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ABSTRACT 
 
 
Glutamate is the main excitatory neurotransmitter in the retina and brain, but it may also exert 
excitotoxic harmful effects on cells, a phenomenon related to retinal diseases such as 
glaucoma and diabetic retinopathy. An excess of extracellular glutamate may activate an 
excitotoxic reaction cascade via its synaptic receptors. Efficient glutamate transport is crucial 
in keeping extracellular glutamate below toxic levels in the retina. Müller glial cells and the 
retinal pigment epithelium (RPE) are believed to regulate the glutamate concentration in the 
subretinal space, but little is known of the specific features of the glutamate transporter 
expressed in the RPE. The purpose of the present study was to investigate the functional 
characteristics and the expression of glutamate transporter in RPE cells in vitro. The main 
hypothesis was that selected drugs (tamoxifen and chloroquine) affect the function of the 
glutamate transporter in the RPE. Tamoxifen and chloroquine have caused retinal defects as 
an adverse effect of the treatment of breast cancer and rheumatoid arthritis, respectively. In 
the present study, the effects of these drugs on glutamate uptake in RPE cells and the 
cytotoxic effects on retinoblastoma Y79 cells were evaluated in vitro. 
 
Pig RPE cultures, two human RPE cell lines ARPE-19 and D407 and a human retinoblastoma 
cell line Y79 were used in the experiments. As a more complex in vitro model, a retinal co-
culture of ARPE-19 and Y79 cell lines was also established. Glutamate transport was 
characterized by glutamate uptake assays and the expression of glutamate transporter 
subtypes detected by immunoblotting and immunocytochemistry. Changes in cell viability 
were estimated by measuring mitochondrial enzyme activity and cellular ATP levels. 
 
The RPE cells expressed active, Na+-dependent high-affinity glutamate transporters. Their 
activity was affected by tamoxifen and its structural analogue toremifene, whereas 
chloroquine was ineffective. In fact, tamoxifen and toremifene competitively inhibited 
glutamate transport in both the pig RPE cultures and the RPE cell line, suggesting that this 
function might constitute a new cellular target for these drugs. The glutamate transporter 
subtypes expressed in the retinal cells were EAAC1 and EAAT4, which were now detected in 
the RPE cells and in the retinoblastoma cells for the first time. The results corroborate 
atypical, strong expression of EAAT4 in the cell lines. The drugs effected a dose-dependent 
reduction in the viability of Y79 cells, this being discernible with antiestrogens at 
concentrations attainable in tissues at clinically relevant drug doses. Evaluation of cell 
viability in the Y79 cell line implies that robust cytotoxicity can be studied with cell lines, 
while retinal co-cultures and more specific cellular mechanisms such as glutamate uptake may 
be used for more detailed evaluations. 
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INTRODUCTION 
 
 
Glutamate is the major excitatory neurotransmitter in the retina and the brain. Besides being 
pivotal in neurotransmission, it may also act as a powerful neurotoxic substance (Choi 1992). 
The phenomenon termed excitotoxicity is apparently implicated in neurological and retinal 
diseases, including epilepsy, glaucoma and diabetic retinopathy (Doble 1999, Naskar et al. 
2000). Glutamate transporters have key roles in excitotoxicity. Their dysfunction leads to 
extracellular accumulation of glutamate, which in turn may trigger a toxic reaction cascade 
via glutamate receptors (Danbolt 2001). In the retina, Müller glial cells are considered 
essential in regulation of the retinal glutamate homeostasis (Rauen et al. 1998). However, the 
retinal pigment epithelium (RPE) has also been thought to contribute to regulation of the 
glutamate concentration in the subretinal space (Miyamoto and Del Monte 1994, Pow 2001). 
The RPE is the outermost layer in the retina and participates in various important functions, 
e.g. partial formation of the blood-retinal barrier and phagocytosis of photoreceptor outer 
segments.  
 
Tamoxifen and chloroquine, widely used drugs, are known to cause retinal defects as an 
unfortunate adverse effect (Bernstein 1983, Pavlidis et al. 1992). Tamoxifen is an antiestrogen 
used mainly in the therapy of breast cancer, while chloroquine is an antirheumatic and 
antimalarial drug. The RPE is thought to be an important target of chloroquine, but little is 
known of the specific mechanisms related to retinal defects induced by these drugs. In vitro 
studies have especially proved their power when single cell types and solitary mechanisms are 
investigated. Furthermore, there is an increasing need to reduce the use of laboratory animals 
in the safety testing of drugs and other chemicals. The present study focuses on the toxic 
effects of tamoxifen and its structural analogue toremifene, and chloroquine in retinal cells in 
vitro. A non-continuous RPE culture, human RPE cell lines and a human retinoblastoma cell 
line were used as target cells. Drug-induced changes in cell viability were tested, but the 
experiments also probed further into alterations in glutamate transport as a specific 
mechanism. 
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REVIEW OF THE LITERATURE 
 
 
1 Retinal pigment epithelium (RPE) 
 
1.1 General features of RPE in vivo and in vitro 
 
The retinal pigment epithelium (RPE) is a monolayer of highly differentiated cells between 
the photoreceptors and choriocapillars (Fig. 1). Under normal conditions RPE cells are 
believed to be mitotically inactive (Stroeva and Mitashov 1983). They contain melanin 
pigment which absorbs light but also binds many toxins, including certain drugs. The RPE 
serves several specific functions, e.g. phagocytosis of the photoreceptor outer segments and 
supply of retinoids to photoreceptors. Polarized distribution of cell organelles and asymmetric 
membrane domains is characteristic of RPE cells; the apical side (photoreceptor side) with 
long microvilli and the basal side with smaller infoldings. 
 
RPE cells, joined by tight junctions, form with the capillary endothelium the blood-retinal 
barrier. This barrier is important in regulating the passage of water, ions and foreign 
compounds to the subretinal space and further to the retinal microenvironment (Marmor 
1998). The subretinal space is bordered by the apical microvilli of RPE cells and by the outer 
segments of photoreceptors. The disadvantage of tight junctions is that they may impede 
removal of subretinal fluid. There is thus a need for powerful transport mechanisms to control 
dehydration and homeostasis in the subretinal space. 
 
RPE cells derived from human and animal eyes have for years been used in studies on the 
RPE structure and function. These studies have produced much detailed information on the 
RPE, but the assumption that the RPE cells in vitro mimics the RPE in vivo should not be 
made too hastily. An essential consideration here is the enhanced proliferation and cell death 
occurring in vitro, whereas in vivo individual cells may persist for many years (Uebersax et al. 
2000). A further aspect is transdifferentiation by further passages or culture manipulations 
(Campochiaro et al. 1991, Grisanti and Guidry 1995, Chen et al. 2003). Several studies have 
shown the effect of culture components, e.g. growth factors and coating, on cell viability and 
differentiation (Janssen et al. 2000, Uebersax et al. 2000). Incomplete epithelialization is 
likely to occur in RPE cultures, since several weeks of culturing in confluence are needed to 
develop high epithelial organization and molecular polarity (Matsumoto et al. 1990, Bok et al. 
1992, Dunn et al. 1996). After long periods in confluent culturing, changes also appear which 
reveal that the RPE cells are aging (Burke and Skumatz 1998), though the senescence of RPE 
is thought to manifest itself in vivo as well (Hjelmeland et al. 1999). 
 
