As RFT -1 is placed on the ~pi cal surface of the RPE it is ideally situated for in 

vitro studies of its regulation. 

It was hypothesized that high glucose levels, which are asso·ciate~{ with diabetes, 
. ' . ·: 

lead to an attenuation of RFT -1 . activity. It was further hypothesized that elevated . -

homocysteine levels, which may occur also in diabetes and maybe due to decreased RFT-

1 activity, lead to downregulation. :of;· RFT -1 expression. Furthermore, it was 

hypothesized that increased levels of endogenous folat~ would lead to· a downregulation 

ofRFT-1. It was speculated that decreased RFT-1 expression as a consequence of these 

. factors leads to· decreased RFT -1 activity that ultimately leads to reduced folate transport 

across the RPE to the photoreceptor cells. To test this hypothesis, five aims were 

proposed. These five aims are listed below, followed by a discussion of the results ofthe 

experiments used to carry out these aims. 
I 

i 
1. Analyze the regulation of RFT -1 by high glucose in cultured RPE cells and in 

I 

RPE of diabetic I mice. 

I 
I 



I 
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I I I 

2. Analyze the reguldtion of RFT -1 by increased levels of homocysteine in cultured 

I RPE cells. 
I 
I 

3. Identify speci:fic athino acid transport systems involved in uptake of homocysteine 

in cultured RPE cells. 

4. Analyze the regulation ofRFT-1 by altered levels offo~ate in cultured RPE cells. 

5. Analyze the Bignaling mechanisms involved in regulation of RFT -1 in cultured 

RPE cells. 

Analysis of the regulation of RFT-1 by high glucose in cultured RPE cells and in RPE of 
I 

diabetic mice. 

In this study; the effects of high glucose on the transport activity of RFT -1 in the . 

RPE were assessed. Earlier studies showed that exposure of RPE cells to NO, which has 

· been implicated in the pathogenesis .of diab~tic retinopathy (Goldstein et al, 1996; 

Schmetterer et al, f997; :Tilton et al,· 1993; ~ank and·A.ynedjiari, 1993; Komers et al, 
I ' - .• ., . • . 

I ., ~ ' • 

1994; Yilmaz et al, 20QO; Yamamoto et al, 1993), attenuated. the activity of RFT-1 
I • '· 

(Smith et al,.l999a). 

Most of the; experiments were .carrieq out using the ARPE-19 cell line. These 
' I •• 

! . _, 

cells retain featur~s ch:aracteristic of RPE cells including defined cell borders, a 
i 

cobblestone appearance; ·noticeable pigmentation (Dunn et al~ 1996; Dunn et al, 1998) 

and the capacity tq phagocytose outer segment disks (Finnemann et al, 1997). The 
i ' ! -

. i i ' 
usefulness of thes1 cell~ in studying the transport of folate was established recently. 

(Chancy et al, 2000/1 ; Bt"fdges et al, 2002). Owing to the distribution of RFT-1 to the 
. i 

apical membrane of ARPE-19 cells, they are an ideal model in which to study the effects 



98 

of high -~lucose on t~e tra~sport functioJ?- of this ·protein. It should be noted that RFT -1 is 

a bi-directional trankort~ (Sirotnak and Tolner, 1999); that is, it call transport MTF 
I I 

from within the RPE: cells! outward to the adjacent subretinal space and it can transport in 

' -

the opposite directio~. For the s~dies reported here, th¥ function of RfT -1 was assessed 

by analyzing its ability: to take up MTF (inward transport). Additional studies 

demonstrate, however, that RFT-1 can transport MTF from within -the RPE outward 

through the apical membrane (Bridges et al, 2002). 

The first analysis of hyperglycemic effects on RFT ~ 1 examined the time course. 

Within 6 h exposure to 45 mM glucose the uptake of MTF decreased by approximately 

35%. Dose-response studies showed-that cells· exposed to 35 mM glucose had a similar 
' ' 

i 
attenuation of RFT~1 activity. The effects of high glucose do not affect all transport 

I ; 

systems, however, oecause the transport systems for glutamine and ascorbic acid were 

i i 
not reduced when ~ells ~ere grown in 45 mM glucose. Upon determining that MTF 

uptake was attenuat~d uJder the high glucose condition, the kinetics of MTF uptake was 

examined. The dat~ showed a marked difference in the· maxi~um velocity of uptake 

under high glucose ~ond,tions with no significant change in substrate affinity. This data 

suggested a possible ch~ge in the density ofRFT-.1 as a function of exposure of cells to · 

high glucose. To e~plore this possibility, ARPE-19 cells were cultured in the presence of 
I , 