Recently, RPE cell lines have become important tools in studies on the RPE in vitro. They 
have been created by transformation or have arisen spontaneously, as for example the human 
RPE cell lines D407 and ARPE-19 (Davis et al. 1995, Dunn et al. 1996). The advantage of 
cell lines is maintenance of their characteristics after several passages and long survival time 
compared to primary cultures. While cell lines may be to a great extent homologous, primary 
cultures exhibit heterogeneity and donor-to-donor variability. However, the RPE in situ has 
also been found to form a mosaic of similar but not identical cells (Burke et al. 1996). It is 
important to bear such differences and similarities to RPE cells in vivo in mind when using 
cell lines (Dunn et al. 1996). 
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Fig 1. Schematic section of the eye (above) and simplified illustration of cellular organization in the retina 
(below). 
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1.2 RPE and proliferative vitreoretinopathy 
 
Proliferative vitreoretinopathy (PVR) is the end point of a number of intraocular diseases. 
Proliferation, migration and transdifferentiation are salient features seen in RPE cells in this 
disorder (Hiscott and Sheridan 1998). In PVR, RPE cells take the shape of fibroblasts (Lee et 
al. 2001). Culturing of RPE cells may somehow mimic changes occurring in PVR, since RPE 
cells have been found to convert their epithelial characteristics to mesenchymal type with 
repeated passages in vitro (Grisanti and Guidry 1995). However, differences have been 
reported e.g. in gene expression between cultured RPE cells and RPE cells in PVR (Abe et al. 
1996). The protein kinase C (PKC)-mediated pathway is thought to have a crucial role in 
triggering RPE migration or proliferation (Murphy et al. 1995). Furthermore, hepatocyte 
growth factor, connective tissue growth factor and glutamate have also affected the 
pathogenesis of PVR and proliferation of RPE cells (Uchida et al. 1998, Hinton et al. 2002). 
 
 
 
2 Glutamate in the retina 
 
2.1 Neurotransmitter and toxic agent 
 
As noted, glutamate is the major excitatory neurotransmitter in the brain and retina. It acts as 
a neurotransmitter in more than 90 % of retinal synapses. Glutamate is released from 
photoreceptors and bipolar cells during the complex process of visual signal transmission and 
it interacts with different types of glutamate receptors at retinal synapses (Massey 1990, Wu 
and Maple 1998). In darkness, glutamate is continuously released from photoreceptors and the 
release is regulated by light (Dowling and Ripps 1972, Cervetto and MacNichol 1972, 
Copenhagen and Jahr 1989). The responses to glutamate in the two distinct types of bipolar 
cells are different. Glutamate hyperpolarizes one and depolarizes the other (Wu and Maple 
1998). Furthermore, on-bipolar cells release glutamate in light, whereas off-bipolar cells 
release it in dark. The postsynaptic glutamate receptors in the off-bipolar cells are ionotropic 
(kainate or 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors), in the 
on-bipolar metabotropic (L-2-amino-4-phosphonobutyrate (L-AP4) receptor) and in ganglion 
cells, again, ionotropic (N-methyl-D-aspartate (NMDA), kainate or AMPA receptors) (Wu 
and Maple 1998). 
 
When the extracellular concentrations of glutamate are excessively elevated, glutamate acts as 
a powerful neurotoxin, inducing e.g. Na+ and Ca2+ influxes and cell swelling (Olney 1982, 
Choi 1992). As far back as 1957, glutamate-induced necrotic lesions in the retina were 
demonstrated (Lucas and Newhouse 1957) and by now the phenomenon has been extensively 
studied. Glutamate excitotoxicity entails neuronal death due to excessive or prolonged 
activation of glutamate receptors (Choi 1992). Important repercussions of excitotoxic 
processes are the generation and progression of several neuropathological conditions and 
retinal defects (Doble 1999, Sherry and Townes 2000, Ientile et al. 2001). Precise control of 
extracellular glutamate concentrations is thus crucial, and this is effected by glutamate 
transporters. 
 
Excitotoxic cell death is the end point of a reaction cascade which involves prolonged 
depolarization of neurons, changes in the intracellular calcium concentration and activation of 
enzymes, including nucleases (Doble 1999, Arundine and Tymianski 2003). Activation of 
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NMDA and AMPA receptors is considered to be a principal step in triggering excitotoxic 
events. Receptor activation is followed by a sodium influx which perturbs the osmotic balance 
and may cause cell swelling and lead to cell lysis. Depolarization also elevates the 
intracellular calcium concentration, which in turn leads to activation of various enzymes and 
enhances calcium-dependent protein interactions. Moreover, enzyme activation may enhance 
the production of free radicals, which are detrimental to intracellular organelles. 
Amplification of neuronal damage occurs via an increase in the extracellular glutamate 
concentration. The main causes of elevated glutamate are 1) decrease in glutamate uptake or 
reversal of glutamate transport, 2) cell lysis and 3) exocytosis of synaptic vesicles. 
 
 
2.2 Some other roles of glutamate in the retina 
 
Regulation of the phagocytotic function of RPE cells, a fundamental process for visual acuity, 
also involves glutamate, (Besharse and Defoe 1998). In phagocytosis, apical processes of 
RPE cells engulf extracted discs. The phagosomes formed in the cells are broken down by 
lysis. Glutamate markedly increases the phagocytotic activity of RPE (Greenberger and 
Besharse 1985), which indicates its role in the basic tasks of the RPE. Exogenous glutamate 
may enter the retina via the RPE, whereas endogenous glutamate may be transported to RPE 
cells from the subretinal space. All cells have basal requirements for amino acids such as 
glutamate by reason of processes such as protein synthesis. In retinal cells, which do not 
undergo cell division, these demands are relatively limited (Pow 2001). However, glutamine 
synthetase, which takes part in glutamate recycling, is present in the RPE (Derouiche and 
Rauen 1995) and may affect glutamate degradation. Furthermore, the formation of γ-
aminobutyrate (GABA) is also linked to glutamine/glutamate metabolism (Wiessner et al. 
2002). 
 
 
 
 
3 Glutamate transporters 
 
3.1 General features and subtypes of glutamate transporters 
 
Glutamate transporters are essential for normal glutamatergic neurotransmission in the central 
nervous system (CNS) and the retina. They rapidly remove glutamate from the extracellular 
space to maintain physiologic glutamate concentrations. After glutamate has been released in 
synapses, it diffuses out of the synaptic cleft and is removed by uptake. In glial cells or nerve 
terminals this uptake is effected by glutamate transporters (Gegelashvili et al. 2001). The fact 
that the concentration of intracellular glutamate is approximately 10 000-fold higher (10 mM) 
than that in extracellular fluid bespeaks the efficacy of active uptake mechanisms. 
Characteristic of glutamate transporters is that they are driven by electrochemical gradients: 
when Na+ and glutamate are translocated into the cell, K+ is extruded (Fig. 2). The transport 
cycle is interrupted in the absence of potassium, this leading to incomplete transport cycles 
and exchange (Danbolt 2001). The stoichiometry of uptake involves three Na+, one H+ and 
one K+ (Zerangue and Kavanaugh 1996). It is also to be emphasized that chloride currents 
coupled to the glutamate transporters EAAT4 and EAAT5 are glutamate-activated and Na+-
dependent, but are not coupled with glutamate translocation (Fairman et al. 1995, Arriza et al. 
1997). Since the uptake systems are specific for glutamate, other neurotransmitters are not 
transported (Danbolt 2001). However, glutamate transporters may take up the amino acids 
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aspartate and cysteate (Danbolt 2001). The prevailing Km values (ranging from 1 to 100 µM, 
usually 5-30 µM) characterize the affinity of glutamate uptake systems. They vary depending 
on different preparations and experimental conditions (Bridges et al. 1999). 
 
 
 
 
 
 
 

                  

 
Glu, 2-3Na+

K+
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2K+

ATP 

ADP 

 P

 
 
Fig. 2. Glutamate uptake. Glutamate is removed from the extracellular space by the sodium-coupled glutamate 
transporter, which also translocates a potassium ion in the opposite direction. The main driving force is the 
electrochemical gradient of sodium ions, which is maintained by the sodium pump (Na/K ATPase). 
 