I 

45 mM glucose fo~ 6, 12 or 24 h and the level of mRNA encoding the protein using 
I 

semiquantitative R T-PCR was examined. In addition, the level of RFT -1 protein in 

i l 
ARPE-19 cells expbsed to high glucose for 6 or 24 h using western blot analysis was 

I ' 

analyzed. The senJqu~titative RT-PCR analysis showed a 30-40% decrease in mRNA 
I : 

levels encoding RFIT' -1 a~ the exposure time to high glucose increased. The western blot 
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I 

analysis showed a 16% arid a 25% decrease in protein density for cells exposed to high 
I : . 
I I 

glucose for 6 and 24 h, respectively. 
! 

The levels of glucose chosen for the in vitro experiments were high and were 

selected to represent a significant elevation above the level of·· glucose preferred l,)y 
• I I • • •• • 

ARPE-19 cells. These cells., thrive and ·demonstrate their polarized characteristics in 

medium containing 17 mM glucose (Dunn et al, 1999). Thus, the 35 and 45 mM glucose 

levels us~d ·in these ~tudies are approxiniately 3. fold greater than normal for ~ell culture 

conditions. While. these conditions simulate a hyperglycemic state, they cannot he 

extrapolated directly to the diabetic condition .. · It ~as been shown hy others that primary 

cultures of RPE cell~ demonstrate greater glucose utilization when cultured under higher 

than normal glucose: conc~ntrations (Henry et al, 2000). 

To confirm th~ relevance of these in vitro findings, the uptake of radiolabeled 

MTF in RPE/eyecuJs·obt~ined from mice that had been.diabetic 12 w~eks was examined. 
I ! 

To do this, an orgaJ cult~e system that has been used to assess function in tissues from 
! ! 

whole animals was adapted (Vilchis and Salceda, 1996; Smith and O'Brien, 1991). The 
I 

uptake studie~ shoW;ed that hyperglycemia caused an approximate 20% decrease in RFT,.. 

1 mediated activity~ These functional studies were followed by molecular analysis of 
: 

RFT-1 in the RPE pf diabetic mice. Semiquantitative RT-PCR demonstrated a marked 
i 
I 

decrease (90%). in. ~he ~A levels encoding RFT -1 particularly in mice ~hat had been 

diabetic 12 weeks, while. levels of the housekeeping gene, GAPDH, did not change in the 
I i · -

diabetic mice. There ard, several explanations for the discrepancy in the 20% decrease in 
i 
i . ; . 

functional activity compared to a 90% decrease in mRNA levels under diabetic 
i 

conditions. One is that ~ue to relatively slow protein turnover, protein levels (and hence 
I 
I 
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activity) remain elev~ted longer than RNA levels. In experiments. with the cultured RPE 

i· ' 
cells, however, protein and RNA profiles seemed to decrease in tandem (Figures 12 and 

I . 

i i 
13). An alternative explal).ation for the discrepancy between activity and mRNA levels is 

that non-RFT-1 mediated· uptake of MTF is occurring in the eyecups of diabetic mice, 

perhaps by FRa known to be present in the choroid/sclera (Smith et al, 1999b ). Since 

RFT -1 is present oniy in RPE (Chancy et al, 2000), measurements of RNA are likely to 

reflect more accurately the impact of hyperglycemia on RFT -1 than are the uptake 

experiments in which FRa may be playing a role. Western blot analyses demonstrated a 

15% decrease in RFT-1 protein levels in 3 week diabetic mice and a 22% decrease in 12 

week diabetic mice. To date, there have been no analyses of FRa activity or expression 

under hyperglycemic conditions. 

Taken toget~er, t~ese data suggest that RFT-1 activity in the RPE is altered under 

hyperglycemic conditions. It is recognized that alterations of the RPE are not early 

events in diabetic retinopathy, however, Shiels and colleagues (1998) have described that 

plasma leaking froni damaged retinal blood vessels can have a significant impact on the 

pathologies of the posterior segment of the eye. They state that metabolic changes 

resulting from diabetes mellitus cause vascular leakage with alterations in the phenotype 

ofRPE. 

The finding: that · folate transport by the RPE might be affected in diabetes is 

significant. The ~pically placed RFT -1 presumably serves to transport folate from RPE 
i 

' ' 

to the adjacent, highly metabolically active, photoreceptor cells (Chancy et al, 2000). 
; I 

I 

Thus, a decrease in! RFT -1 activity would likely have an impact on the amount of folate 

delivered to adjaclnt photoreceptor cells, subsequently compromising their function. 

I 
I 

I 
I 

I 
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I 
Decreased levels of rlatejin these cells would impact primarily on the RNA and protein 

synthetic capacity o~ thesf cells, as photoreceptors are terminally differentiated and not 

likely to be involved in: DNA synthesis. There is evidence that photoreceptor cell 
I I , 

function is comproniised ·in diabetic retinopathy (Holopigian et al, 1997; Weiner et al, 
I • 

1997; Cho et al, 20qO). Analysis of b-wave and oscillatory potential parameters showed 
I 

rod and· cone abnorrhalitils (Holopigian et al, 1997). Cho et al (2000) have reported a 
I i 
' : 

selective loss of S-¢ones: in diabetic retinopathy which is thought to account for the 

acquired tritan-like dolor confusion found in this disease .. 

. Analysis of the regu(atiori of RFT-1 by increased levels of homocysteine in cultured RP E 

cells. 

To determinb wh~ther high homocysteine··· levels altered the activity of RFT-1, 
! . 

these experiments u~ed the well-differentiated ARPE-19. cell line. Exposure of ARPE-19 
I , 

cells to high homoJysteihe levels led to an approximate 95% decrease in· MTF uptake . 
. i I 

This decrease in tiptak6 activity occurre~ within 24 h exposure to 500 J.!M D,L-

homocysteine. ·The effe~ts of high homocysteine do not appear to affect all transport 
! l 

systems, however, becau'se the transport systems for glutamine and carnitine were not 
. f. I 

reduced when cells :were: exposed to 500 J.!M D,L-homocysteine for 8 h .. Dose-response 
I ~ , , • .. . 

I 

studies revealed that exposure_ to low 'levels of D,L-homocysteine (50 J.!M) attenuated the 

activity of RFT-1.1 Upon determining that MTF uptake ~as attenuated .under high 

I . ., . . 

homocysteine cond~tions~ the kinetics of MTF uptake was examined. The· ~ata showed a 
I I • ~ 

I 
marked difference in ~he maximum velocity of uptake under high homocysteine 

conditions with no si~ficant change in substrate affinity. Th.ese data suggested a 
! 
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possible change in the dbnsity of RFT -1 as a function of exposure ·of cells to high 

homocysteine. To eiplorJ this possibility, the level ofmRNA encoding the protein using 

semiquantitative RTlPci was examined. In addition, the level of RFT-1 protein in 
i 

I 

ARPE-19 cells expo;sed to 500 JiM D,L-homocysteine for 4, 8 and 24 h using western 
I ' • • , 

I 

i i • • 

blot analysis was.an~lyze4. The semi-quantitative RT-PCR analysis showed a 32, 34 and 
.- ' 

36% decrease in mRNA: levels encoding RFT-1 for cells treated for 4, 8 and 24 h, 
' . 

respectively. The western blot analysis showed a 25, 46 and 53% decrease in protein 
I ' 

density for cells exp?sed to 500 f.!M D,L-homocysteine for 4, 8 and 24 h, respectively. 

The lev~ls ot h~~ocysteine chosen for the present experiments may seem high 

since the normal cqncentration of homocysteine in plasma is 5 f.!M, but it may attain 

levels of >200 f.!M in hyperhomocysteinemia (Malinow, 1990; Stabler et al, 1988). The 

findings of attenua~ed :RfT -1 activity under hyperhomocysteinemic conditions are of 
; j 

significance and ar6 rel~ted to the role of folate in the metabolism of homocysteine. 

Demethylation of S-adenosylmethionine yields homocysteine, a homolog of cysteine. 

Increased levels of1 homocysteine, termed hyperhomocysteinemia, are associated with 
I 

I 

decreased levels of folate apd vitamin B12, vitamins that occupy key positions in the 

remethylation and tumoyer of S-adenosylmethionine, a major methyl donor in CNS 
I 

(Ubbink, 1997). ~ elevated level of plasma homocysteine is an independent and 

significant risk factbr in atherosclerosis and hypertension (Guba et al, 1996; Graham et 
i 

al, 1997; Parnetti et/al, 1997; Hultberg et al, 1997). Patients with diabetes mellitus have a 

· high risk of cardiotascu!iar diseases, including hypertension. It has been reported that 

insulin-dependent diabetic patients having· the lowest age of diabetes onset and the 

poorest metabolic LnJl are fue most prone to a rapid increase in plasma homocysteine 
• t 
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i -

(Hultberg et al~ 1997). ~deed, hyperhomocysteinemia is considered by some to be an 

independent risk fac
1
lor i~ thi: development of diabetic retinopathy (Neugebauer et al, 
I i 

I i 

1997; Vaccaro et al, ;1997; Hofmann et al, 1998; Yang et al, 2002; Cenerelli et al, 2002). 
I , -I . 