 
 
Since 1992, five subtypes of glutamate transporters have been identified: GLAST, GLT, 
EAAC1, EAAT4 and EAAT5 (for reviews, see (Gegelashvili and Schousboe 1998, Danbolt 
2001, Gegelashvili et al. 2001). The amino acid sequences of the glutamate transporter 
subtypes share 50-60 % identity and the same transporter homologues represent 90 % identity 
in mammals (Danbolt 2001). GLT and GLAST are the most abundant glutamate transporters 
in the brain and are enriched in glial cells. EAAC1 is considered to be a neuron-specific 
protein in the brain, but it is also discernible outside the CNS. In the brain, EAAC1 is thought 
to have a minor role in glutamate uptake when compared to GLT and GLAST (Danbolt 
2001). EAAT4 is believed to be mainly expressed in cerebellar Purkinje cells and EAAT5 has 
been detected in the retina. Both EAAT4 and EAAT5 exhibit features of the glutamate-gated 
chloride channel (Fairman et al. 1995, Arriza et al. 1997). 
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3.2 Glutamate transporter subtypes in the retina 
 
Strict regulation of extracellular glutamate concentration is pivotal for retinal function, 
especially for glutamate neurotransmission. All subtypes of glutamate transporters are found 
in the retina with the exception of EAAT4 (Rauen et al. 1996, Rauen 2000). Müller glial cells 
and their glutamate transporter GLAST have been suggested to play the major role in retinal 
glutamate transport (Lehre et al. 1997, Rauen et al. 1998, Rauen and Wiessner 2000). Besides 
forestalling excitotoxicity, glial cells have a further role: they provide glutamate for metabolic 
processes, including the glutamate-glutamine cycle (Hertz et al. 1999). The glutamate 
transporter GLT is expressed in retinal neurons but not in glial cells of the retina, whereas 
EAAC1 is located only in neurons (Gegelashvili and Schousboe 1998, Rauen and Wiessner 
2000, Gegelashvili et al. 2001). Expression of EAAT5 has been detected in Müller cells and 
retinal neurons (Pow et al. 2000, Rauen 2000). The findings on the expression of glutamate 
transporter subtypes in the RPE are controversial. GLAST was first detected (Derouiche and 
Rauen 1995) but a later study produced a negative result (Lehre et al. 1997). Kinetic studies 
support the presence of glutamate transporters in the RPE, although the subtype has not been 
determined (Salceda and Saldana 1993, Miyamoto and Del Monte 1994). 
 
 
 
3.3 Regulation of glutamate transporters 
 
A number of neurological disorders (e.g. amyotrophic lateral sclerosis and epilepsy) are 
related to a decrease in the expression or activity of glutamate transporters. Unfortunately, not 
many of the available substances are known to significantly increase glutamate transporter 
activity without problematic side effects. On the other hand, various conditions and 
compounds affect glutamate transporters (Gegelashvili and Schousboe 1997). This research 
field is crucial for the development of new strategies in the fight against neurological 
diseases. 
 
Glutamate itself regulates its transporter. The mechanism underlying this may involve 
changes in the expression of GLAST via activation of metabotropic glutamate receptors 
(Gegelashvili et al. 2000). Furthermore, transporter substrates may cause rapid redistribution 
of the transporters (GLAST or EAAT4) from the intracellular compartment and translocation 
to the cell surface (Duan et al. 1999, Gegelashvili et al. 2000). Molecules which regulate 
glutamate transporters are often growth factors or modulators of the cellular signalling 
pathways. They may induce changes in both the activity and the expression of transporters, 
but the effects are not necessarily direct and may involve different cascades. One essential 
candidate as a regulator of glutamate transporters is PKC. It has been held to increase 
glutamate transporter activity via direct phosphorylation (Casado et al. 1993). However, the 
present data are more or less inconclusive in respect of the direct inhibiting and activating 
effects on transporter activity (Gegelashvili et al. 2001). Moreover, the PKC activator phorbol 
12-myristate 13-acetate (PMA) has been found to increase the cell surface expression of 
EAAC1, but not to affect the total amount of EAAC1 (Davis et al. 1998). This intracellular 
trafficking can rapidly regulate functional activity. 
 
A novel discovery related to the regulation of glutamate transporters is the implication here of 
glutamate transport- associated proteins (GTRAPs). GTRAP 3-18 interacts with EAAC1, 
whereas GTRAP41 and GTRAP48 interact specifically with EAAT4 (Lin et al. 2001, Jackson 
et al. 2001). They apparently modulate glutamate transport by anchoring EAAT4 to the actin 
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cytoskeleton (GTRAP41, GTRAP48) and coupling it to the G-protein signalling cascades 
(GTRAP48) (Jackson et al. 2001). The substrate affinity of EAAC1 and thus the EAAC1-
mediated glutamate transport are reduced by up-regulated expression of GTRAP3-18 (Lin et 
al. 2001, Butchbach et al. 2002). 
 
 
 
3.4 Role of glutamate transporters in retinal diseases 
 
As in neurological diseases, excessive levels of glutamate have also been linked to the 
pathogenesis of ophthalmic diseases such as glaucoma and diabetic retinopathy (Naskar et al. 
2000, Li and Puro 2002). The risk of glutamate toxicity increases especially when the uptake 
system is impaired, whereas abundant release is believed to have a minor role (Izumi et al. 
2002). Müller cells, the principal glial cells in the retina, regulate the extracellular 
concentration of glutamate by means of efficient uptake (Rauen et al. 1998). In diabetes, 
viable glutamate transport is of paramount importance, since the compromised blood-retinal 
barrier may cause glutamate to leak into the retina. Unfortunately, hyperglycemia itself causes 
GLAST dysfunction in Müller cells (Li and Puro 2002). In glaucoma, attention is focused on 
GLAST, since it is reduced in the glaucomatous retina, whereas the level of GLT is 
unaffected (Naskar et al. 2000). The dysfunction of glutamate transport has been observed to 
have drastic consequences, e.g. resulting in diminished viability of ganglion cells and a 
notable increase in the vitreal glutamate concentration (Vorwerk et al. 2000). Indeed, retinal 
ganglion cells seem to be the retinal neurons most vulnerable to glutamate toxicity (Vorwerk 
et al. 1996, Luo et al. 2001).  
 
 
 
4 Investigated drugs 
 
The drugs investigated were tamoxifen, toremifene and chloroquine. Chemically, these drugs 
are cationic amphiphilic compounds having a hydrophobic moiety and a positively charged 
hydrophilic side chain (Wolfensberger 1998). Based on this property, they may form polar 
lipid complexes which are accumulated in lysosomes (Wolfensberger 1998). The molecular 
structures of the drugs are presented in Fig. 3. 
 
 
 

 
 
Fig. 3. Structures of the investigated drugs. 
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4.1 Antiestrogens tamoxifen and toremifene 
 
Tamoxifen and toremifene are selective estrogen receptor modulators (SERM) in that  they 
behave as estrogen antagonists in some tissues and as an agonists in others. In other words 
they are not completely antiestrogenic and may act as estrogen for example on the 
endometrium (Rang et al. 1999). Antiestrogens are used mainly in prevention and therapy of 
breast cancer (Benshushan and Brzezinski 2002), their antitumor activity being due primarily 
to their antiestrogenic action. Binding to estrogen receptor (ER) fails to activate the 
transcription machinery which would eventually lead to activation of cell proliferation (De 
Cupis et al. 1999). In Finland, tamoxifen has been available since 1980 for the treatment of 
breast cancer, while toremifene was approved for clinical use in 1988 (Mäenpää et al. 2000, 
Pukkala et al. 2002). These drugs resemble each other structurally, differing only by a single 
chloride atom (Fig. 3). The predominant metabolic pathways for tamoxifen and toremifene 
are demethylation and hydroxylation and they may be highly protein bound in plasma (Lien 
and Lønning 2000). Generally speaking, the clinical anticancer efficacy and the side-effect 
profiles of tamoxifen and toremifene are comparable (Holli et al. 2000, Holli 2002). 
Preclinical data point to some differences between the two drugs. For example, the growth of 
breast cancer MCF-7 cells is more effectively inhibited by tamoxifen (Tominaga et al. 1993) 
and it has been found to be hepatocarcinogenic and more genotoxic in vivo (Kärki et al. 2000, 
Hirsimäki et al. 2002). When comparing preclinical toxicity data and clinical findings, it 
should be borne in mind that there is a difference in the respective normal clinical doses used 
(tamoxifen 20 mg/day and toremifene 40-60 mg/day).  
 