The earliest clinical sign of diabetic retinopathy is the microaneurysm, . but this is 
I 

preceded by important histopathological changes, notably thickening of the basement 

membrane and loss of pericytes (reviewed by Wu, 1995). In animals with experimental 
I 

I : 
diabetes, the basement membrane thickens progressively from the onset of diabetes and 

its content of type IV collagen and laminin increase. Homocysteine, a highly reactive 

thiol intermediate -in amino acid metabolism, damages endothelial cells. Several 

mechanisms have bben proposed for this damage including direct damage to cells via 
I ! 

' - -

reactiv-e oxygen specie~ or protein · _homocysteinylation by thiolactone. It was 
I 

• • 'I I ' 

hypothesized that decreased folate avaHability could lead to increased homocysteine 
' i -

levels which would furth¢r decrease folate availability leading to a vicious cycle. 
. !... i 

Identification. of specific amino acid transport -systems involved in uptake of 

homocysteine in cul~ured:RPE cells. " 

There is evidence linking homocysteine to NO production. Homocysteine is a 

homolog of cystein~ produced by the demethylation of methionine. As mentioned above, 

it Is a highly reac~ive thiol ·intermediate in amino acid metabolism, excess levels of 

homocysteine, termed hyperhomocysteinemia, damage endothelial cells. Ikeda et al 
I I - -

(1999) and Upchurbh et !al (1997) suggest that homocysteine stimulates endothelial NO 
I 1 ° 

! 0 

; production. 
I 

! 
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To date, no hbmodysteine-specific transport system has been cloned or identified. 
I i · 

Therefore, it is not fowP if the effects caused by homocysteine are a consequence of 

intracellular or extracellular homocysteine accumulation. Ewadh et al (1990) ., 

demonstrated the uptake of L-homocysteine in human umbilical vein endothelial cells 

using competition studies· with 2-aminobicyclo(2,2,1)heptane-2-carboxylic acid (BCH), a 

system L analogue. : Druriat et al (200 1) also suggest that amino acid transport system L 

is involved. in the transport · of homocysteine. Their conclusion was based on the 

determination of cellular content of homocysteine by inhibiting the uptake of L-
' ' 

homocysteine with ~CH in cultured EA.hy 926 cells. This prompted studies to identify 

the transport system: involved in. the uptake of homocysteine by RPE. Typically, to study 

the transport syste~s involved in homocysteine uptake, cells would be incubated with 

' i . 

radiolabeled homo9ysteine in the presence and absence of known transport system 
I 

substrates. Owing: to a lack of commercially avail~ble radiolabeled-homocysteine, 

homocysteine uptak
1

e by the conventional assays of uptake of radio labeled substrate was 
I 

not possible, so an 1alte~ative approach was used. The uptake of various systems was 

examined by inhibiting the uptake of the primary radiolabeled substrates with 

homocysteine in the presence ofNa+-containing or Na+-free buffer. Eight systems were 

. - : + 0 0 + 0,+ 0 0 + 0 + 
studted: xc, A, L, y, E~T, B ,-·b', and ATB . Systems B, b' ,ATB' and A, the 

using alanine · as .. the ·primary. subst~ate, · demonstrat~d . the greatest inhibition by 

homocysteine. System A was isolated from the other systems by.'studying the uptake of 

MeAIB: There wj a fo~-fold decrease in uptake of radio labeled MeAIB in cells in the 

presence of homoc~te~e as compared to control. A TB0·+ was studied independently 

using the vaccinia 1irusi €<xpression system. The dose-rewonse curve suggests that the 
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uptake of radiolabel~d gl~cine using system ATB0;+ was inhibited by homocysteine, as 
. . I 

" i ' 

well as homocysteinJ thioiactone. Results from competition studies and the vacCinia virus 
I I . 

expression system stlggest that homocyst~ine most likely uses systems L, B0
, A, b0

'+ and 

ATB0·+ for ·entry into. RPE. -

Analysis of the regul(ltion;ofRFT-1 by altered levels offolate in cultured RPE cells~ 

The. regulation· of FRa has been studied in humari KB cells, a nasopharyngeal 

cancer cell line (Hs~eh and Dolnick, 1994; Sadasivan et al, 2002), Chinese hamster lung 

fibroblasts (Zhu et al, 2001) and in rat renal tubules (da Costa et al, 2000) with several 
I 

lines of evidence Hnking an inverse -relationship between the niRNA expression and 

folate levels (Kamdn, 1987; Antony, 1992; Henderson, 1990; Sadasivan et al, 2002). 
I·· 

There have been a f~w studies on the relationship between the effects of folate levels and 
i 

RFT -1 in the intestine. ~aid et al (2000) showed that dietary folate deficiency leads to 
l ! . 
I ' 

significant upregula~ion ~n RFT -1 mRNA transcripts and protein .levels in rat intestine. 
I 

However, there hav~ been no studies o~ the effects of endogenous folate levels on RFT -1 

in RPE. It was hypbthesized that folate-replete states would lead to a downregulation of 

RFT-1 in RPE. To !test Jus hypothesis ARPE-19 cells were cultured in folate-free RPMI 
I , 

I . . 

medium. supplemertted with 10% FBS, which contained 0.5 nM folate. Initially, the 
I I . 

medium was supplemented with as little as 1% FBS; After one week of culturing cells in 

this medium, cells jwerei dying and lifting off the monolayer as viewed under the light 
I I 
I [ 

microscope. Therefore, maintenance of cells under these conditions ( < 10% FBS) for an 
I • 

i 
extended period of time j<1 week) was not possible. Cult~ng AR:J>E-19 cells in folate-

\ 

free RPMI medium sup~lemented with _1 0% FBS and other growth factors sustained cell 

r 
I 
I 
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growth.' At the time of th6 uptake experiment, cells were treated for 24, 48 and 72 h with 

RPMI medium that LntJned an additiona15 nM MTF, 2.26 .j.LM MTF, or no additional 
I .I 

MTF. MTF was a~ded to the folate-free mediuq1 since MTF is the principal form of 

folate found in hum~ blo:od. There was no difference in RFT -1 activity when cells were 

treated with RPMI medium containing no additional MTF or 5 nM MTF for 24, 48 and 

72 h. However, wh~n cells were. treated with an additional 2.26 f.!M MTF for 24, 48 and 

72 h, uptake decreased to 20%, 40% and 40%, respectively. The steady state mRNA 

levels ofRFT-1 and FRa in.cells treated in a folate-rich state (2.26 f.!M) exhibited a 15% 

and 55% decrease ~s compare~·_tQ control' (S nM). Examining the uptake of MTF at 

several time. points !assessed the functional activity of RFT -1.· · These data suggest that 

, . i I . • • ' 

RFT ~ 1 and FRa in RPE are regulated under folate-replete states. · 

! 

Analysis of putative ;~ign~ling mechan~sm involvecf. in regulation of RFT-1. 

The present ! studies have sho~ that high levels· of glucose, homocysteine and 

folate regulate RFT~ 1. The mechanism by which RFT -1 is regulated was examined by 
I 

assessing the uptak~ of [3H]-MTF in cells exposed to a battery of compounds knoWn to 
I i 

· be involved in signaling pathways. RPE cells are polarized and form the outer blood-
1 

I 
retinal barrier, thus ~ell-to-cell communication is vital for the maintenance and well being 

i I • 

of this layer. Twoi compounds that activate adenylyl cyclase are forskolin and cholera 
I 
I 

toxin. Forskolin dir~ctly :activates adenylyl cyclase, while the a subunit of cholera toxin 

is an enzyme that lpenel~ates the plasma membrane and enters the cytosol, where it 

catalyzes the additn ~f the ADP-ribose moiety to Gsa· ADP-ribosylated Gsa can 
I : . . 

activate adenylyl cyclase normally but cannot hydrolyze the bound GTP to GDP; thus 
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- I : .. 
Gsa .remains in the activ~ state, continuously activating adenylyl cyclase. Levels of 

I 
cAMP in the cytoso] have risen up to 100% via stimulation from forskolin (Hatanaka et 

·1 I · · . 
al, 2001b). Therefove, it"VVaS concluded that G protein-coupled receptors regulate RFT-1 

. ! . : 

activity by increasin~ levels of cAMP. This conclusion was based fr~m the increase in 

RFT -1. activity that Q'ccurred from forskolin. and the cholera toxin. 
I • 

Activation of PI-3 kinase activates the translocation of the GLUT4 transporter 
! 

from the cytosol to the membrane (Kanai et al, 1993). Since there was a significant effect 

with incubation of ~00 ng/ml insulin for 16 h and no effect with wortmannin, a PI-3 

kinase inhibitor, it ~as speculated that insulin acted through the Ras-dependent pathway 

to cause transcriptional modification. 