Tamoxifen retinopathy is a rare side effect of tamoxifen (incidence 3-6 %) when a low dose 
(20 mg/ day, duration 25 months) is used (Pavlidis et al. 1992, Lazzaroni et al. 1998). Retinal 
findings such as crystalline deposits, macular edema and RPE abnormalities belong to the 
clinical picture (Yanyali et al. 2001). Crystalline deposits are thought to represent areas of 
axonal degeneration (Kaiser et al. 1981, Alwitry and Gardner 2002). However, the pathogenic 
mechanism of tamoxifen-induced changes is largely unknown. It has been hypothesized that 
tamoxifen forms complexes which accumulate in lysosomes (Imperia et al 1989). Quite 
recently, a decrease in the activity of lysosomal enzymes and in the phagocytotic activity of 
RPE cells has been shown (Toimela et al. 1998, Mannerström et al. 2001). Considering the 
cellular targets of tamoxifen (Table 1), the mechanisms of its action may be assumed to be 
complex. 
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Table 1. Examples of the possible cellular targets for tamoxifen 
 

Cellular target Cell/ tissue studied 

Membrane fluidity Rabbit white muscle (Custodio et al. 1993), human RPE cell line (Engelke 
et al. 2002) 

PKC Rat brain (O'Brian et al. 1985), cultured rat chondrocytes (Schwartz et al. 
2002) 

Calmodulin Bovine brain (Lopes et al. 1990) 

Volume-activated chloride channels Lens organ culture (bovine), human lung carcinoma cell line, mouse 
fibroblast cell line (Zhang et al. 1994), HeLa cell line (Sahebgharani et al. 
2001) 

Intracellular calcium concentration Human neutrophils and various cell lines: canine kidney (MDCK), rat 
glioma and human prostate cancer (Jan et al. 2000) 

NMDA receptor Rat brain (cortical and hippocampal regions, Cyr et al. 2001) 

Mitogen-activated protein kinases Breast cancer cell line (Mandlekar and Kong 2001) 

 
MDCK, Madin-Darby canine kidney cell line 
HeLa, Henrietta Lacks cervix carcinoma cell line 
 
 
 
 
 
4.2 Chloroquine 
 
Chloroquine (4-aminoquinoline) is a drug used for the treatment and chemoprophylaxis of 
malaria. It is also used in rheumatoid arthritis and lupus erythematosus. The mechanism of its 
action is not fully understood, but chloroquine accumulates in lysosomes and inhibits the 
digestion of hemoglobin in parasites (Rang et al. 1999), which in turn reduces their viability. 
In rheumatoid diseases, the drug is also concentrated in lysosomes and interferes with 
hydrolase action. This may lead to the generation of toxic metabolites, decreased release of 
lysosomal enzymes or changes in lymphocyte proliferation (Rang et al. 1999). Chloroquine 
has been partially replaced by hydroxychloroquine in view of the fewer side effects of the 
latter. However, hydroxychloroquine has also been reported to possess lower efficacy and 
equal toxicity (Browning 2002, Warhurst et al. 2003). 
 
The first description of chloroquine retinopathy was published by Goldman and Preston 
(1957). The incidence of this disorder ranges from 3 to 10 % of treated patients (Bernstein 
1983). Clinically it can be classified as early, advanced and severe. First to appear are 
paracentral visual field defects and color vision deficiency, and with prolonged medication 
the defects progress, leading to pigment changes and generalized retinal degeneration (Kellner 
et al. 2000). The daily dosage is most crucial, cumulative doses and duration of therapy 
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having a minor role. The safe limit is considered to be 250 mg/day, but larger doses are 
commonly administered (Browning 2002). In the retina, RPE seems to be the most sensitive 
target of chloroquine (Bruinink et al. 1991). Pathological changes include degeneration of 
ganglion cells and photoreceptors (Rosenthal et al. 1978). RPE-linked chloroquine toxicity is 
believed to involve binding of chloroquine to melanin and lysosomal dysfunction (Rosenthal 
et al. 1978, Schraermeyer et al. 1999). The latter phenomenon in RPE cells is corroborated by 
reduced lysosomal enzyme activity in the RPE (Toimela et al. 1998). The blood-retinal barrier 
is apparently disturbed by chloroquine, though continued efficiency of the blood-brain barrier 
may partly explain why CNS neuropathy is not detected (Bruinink et al. 1991). 
 
 
 
5 Primary cultures, cell lines and organotypic cultures 
 
Tissue cultures were first used almost 100 years ago to elucidate questions of developmental 
biology (Mather and Roberts 1998). More than forty years later it was demonstrated that 
single cells could be grown in culture (Mather and Roberts 1998). Cell cultures can be 
roughly divided into primary cultures and established cell lines. In primary cultures, the 
availability of original tissue (e.g. human eye) and the developmental phase of cells used 
(neurons from the adult brain) may give rise to insuperable problems. The majority of 
established cell lines originate from tumors, which spontaneously give rise to a cell line 
(Drexler et al. 2000), but they can also be created by transformation in vitro. There are a 
variety of techniques available for the generation of immortalized cells, for example 
irradiation, chemical carcinogens, viruses and recombinant DNA vectors expressing 
oncogenes (Stacey and MacDonald 2001). Nowadays centralized cell banks provide uniform, 
contaminant-free cell lines whose history and characteristic features are well established. 
 
An ideal cell line would exhibit good proliferative capacity, and maintain differentiated 
features and stability in the normal culture environment as well as in passaging. Cell lines 
usually provide homogenous populations of cells and grow rapidly. However, continuous cell 
lines may not express features typical of the original tissue, while primary cells furnish 
cultures with similar characteristics (Stacey and MacDonald 2001). In fact, the cells derived 
from an abnormal tumor may be significantly different from normal cells. Also primary cells, 
e.g. epithelial cells, may lose their characteristics during isolation procedures or in the first 
weeks in vitro (Sambruy et al. 2001). The features of non-continuous cell cultures may 
manifestly change, especially upon several passages (Grisanti and Guidry 1995). 
Furthermore, conspicuous disadvantages of primary cultures are the presence of 
contaminating cells and differences in the genetic background of the isolates (Unger et al. 
2002). From the technical point of view, cell lines offer definite advantages: reproducibility, 
simplicity and reliability (Stacey and MacDonald 2001). As an example of continuous cell 
lines, two human RPE cell lines are described in Table 2.  
 
The highest complexity in vitro is obtained with organotypic cultures. Such cultures may be 
derived e.g. from explants of embryonic brain or sensory organs (Stacey and Viviani 2001). 
Organotypic retinal cultures should retain their hierarchical organization, synapses and 
cellular differentiation as well as formation of outer segments (Pinzon-Duarte et al. 2000). 
The retinal organ culture is usually established by isolating the neural retina from the anterior 
segment of the eye as well as from the RPE (Mosinger Ogilvie et al. 1999, Winkler et al. 
2002). This is advantageous when studying the degenerative changes induced by separation of 
the retina from the RPE, but the presence of this latter is known to influence e.g. the 
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alignment of photoreceptors (Pinzon-Duarte et al. 2000, Winkler et al. 2002). Regardless of 
technical difficulties, organotypic cultures with adherent RPE have also been established 
(Hoff et al. 1999, Pinzon-Duarte et al. 2000). 
 
 
 
Table 2. General features of the two human RPE cell lines 
 

 ARPE-191 D4072 

Donor 

Establishment 

Sub-culturing 

Chromosomes 

Appearance 

Male, 19 years  

Arose spontaneously 

Not defined 

46 (p.11) 

Cobblestone 

Boy, 12 years 

Arose spontaneously 

> 200 times 

70 (p.52) 

Cobblestone 

Polarization Yes No 

Intercellular junctions Yes Yes 

Barrier properties Not very good N.d. 

Pigmentation 

Phagocytotic activity 

Expression of markers 

Variable 

N.d. 

CRALBP+, RPE65+, 

Divided, decreasing 

Yes 

CRALBP+, keratins 7, 8, 18 and 

19+, vimentin+, GFAP-, spectrin+, 

1Dunn et al. 1996  2Davis et al. 1995 
p., passage of the subculture   
N.d., not determined 
CRALBP, cellular retinaldehyde-binding protein 
RPE65, retinal pigment epithelial specific protein 65 
GFAP, glial fibrillary acidic protein 
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6 Evaluation of toxicity in vitro: general considerations 
 
During recent years, the need has increased to establish more acceptable alternatives to animal 
models. There is also a need for sensitive methods making it possible to investigate single 
mechanisms. At present, a wide spectrum of studies can be carried out with cultured cells: e.g. 
determinations of cytotoxicity and studies of single cellular targets such as receptors. The 
main advantage of an in vitro system is the possibility to control the chemical and physical 
environment of the cells studied. A battery of in vitro eye/skin irritation tests has been 
proposed to replace the classical toxicological in vivo method, the Draize test (Balls et al. 
1995, Sina et al. 1995, Curren and Harbell 1998). However, attempts to develop, improve and 
validate in vitro tests have raised questions regarding their reproducibility and relevance to in 
vivo situation and acceptability for human safety evaluation (Ferro and Doyle 2001). In-depth 
studies of the mechanisms of toxicity constitute one of the most pivotal areas of in vitro 
toxicology (Louekari 1996). 
 