Genistein, ~ inhibitor of tyrosine kinase, showed no change in RFT -1 activity, 
I ; 

therefore, this path~ay i~ most likely not involved in regulation of RFT -1. Colchicine 
' : 

! 

disrupts microtubul~ dynamics and inhibits mitosis (Iwasaki, 1998). a-tubulin and ~-
1 : : ' . 

tubulin dimerize to i ~01111 short proto filaments laterally into more ·stable curved sheets. 
I. . .· . 

These sheets wrap koun~ into a microtubule (Desai and Mitchisc:)n,, 1997). Colchicine 
! . . . 

. , I . . 
irreversibly binds t~ a~-tubulin and the ·cell becomes blocked in metaphase, the stage at 

I 

which the duplicat,ed chromosomes are fully condensed. Inhibitors of microtubule 
! ' . . . 

I 

dynamics ar~e used lclini?ally as anticancer agents (Kruczyns~ ~d Hill, 2001 ). These 

inhibitors block c$cerous cells undergoing rapid cell division. · This is noteworthy, 
i 

because 10 and 25 I J.!M colchicine inhibited the uptake of MTF, which is necessary for· 

cell division. 

These studies suggest that G protein-coupled receptors and direct activators of 

adenylyl cyclase, leptJrs with intrinsic enzymatic activity and colchicine are involved 
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in:the regulatio~ ofRFT-t in RPE.· Further studies will need to be performed in order to 

elucidate the upstrel an~ downstream regulators of these signaling mechanisms. These 

studies were not covLed ~this thesis and wili form thi: basis of future studies. 
! .·· i . • . 

CONCLUSION 

The present ; studies have laid the foundation for elucidating mechanisms of 

regulation of RFT -1 · in RPE. It is clear that RFT -1 is a protein essential for survival as 

Zhao et al (200 1) and Finnell et al (2000) demonstrated that RFT -1 null mouse embryos 

die before embryonic day 9.5 and 10. These studies tested several factors that are 

relevant to RPE for their role in regulating RFT -1. These factors were hyperglycemia, 

hyperhomocysteineril.ia and folate deficiency. The hypotheses that were tested predicted 

that high glucose, simulating the diabetic condition, leads to decrease expression of RFT-

1 resulting in subsequent decrease in activity of RFT -1.. Functional, molecular and 

biochemical studie~ de111onstrated that RFT -1 is regulated in vitro and in vivo under 
' : 

conditions of high glucose. These studies represent the first report of attenuation of the 
I 

activity and expres~ion of a folate transport protein under hyperglycemic conditions. 
I 
I : 

Furthermore, a reduction in the levels of available folate will cause an increase in 
i I 

homocysteine level~. T:he proposed hypothesis also predicts that increased levels of 
I I 

homocysteine, termed hyperhomocysteinemia, lead to decreased expression of RFT -1 

resulting in decreas~d ac~ivity. Functional, molecular and biochemical studies were used 

to demonstrate that ~T ~ 1 in RPE was regulated under hyperhomocysteinemic conditions 

. . Th' I i h fi f 0 f h 0 0 d 0 f m vztro. 1s rep~sentsi t e ust report o attenuation o t e actiVlty an express10n o a 

folate transport protein ljlnder hY!J.erhomocysteinemic conditions, and that homocysteine 
! 
I 

1 ,. 
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likely uses systems U, B0
, \A, b0'+ and·ATB0•+ for e~try into RPE. This also represents the 

first report of attenJtion bf RFT~ 1 and FRa. in RPE under folate-rich states. Screening 

c. .. 1 . 1.1 ~ h . h G . .1 d . h R .LOr potentia signa Il}g myc antsms ,~uggests t at protein-coup e receptors, t e as-
' ' 

dependent . insulin pathway and colthicine . are. involved in: regulation of RFT -1. 
i . ·' . " 

Decreased RFT -1 e~pression' leading to decreased RFT -1 activity continues the cycle of 

reduced folatetransport across the RPE into th~··neural retina. ·It is speculated that this 

cycle and the persistent reduction of folate will have deleterious effects on vision. Taken 

together these findi~gs_ will. fo.rm the basis of future experiments to und~rstand alteration~ 
I • '• 

in the transport of folate in disease states, such· as diabetic retinopathy. 
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Summary 

The purpose 1of these studies was to analyze the regulation of the folate transport 

i . 

protein, RFT -1 in ~E under conditions of hyperglycemia, hyperhomocysteinemia and 

increased endogeno\ls levels of folate. Folate, an essential vitamin, utilizes FRa. and 

RFT -1 to enter cells. The polarized distribution of these two proteins was demonstrated 

in cultured RPE cells to the basolateral and apical membranes, respectively (Chancy et al, 
I . 

2000). Previous st~dies demonstrated that NO significantly decreases the activity of the 

apically placed RFT -1 in cultured RPE cells (Sniith et al, 1999a). NO is elevated in 

certain pathologic conditions including diabetes. The ARPE-19 cell line was used as a 

' . 

model to study the regulation of RFT-:-1 in RPE. These cells retain features characteristic 

' ' 

of RPE cells including:· defined cell .borders, ·· a cobblestone appearance, noticeable 

pigmentation (Dunn et al, 1996; Dunn et al, t998) and the capacity to phagocytose outer 
I . . ' . 

segment disks (Finrtemann et al, 1997). The usefulness of these cells in studying the 

transport of folate ~as established recently (Bridges et al, 2002) . 

. · 'j .. i.' 

Human ARPE-19 cells were incubated for 4,. 6, 9, 12 and 24 h in RPMI 
I ·.· 

containing 45 mM i gluc?se (high glucose), or 5 ·mM glucose + 40 mM mannitol (low 
I : . 

glucose). The actiiity ofRFT-1 was assessed by determining the ability of cells to take 

up eH]-MTF, a reduce~ form of folate preferred by the transporter. Within 6 h of 

exposure to high g!Los~, MTF uptake was inhibited by 35% whereas the uptake of eHJ-
1 i . 

1 . d [14C] : b. "d "nhib" d D . g utam1ne an -ascor 1c ac1 was not 1 lte . ose-response expenments 
I 

i 

I . 
I 
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indicated that RFT-1 acti~ity was attenuated by 37% following 6 h exposure to 35 mM 
I 

glucose, but not to 15 $M or 25 mM glucose. Kinetic analysis revealed that the 

i 

hyperglycemia-induced attenuation was associated with a decrease in the maximal 
. I ! . 

velocity of the tnmspo~er with no significant change in the substrate affinity. 

Semiquantitative Rir-PCR demonstrated that the mRNA encoding RFT -1 was 
·: 

significantly decrea~ed in cells expos~4 to high glucose. Western blot analysis 
i ' 
' ·I . 

demonstrated a 16%! and 25% decrease in RFT -1 protein exposed to 45 mM glucose for 6 
. i 

and 24 h, respectively. To assess the relevance of these findings to the diabetic condition 

in vivo, ~ice were ~ade diabetic using STZ. The ability of isolated RPE from mice, 

which had been di~betic: 12 weeks, to take up eH]-MTF was reduced by about 20% 

. compared to RPE i$olat¢d from normal, non-diabetic mice. Semiquantitative RT-PCR 

demonstrated that the mRNA encoding RFT-1 ·was sigcificantly decreased in ~E of· 
' . 

diabetic mice compared to RPE of control mice. Western blot analysis demonstrated a 

15% and 22% decr~ase ~n RFT-1 protein levels in STZ-induced 3 week and. 12 week 

diabetic mice, respe~tively. 

De~reased l~vels of folate are associated with increased levels of homocysteine 

I 

and hyperhomocysfeinemia is associated with diabetes. Therefore, the regulation of 
I 

i 

RFT -1 under hyperhomocysteinemic conditions was assessed. ARPE-19 cells were 
i 
. ' . 

incubated ~n Na+ uptak~· b~ffer con~aining ·1 mM D·,L-homocysteine for varying time 

periods. Exposure pf ARPE-19 cells for as short an incubation time as 4 h resulted in a 
. I : . . . . ·. 

55% attenuation ofil1 eHJ,-MTF uptake. Thc::· homOcysteine-induced attenuation of MTF 

uptake continuously incrbased at 6, 8 and 24 h (70%, 75% and 93% inhibition compared 
I : . 

to control values, respec~ively). To determine an appropriate homocysteine concentration I ~ - - . . . . -· -· 

! 
I 

I 
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for further experiments, :cells were treated with concentrations of D,L-homocysteine 
I : 

ranging from 25 J!Mj
1 

to 500 J!M. 25 J!M D,L-homocysteine decreased [3H]-MTF uptake 
I • 

. I I . 

by 20%. As the con~entratio.n in~reased, MTF uptake was inhibited in a dose-dependent 
. . . 

manner. Specificity of, the homocy~teine-induced attenuation of MTF uptake was 
. . . 

examined. 8 h expo$ure to 500 J!M D,L-homocysteine led to a· marked inhibition ofMTF 

I .. . 

uptake, whereas upt~e of other compounds such as glutamine and glutamate were not 

markedly inhibited. Kinetic analysis showed that the homocysteine-induced attenuation 

was associated ~ith ::a decrease in the maximal velocity. ?f the .transporter with no change 