Cytotoxicity is primarily understood as the potential of a compound to induce cell death. In 
vitro cytotoxicity tests are necessary in defining basal cytotoxicity and concentration ranges 
for further and more detailed studies (Eisenbrand et al. 2002). Two main approaches to 
cytotoxicity, put forward by Freshney (2001), include "negative" toxicity (e.g. quality 
assurance of pharmaceuticals) and "positive" (selective) toxicity, for example in the 
development of anticancer drugs. The end points in cellular toxicity are based on e.g. 1) 
breakdown of the cellular permeability barrier, 2) reduced mitochondrial function, 3) changes 
in cell morphology, 4) changes in cell replication, and 5) changes in energy metabolism 
(Stacey and Viviani 2001, Eisenbrand et al. 2002). The need is increasing for toxicity markers 
which would assist in early prediction of damage. This means detection of defects prior 
measurable cytotoxicity and at subtoxic levels. Early markers proposed for this purpose 
include reactive oxygen species, cellular calcium, changes in enzymes and perturbations of 
cell membranes (Eisenbrand et al. 2002).  
 
In vitro assays are divided into three groups in respect of their duration: short-term assays of 
viability, long-term assays of cell survival, and the intermediate type (Freshney 2001). The 
intermediate assays are often based on the use of microtitration plates and a wide range of 
concentrations and are suitable for screening purposes. Comparisons of single compounds or 
combinations are possible by establishing the dose at which 50% of cells are affected (EC50) 
(Eisenbrand et al. 2002). Some drawbacks are nevertheless encountered (Freshney 2001). It is 
in first place not possible to distinguish between cell loss and metabolic inhibition. 
Furthermore, differentiation between cytotoxicity and cytostasis and between reversible cell 
damage and growth of resistant cells is difficult. 
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AIMS OF THE STUDY 
 
Glutamate transporters in the retina are important for retinal glutamate homeostasis. While the 
trafficking of glutamate between retinal neurons and glial cells has been widely studied, less 
is known about the glutamate transporters in RPE cells which form a part of the blood-retinal 
barrier. The RPE has many functions pivotal for normal visual acuity. Tamoxifen and 
chloroquine are widely used drugs which have been found to cause retinal side effects. The 
mechanisms of these harmful effects have remained for the most part obscure. 
 
 
The aims of the present study were the following: 
 
1. to characterize the properties and expression of glutamate transporters in RPE cells in 

vitro and to evaluate possible differences in glutamate transporters between pig RPE cell 
cultures with limited life span and human RPE cell lines, 

 
2. to establish whether modulators of cell proliferation affect the expression of glutamate 

transporter EAAT4 in an RPE cell line, 
 
3. to determine the effects of tamoxifen, toremifene and chloroquine on glutamate uptake in 

RPE cells and on the viability of human retinoblastoma cells, and 
 
4. to establish a retinal co-culture for study of the protective role of RPE cells for retinal 

neurons. 
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MATERIALS AND METHODS 
 
 
1 Cell cultures  
 
1.1 Pig RPE culture (I-IV) 
 
Fresh pig eyes from a slaughterhouse, delivered in ice-cold saline, were dissected and the 
retinas gently removed under a dissection microscope. Isolation of the RPE was accomplished 
by incubation with 0.25 % trypsin solution (Gibco, UK). The isolated cells were resuspended 
in growth medium (medium components for cell culturing from Gibco, UK): Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 20 % fetal bovine serum (FBS) and 1 
% antibiotic/antimycotic solution (ab/am); 4-6 x 104 cells/cm2 were plated in culture flasks. 
After 11-14 days, the confluent cultures were sub-cultured and passages 1-3 (Fig. 4a) used for 
experiments. The content of FBS was reduced to 10 % in the medium for subcultures. 
 
 
1.2 Human RPE cell lines ARPE-19 and D407 and retinoblastoma cell line Y79 (I-III, V) 
 
The human RPE cell line ARPE-19 (Fig. 4c), characterized and introduced by Dunn and 
colleagues (1996), was obtained from American Type Culture Collection (ATCC, USA). The 
culture medium for ARPE-19 cells was DMEM/Ham´s F12 (1:1) supplemented with 10 % 
FBS and 1 % ab/am. Stock cultures were sub-cultured once a week (split ratio 1:6). The 
human RPE cell line D407 (Davis et al. 1995) was a generous gift from Dr. Hunt (University 
of South Carolina, USA). The D407 cell line (Fig. 4b) was cultured in DMEM supplemented 
with 3 % FBS and 1 % ab/am. D407 cells were trypsinized and sub-cultured twice a week (~ 
4-6 x 104 cells/cm2 or split ratio 1:4). 
 
Human retinoblastoma cell line Y79 (Reid et al. 1974) was obtained from the European 
Collection of Cell Cultures (UK) and grown as a suspension of 5x105 - 106 cells/ml in RPMI 
1640 medium supplemented with 10 % FBS and 1% ab/am (Fig. 4d). Sub-culturing of Y79 
cells was done by removing one third or half of the cell suspension and replacing it with fresh 
medium or by centrifuging the cells and plating them in fresh medium (split ratio 1:2-1:4). 
Y79 cells formed small clusters and a part of the cells were faintly attached to the surface of 
tissue culture plastics. In general, Y79 cells were more sensitive to environmental and 
nutritional changes than RPE cells and their viability was more easily altered by simple 
culturing procedures. 
 
 
1.3 Retinal co-culture (V) 
 
 
Retinal co-cultures were established by culturing ARPE-19 cells on Millicell 
polytetrafluoroethylene filters (Millipore, Bedford, US) and Y79 cells in the lower chamber 
below them (Fig. 5 and V, Fig. 1). The experimental design of the co-culture is presented in 
V, Table I. In the co-culture, the cells were grown in serum-free RPMI medium containing 
1% ab/am, except for the plating of ARPE-19 cells, which was performed in the normal 
medium for ARPE-19 cells. Briefly, on day 1, 25x104 or 4x105 ARPE-19 cells were seeded 
on coated filters and Y79 cells, 18x104 cells/cm2, were plated on a 24-well plate. The ARPE-
19 and Y79 cultures were grown separately for the first 24 h. On the second day, the culture 
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inserts with ARPE-19 cells were placed in the wells in which the Y79 cells were growing. For 
adaptation, the cells were allowed to grow in co-culture for 24 h, whereafter they were 
exposed to the drugs to be investigated (tamoxifen or chloroquine). At the time of exposure, 
the confluence of the ARPE-19 cell layer (100 %) and the Y79 cell suspension (~70 %) was 
assessed microscopically. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Photographs of cell cultures. A) pig retinal pigment epithelial cells, B) human RPE cell line 
D407, C) human RPE cell line ARPE-19 and D) human retinoblastoma Y79 cell line. 

A B

C D
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2 Glutamate uptake assays (I, III, IV) 
 
 
For glutamate uptake assays, cells were cultured to ~80 % confluence in small culture dishes 
(Ø 35 mm). In the assay, L-[3H]glutamate (1.55 PBq/mol, Amersham, UK) was used as tracer. 
Prior to pre-incubation the dishes were first washed with oxygenated uptake medium. The test 
compounds (drugs, selected antagonists and inhibitors) were added during the 10-min 
preincubation, except when D- and L- aspartate were tested as competitive substrates of 
glutamate transporters (added together with glutamate). After preincubation, glutamate 
(containing 23 MBq/l L-[3H] glutamate) was added and the cell cultures incubated at 37°C for a 
further 10 min. The exception was the time-course experiment, where the incubation times 
varied from 1 to 60 min. The total glutamate concentration was usually 5 µM; the 
concentration dependence of uptake was however assessed with 1-1000 µM glutamate. 
Glutamate uptake was terminated by washing the cultures three times with cold medium. 
After drying the dishes, the radioactivity of the solubilized RPE was measured with an LKB 
Wallac 1219 Rackbeta liquid scintillation counter. The breakdown of L-[3H]glutamate during 
the experiments was found to be negligible when analyzed by thin-layer chromatography. 
 