.·· 
in the substrate affinity.: The influence of 500 J!M homocysteine on the steady-state 

levels of mRNA transcripts specific for RFT -1 was investigated using semiquantitative 

RT-PCR. The ratio: ofRFT-1 mRNA to GAPDH from cells cultured for 4 h in 500 J!M 
i I 

D,L-hoinocysteine revealed a 32% decrease in mRNA levels compared with cells 
! .' : 

cultured in the absence of homocysteine and continued to decrease to 36% for cells 

treated for 24 h. ! Densitometric scans of gels showed that cells incubated in high 

homocysteine for 4 h had a 25% decrease in detectable RFT -1 protein compared with 

control cells. Cells treated for 8 h had a 46%, while cells treated for 24 h had a 53% 

decrease. 

The transpo~ of homocysteine into RPE cells has not been studied. Owing to a 

.lack of available radiohibeled homocysteine, uptake by various systems was examined by 
I 

competition studies[ usin~ primary radiolabeled substrates (eH]-leucine, eH]-glutamate, 

eH]-arginine, eH]rl~ne, eH]-MeAIB) in the presence or absence of 5 mM D,L

homocysteine. Homoc~steine transport studies showed the greatest inhibition i~ systems 

L, ATB0
·+, A, b0

'+ Ld Jo suggesting that homocysteine uses these transport systems to 
I . 
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enter RPE cells. Ddse-re~sponse experiments revealed the affinities for systems L~ b0·+, 
,. : ' . . 

and B0 at 319 ± 80 ~M, i20 ± 79 j..tM, 339 ± 31 j..tM, respectively. Transfectio~ of cells 

with cloned ATB0
) cD~A demonstrated that ATB0·+ is another transport system for 

• I . 

homocysteine. The expression levels of FRa have been shown to decrease in the 

presence of high folate levels in tiss:ues other than RPE. Steady-state levels of FRa 

mRNA expression drastically decreased (55%) in the presence of2.26 j..tM MTF levels in 

the medium compared with physiological levels ( 5 nM). The regulation of endogenous 
I 

folate levels on RFT -1 activity was a~sessed by incubating cells in MTF-free, 5 nM MTF 

or 2.26 j..tM MTF for 21, 48 or 72 h. :The uptake of eH]-MTF was always lower for cells 

. . . 'i . ' . ' ·. 
supplemented with. 2.26 j..tM MTF compared with cells supplemented ·with ·no MTF or 

. i i . ' 

. I . • . 

with 5 1}M MTF. This observation suggests that cells exposed to high levels of MTF 

regulated RFT -1 ·by attenuating its activity. · Steady-state levels of RFT -1 mRNA 

expression decrease4 (15%) in ~he presence of 2.26. ~M MTF iri the· medium compared 

with physiological u~vels.' 

The potential signaling mechanisms involved in· regulating RFT -1 in RPE were 
I 

evaluated. The upt~e of eH]-MTF was studied in ARPE-19 cells that were incubated in 
i ' . 
I 

wortmannin (1 and 5 j..tM), genistein (10 and 25 j..tM), insulin (10 and 100 ng/ml), 

colchicine (10 and ~5 j..tM), forskolin {10, 25, 50 and 100 j..tM) for either 2 or 16 hand 
I 

cholera toxin A sub~t (10 ng/ml, 100 ng/ml and 1000 ng/ml) for 16 h. Cells exposed to 
·[ : 

compounds for 2 h had no significant effect on RFT -1 activity. Exposure of cells for 16 h 
I 

showed significant effe~ts for certain compounds. 100 ng/ml insulin caused a 14% 
I 

decrease in MTF upta~e suggesting that insulin acted through the Ras-dependent 

i . 
pathway.· 10 and 25 1-lM colchicine led to an approximately 14% decrease in RFT-1 
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activity suggesting th,at mitotic inhibitors downregulate RFT-1 expression. Forskolin and 
i 
I ' 

cholera caused an approximate 20% and 70% increase, respectively, in MTF uptake when 

exposed for 16 h suggesting that G pre>tein-coupled receptors regulate RFT -1 activity by 

increasing levels of cAMP. 

These findings demonstrated for the first time that high levels of glucose, 
\ 

homocysteine and endogenous folate reduce the expression of RFT -1 and may have 

profound implications for the transport of folate by RPE in diabetes. The findings of 

these studies will form the basis of future experiments to understand alterations in the 

transport of folate in, disease states, such as diabetic retinopathy. 
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