 
 

Fig. 5. Schematic illustration of retinal co-culture. 

ARPE-19 cells seeded on the filter 
 
 
 
Y79 cells plated in the lower chamber 

Upper chamber 
 
 
 
Lower chamber 



3 Western blot analysis (II) 
 
Samples for Western blots were prepared from 80-100% confluent cultures which were lysed 
in buffer (reagents from Sigma, USA, except where indicated) containing 150 mM NaCl, 100 
mM Tris-HCl (pH 6.8), 1 % Triton X-100 (Bio-Rad Laboratories, USA) 0.2 % SDS (Bio-Rad 
Laboratories, USA), 0.5 % deoxycholate and a protease inhibitor cocktail (Complete Mini 
EDTA-free, Roche Diagnostics, Germany). The lysates were collected into Eppendorf tubes 
after a few minutes and incubated further at 5°C for 1 h, then triturated and centrifuged at 20 
000 g for 20 min. The supernatant was used for Western blots (total cell fraction). 

The protein samples were suspended in 5x sample buffer containing 60 mM Tris-HCl (pH 
6.8), 25 % glycerol, 2 % SDS, 14.4 mM 2-mercaptoethanol and 0.1 % bromophenol blue. 
Separation of proteins was done by sodium dodecylsulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE). After overnight protein transfer to a nitrocellulose membrane, 
the quality of transfer was examined by staining with Ponceau S (Sigma, USA). The 
membrane was blocked in Tris-buffered saline (TBS) containing 5 % non-fat dried milk and 
0.1 % Tween 20 for 60 min. Antibodies against glutamate transporters EAAT4 (0.1 µg/ml, 
affinity purified by Dr. Gegelashvili and Dr. Rodriguez-Kern at BioSignal, USA,) and 
GLAST, GLT, EAAC1 and EAAT5 (2-7 µg/ml, Alpha Diagnostic International, USA) were 
used. The cross-reactivity of the antibodies with other glutamate transporter classes has 
previously been found to be insignificant, whereas a strong species cross-reactivity between 
e.g. rat, mouse and human has been detected. The membrane was probed with primary 
antibodies at 5ºC overnight. The comparable amount of protein in the different lanes was 
verified with monoclonal anti-β-actin (Sigma, USA), dilution 0.2 µg/ml. Immunoreactive 
bands were detected with goat peroxidase-conjugated secondary antibodies (Cappel, USA, 
dilution 1:50000) and by enhanced chemiluminescence (ECL Western blotting detection 
reagents, Amersham, UK). 
 
 
 
4 Immunocytochemistry (II) 
 
The expression of glutamate transporters was investigated by immunocytochemistry in three 
different RPE cultures. Cells were plated on 8-well chamber slides (5x104 cells/cm2) and 
grown to 80-100 % confluence for staining. The cultures were washed with TBS and fixed for 
90 seconds in ice-cold acetone. Blocking of the background staining was effected by 
incubating the cultures with TBS containing 1.5 % goat serum for 30 min. The cultures were 
incubated with antibodies against GLAST, GLT, EAAC1, EAAT4 and EAAT5 (Alpha 
Diagnostic International, USA), diluted 10 µg/ml in TBS containing 0.1 % bovine serum 
albumin (BSA). Labelling was detected with a Vectastain Elite (peroxidase) staining kit 
(Vector, USA). After the 30-min incubation with the primary antibodies, the cultures were 
incubated with biotinylated goat anti-rabbit IgG secondary antibody (1:200), followed by 
incubation with the avidin-biotin-peroxidase complex. Immunoreactivity was visualized with 
a Vip substrate for peroxidase (acetonitrile, Vector, USA). 
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5 Cell viability tests: WST-1 and cellular ATP measurement (V) 
 
WST-1 test (Roche, Penzberg, Germany) is a colorimetric assay based on the cleavage of the 
tetrazolium salt WST-1 by mitochondrial dehydrogenases in viable cells. For the test, 18x104 
human retinoblastoma Y79 cells /cm2 were plated onto 96-well plates in 100 µl serum-free 
medium and grown for 24 h before drug exposure. The exposure (tamoxifen, toremifene or 
chloroquine added in 10-µl volume) lasted likewise 24 h. Thereafter 10 µl of the WST-1 
reagent was added to each well. The cells were incubated for 45 min in 5% CO2 at 37°, 
whereafter the absorbance at 450 nm was measured with a Multiscan MS reader. Cell 
viability in the test is expressed as a percentage of absorbance of the control wells. 
 
ATP measurement is based on oxidation of the light emitting luciferin in the ATP-dependent 
reaction catalyzed by luciferase. The efficiency of the reaction reflects the cellular ATP levels 
as measured with luminescence. As an index of cell viability in the retinal co-cultures, the 
level of ATP was measured after the 24-h exposure (in both ARPE-19 and Y79 cells 
separately). Furthermore, for comparison with the co-cultures, ATP was also measured in 
Y79 cells grown in 24-well plates. For the ATP test, 18x104 Y79 cells/cm2 were plated on 24-
well culture plates in 1 ml of serum-free medium and grown for 48 h before the 24-h drug 
exposure. Thereafter, 10 % trichloracetic acid (Merck, Germany) was added to the final 
concentration of 0.5 % and the samples frozen overnight at -80°C. Aliquots (25 µl) of 
defrosted samples were transferred to the 96-well plate and 100 µl of 1:5 combined ATP 
Monitoring Reagent and 0.1 M Tris-acetate buffer, pH 7.5, containing 2 mM EDTA (both 
reagents from Thermo Labsystems, Finland) were added to each well. After gentle agitation 
luminescence was measured with a Luminoscan Ascent luminometer. Changes in cellular 
ATP are expressed as percentage of luminescence of the control cells. 
 
 
 
6 Protein measurement (I-IV) 
 
The protein content of the samples was determined by a bicinchoninic acid (BCA) -based 
assay (BCA Protein Assay, Pierce, Rockford, USA). BSA was used as standard.  
 
 
 
7 Data analysis and calculations (I, III-V) 
 
Characterization of glutamate uptake involved kinetic analyses. The kinetic parameters for 
saturable uptake reflecting the affinity of the carrier for the substrate (Km) and the maximal 
transport capacity (Vm) were estimated by non-linear regression analysis (Fig.P for Windows 
software, version 2.2a). The data were fitted with an equation consisting of two components, 
saturable conforming Michaelis kinetics and non-saturable: v = Vm*s/(Km+s) + NSB*s, where 
v is the uptake velocity, Vm the maximal velocity of uptake, Km the Michaelis constant, s the 
glutamate concentration, and NSB the proportionality constant for non-saturable uptake. The 
parameters were obtained from three independent determinations carried out in duplicate with 
different batches of cells. Statistical comparisons of the constants were made with Student’s t-
test (Graph Pad Prism software, version 3.0). 
 
The estimates of inhibitor concentrations for 50 % inhibition (IC50 value) and the effective 
concentrations for 50 % reduction in cell viability (EC50 value) were obtained by fitting the 
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data to a four-parameter sigmoidal function (Fig.P for Windows). Statistical comparisons of 
the parameters were made by t-test as above. In general, the results from the independent 
experiments were pooled and the mean values ± standard error of the mean (SEM) calculated. 
Statistically significant differences from the corresponding controls were estimated by one-
way ANOVA with an adequate post-test (GraphPad Prism) or by the above t-test. 
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RESULTS 
 
 
1 Glutamate transport in pig RPE cells and human RPE cell lines 
 
1.1 Kinetic properties of glutamate uptake (I, III) 
 
The human RPE cell line D407 accumulated glutamate more effectively than pig RPE cells. 
Glutamate uptake consisted of two components, saturable and non-saturable. The transport 
constants Km (mean ± SEM) for saturable uptake were 19.0 ± 4.0 µM in the human D407 cell 
line and 58.3 ± 17.5 µM in pig RPE cells. The maximal velocities (Vm) were 600 ± 22.2 and 
195 ± 13.3 µmol kg-1 min-1, respectively. In both RPE cells, glutamate uptake was strongly 
sodium-dependent, since the absence of sodium reduced it by 92 %. L- and D-aspartate 
significantly inhibited the uptake (84-72 % decrease), whereas the glutamate receptor 
antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D-2-amino-5-
phosphonopentanoate (AP-5) caused only minor changes. The transportable inhibitor of 
glutamate uptake β-hydroxyaspartate (β-HA) diminished glutamate uptake to 19 % in D407 
cells and to 31% in pig RPE cells. β-HA also altered the kinetic parameters of saturable 
glutamate uptake in D407 cells. Km was more than 10-fold over the control value in the 
presence of β-HA. In pig RPE cells, the saturable component of glutamate uptake was 
abolished by β-HA application and glutamate uptake was almost linear. 
 
1.2 Expression of glutamate transporter subtypes (II) 
 
Glutamate transporters EAAT4 and EAAC1 were detected in human RPE cell lines ARPE-19 
and D407 according to Western blot analysis. In pig RPE cells, only EAAC1 
immunoreactivity was observed. All the detected EAAT4 and EAAC1 bands corresponded to 
the size of ~65 kDa, as expected from cloned glutamate transporters. None of the other 
transporter subtypes GLT, GLAST or EAAT5 was found in the RPE cells. 
Immunocytochemical study of the expression of glutamate transporters in the RPE supported 
the results obtained by Western blots. 
 
 
 
2 Effects of antiestrogens on glutamate uptake in RPE cells (I, III, IV) 
 
The antiestrogens tamoxifen and toremifene reduced glutamate uptake in RPE cells dose-
dependently. Concentrations of 5-50 µM tamoxifen and toremifene caused a significant 
(p<0.01) decrease in glutamate uptake in both human cell line D407 and pig RPE cells. In the 
RPE cell line D407, IC50 for tamoxifen was 7.4 ± 1.1 µM and for toremifene 7.6 ± 1.1 µM, 
and in pig RPE cells 4.6 ± 1.1 µM and 4.7 ± 1.0 µM, respectively. The differences between 
the IC50 values for cell line D407 and pig RPE cells were significant (p<0.001). Application of 
β-estradiol with tamoxifen slightly reduced its inhibitory effect in pig RPE cells, the reduction 
not however depending on the β-estradiol concentration. Furthermore, β-estradiol (0.1 nM – 
1µM) did not affect glutamate uptake. 
 
When glutamate uptake was measured over the concentration range of 5-1000 µM in the 
presence of 7.5 µM tamoxifen or toremifene, the uptake still comprised saturable and non-
saturable components. Toremifene inhibited saturable glutamate uptake at all glutamate 
concentrations, whereas the inhibitory effect of tamoxifen was only seen at concentrations 
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below 300 µM (D407 cells) or 500 µM (pig RPE cells). The proportionality constants of non-
saturable uptake in the presence of antiestrogens did not significantly differ from those in 
controls. Km was increased by tamoxifen and toremifene in both RPE cells, although the 
effect was more pronounced in D407 cells. Vm was not changed by toremifene but was 
significantly increased by tamoxifen. When the RPE cultures were pre-exposed to 7.5 µM 
tamoxifen/toremifene, a slight inhibition of glutamate uptake by tamoxifen was seen only in 
D407 cells, whereas toremifene caused no significant changes. However, pre-exposure to a  
high concentration of tamoxifen (30 µM) was strongly inhibitory. Furthermore, when the 
tamoxifen/toremifene exposure time was lengthened to 24 h, detachment of cells and cell 
death were clearly discernible. 
 
 
 
3 Effects of proliferation modulators on morphology and EAAT4 expression in 

ARPE-19 cells (II) 
 
Insulin (5 mg/l) increased, whereas retinoic acid (RA, 5 µM) and tamoxifen (3 and 6 µM) 
inhibited the growth of ARPE-19 cells during the first three days of exposure. After three 
days there were changes in the shape of insulin- and RA-treated cells (II, Fig. 4). After insulin 
treatment, ARPE-19 cells formed clusters and some longer processes were microscopically 
detectable. The shape of RA-exposed cells became more epithelial and ARPE-19 cells started 
to resemble the primary pig RPE culture. With tamoxifen, there were no notable changes in 
morphology but cell density was lower when compared to the control culture. The expression 
of glutamate transporter EAAT4 was not affected by insulin, RA or tamoxifen exposure. The 
intensity and size of the immunoreactive bands were unchanged after all exposures (II, Fig. 
3). There was no difference between the 4- and 7-day exposures or between two tamoxifen 
concentrations. 
 
 
 
4 Expression of glutamate transporter in retinoblastoma cells (II) 
 
Western blot analysis of Y79 cell suspension showed expression of EAAC1 and EAAT4 in 
Y79 cells. Glutamate transporter subtypes GLT, GLAST and EAAT5 were not detected. 
 
 
 
5 Toxicity of drugs in retinoblastoma cultures (V) 
 
After the 24-h exposure, tamoxifen, toremifene and chloroquine reduced Y79 cell viability 
dose-dependently, with EC50 values of 6.4 ± 0.7 µM, 9.6 ± 0.7 µM and 184 ± 22 µM, 
respectively. The EC50 value for tamoxifen was significantly (p<0.05) lower than for 
toremifene. Already 2 µM tamoxifen had detrimental effects on Y79 cells, whereas the lowest 
effective toremifene concentration was 10 µM. No additive effect in toxicity was seen with 
antiestrogen concentrations above 15 µM. The chloroquine concentrations 50-1000 µM were 
considered noxious and no additive reduction in cell viability was gained with concentrations 
above 400 µM. 
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6 Toxicity studies in retinal co-cultures (V) 
 
Both ARPE-19 cell plating densities, 25x104 and 4x105, resulted in a microscopically 
confluent monolayer on the semipermeable filter in 48 h. No changes were detected 
microscopically in Y79 cells in the lower chamber in the co-culture prior to drug exposure. 
Tamoxifen (3-6 µM) had no effect on the viability of Y79 cells when dosed via coated or 
uncoated cell-free filters or via the filter with ARPE-19 cells. Changes in the solvent of 
tamoxifen (ethanol 0.4%) did not affect the results, but a DMSO content over 0.5 % detached 
the cells. 
 
Chloroquine exposure via the empty coated filter caused changes in Y79 cell viability (Table 
3). When dilution of the drug because of the volume difference between the upper and lower 
chamber is considered, the effect resembled changes induced in an open system (exposure 
without culture insert, V, Fig. 3.). The ARPE-19 cell layer on the filter reduced the toxic 
effect of 600 µM chloroquine (Table 3). The same effect was not seen with lower chloroquine 
concentrations of 200 and 400 µM. No chloroquine-induced changes in the viability of 
ARPE-19 cells were detected by ATP measurements in the co-culture. 
 
 
 
Table 3. Chloroquine concentrations and changes in the viability of Y79 cells in the retinal 
co-culture 
 

Chloroquine (µM) Chloroquine-induced change in Y79 cell viability (ATP measurement) 

Upper 
chamber  

Lower chamber  
(maximally)  

Filter without  
ARPE-19 cells 

24x104  
ARPE-19 cells 

40x104  
ARPE-19 cells 

200 80 +5 % 0 % +2 % 

400 160 -10 % -8 % -12 % 

600 240 -27 % 0 % -7 % 
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DISCUSSION 
 
 
1 Glutamate transporter in RPE cells in vitro 
 
Although the role of glutamate transporters in neural transmission in the brain and retina has 
been extensively studied (Gegelashvili and Schousboe 1998, Rauen 2000, Danbolt 2001, 
Gegelashvili et al. 2001), little is known of the glutamate transporter in RPE cells. The present 
study revealed a high-affinity transport system for glutamate in both the human RPE cell line 
D407 and in pig RPE cells (I). The capacity of glutamate uptake was higher in the cell line 
than in pig RPE cells. In both RPE cultures, glutamate transport was seen to be Na+-
dependent and inhibited by β-HA (I, III), the potent transportable glutamate uptake inhibitor 
(Arriza et al. 1994, Danbolt 2001). Aspartate is apparently one of the substrates of this 
transporter (I). These features, together with the estimated kinetic parameters for glutamate 
uptake, strongly support the hypothesis that the glutamate transporter in RPE cells exhibits the 
properties of the glutamate transporter in the CNS. However, only rough comparison between 
the kinetic parameters is possible, taking into account their dependency on experimental 
conditions. Previously, a few functional studies have focused on glutamate uptake in RPE 
(Salceda and Saldana 1993, Miyamoto and Del Monte 1994, Bridges et al. 2001). In general, 
our results are in accord with them, showing the presence of an active glutamate transporter in 
the RPE. However, in the human cell line 165, two saturable components have been detected 
(Miyamoto and Del Monte 1994), whereas our analysis showed only a single saturable 
component in both RPE cells studied. The above-mentioned study by Bridges and colleagues 
focused on glutamate transport in the absence of sodium. In our study only a minor part (less 
than 10 %) of glutamate uptake was Na+-independent. 
 
The expression of neuronal glutamate transporter subtypes EAAC1 and EAAT4 in RPE 
would further indicate the presence of an active glutamate transporter. While both EAAT4 
and EAAC1 were detected in the RPE cell lines D407 and ARPE-19, EAAC1 was the only 
glutamate transporter detected in pig RPE cell cultures (II). Only a few other studies, focusing 
on the expression of GLAST, have elucidated the expression of glutamate transporter 
subtypes in the RPE. Derouiche and Rauen (1995) showed the presence of GLAST, while 
others (Lehre et al. 1997) failed to detect it. The present results strongly suggest, for the first 
time, the presence of EAAC1 in RPE cells in vitro. EAAC1 is a glutamate transporter found 
in various types of neurons in the retina and in the brain, but also in many types of cells 
outside the CNS (Gegelashvili and Schousboe 1998, Gegelashvili et al. 2001, King et al. 
2001, Novak et al. 2002). EAAC1 is believed to have a quantitatively minor role in glutamate 
uptake in the brain, since GLT and GLAST are the glutamate transporter subtypes found in 
astroglia and are thus mainly responsible for the removal of extracellular glutamate (Danbolt 
2001). Judging from our findings in the RPE, EAAC1 may have a significant role in the 
regulation of glutamate in the distal retina, since GLAST and GLT were not detected in the 
RPE. However, it is important also to bear in mind that e.g. soluble factors in culture medium 
may induce changes in the expression of transporters (Gegelashvili et al. 1997, Plachez et al. 
2000). 
 
Considering the characteristics of the glutamate transporter in the RPE and the location of the 
RPE cell layer, the transporter may have a vital role in normal retinal functions. The 
glutamate concentration in the subretinal space must be precisely controlled to obviate the 
neurotoxicity of glutamate. In this respect, the crucial role of Müller glial cells is noteworthy. 
They are believed to dominate in the total retinal glutamate transport (Rauen and Wiessner 
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2000). If the function of these cells is perturbed, the role of the glutamate transporter in RPE 
cells is particularly important. RPE cells also control the entry of exogenous glutamate from 
the choroidea analogously to the blood-brain barrier. In addition, the glutamate system is 
involved in photoreceptor disc shedding (Greenberger and Besharse 1985, Besharse and 
Defoe 1998). 
 
 
 
2 Effects of tamoxifen and toremifene on the function of glutamate transporter in 

RPE cells 
 
In view of the increased Km of glutamate uptake in the presence of tamoxifen and toremifene 
it is to be concluded that they competitively inhibit glutamate uptake in RPE cells (III). When 
a competitive inhibitor is transportable (substrate inhibitor), it does not abolish the functions 
of the transport mechanism. It may thus foment glutamate release by hetero-exchange, while a 
non-transportable competitive inhibitor only attenuates it (Anderson et al. 2001). One is 
tempted to speculate that tamoxifen acts as a substrate for glutamate transport. The 
extracellular glutamate concentration is elevated by 1) replacement of glutamate as substrate 
and 2) increased glutamate release. This, in turn, would increase the risk of glutamate toxicity. 
Changes in glutamate transport may thus now be envisaged as mechanism related to the 
defects induced by tamoxifen in the retina. However, further studies on the intracellular 
tamoxifen concentration and the efflux of glutamate are needed to clarify the nature of 
competitive inhibition. 
 
In addition to the direct effects of antiestrogens on the glutamate transporter, protein kinase C 
(PKC) -related and estrogen receptor (ER) -mediated effects are possible. PKC is an enzyme 
family which phosphorylates many cellular proteins, probably also glutamate transporters 
(Casado et al. 1993, Pan et al. 1995, Ganel and Crosson 1998, Frank 2002, Bull and Barnett 
2002). However, there is a discrepancy in the reported consequences of PKC activation, 
which has both increased and reduced glutamate uptake in different studies (Dowd and 
Robinson 1996, Gonzalez et al. 1999, Bull and Barnett 2002). Moreover, PKC has also been 
shown to regulate the cell surface expression of glutamate transporter EAAC1 (Davis et al. 
1998). The explanation for these different effects of PKC remains open. It may be cell type-
specific or PKC-isoform-dependent or may vary with the glutamate transporter subtype 
(Dunlop et al. 1999, Gegelashvili et al. 2001). In any case, tamoxifen has been shown to 
inhibit PKC (O'Brian et al. 1985, Bignon et al. 1991), and may thus via PKC prevent the 
activation of glutamate transporter. In pig RPE cells, the PKC inhibitor chelerythrine chloride 
reduces glutamate uptake (Toimela and Tähti 2001), supporting the involvement of the PKC 
pathway. 
 
Since tamoxifen and toremifene are partial agonists/antagonists of the ER, ER–related 
mechanisms should not be overlooked. However, the present results would indicate 
mechanisms unrelated to the ER, since estradiol did not change glutamate uptake in RPE cells 
and only slightly affected the reduction evoked by tamoxifen (IV). Furthermore, the exposure 
time in functional studies was short in view of the ER-mediated effects. Published data on 
estrogen-related neuroprotection and glutamate toxicity are abundant but inconclusive. For 
example, estrogen has enhanced the neurotoxicity of glutamate (Yang et al. 2003) while 
tamoxifen has partially blocked the protective effect of estrogen against excitotoxicity (Kajta 
and Lason 2000). 
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The IC50 values of glutamate uptake for tamoxifen and toremifene were almost identical. 
Tamoxifen has previously been found to inhibit glutamate uptake into synaptosomes with IC50 
of 24 µM (Freund et al. 1995). This concentration is significantly higher than the cytotoxic 
concentration of tamoxifen and toremifene in vitro (Mannerström et al. 2002) and thus not 
comparable to the present values. Tamoxifen and toremifene are pharmacologically and 
structurally fairly similar, but retinal defects have been reported only with tamoxifen 
treatment (Pavlidis et al. 1992). An important reason for this may be the more limited long-
term experience with toremifene compared to that with tamoxifen (Pukkala et al. 2002). The 
present in vitro results suggest that if the tamoxifen-induced changes in glutamate uptake are 
related to retinal defects, toremifene is equally capable of producing these changes. 
Comparing the present data to those from a previous cytotoxicity study (Mannerström et al. 
2002), the changes in glutamate uptake were seen at lower antiestrogen concentrations than 
the reduction in cell viability. This implies that the measurement of glutamate uptake may be 
more sensitive to discern defects than the cell viability test. 
 
 
 
3 Expression of EAAT4 in cell lines and effect of selected compounds on EAAT4 

expression 
 
In addition to what was observed with the RPE cell lines, the detection of EAAT4 in the 
retinoblastoma cell line Y79 supports the conception that EAAT4 is expressed in cells 
possessing a strong capacity to proliferate (II). Previously, this transporter has also been 
detected in a glioma cell line (Gegelashvili et al. 2000). EAAT4 evinces a dual action: it is 
both transporter and chloride channel (Fairman et al. 1995). Speculatively, EAAT4 may be 
thought to affect cell migration and proliferation via the following mechanisms: volume 
regulation by chloride channels affects cell invasiveness (Soroceanu et al. 1999) or EAAT4 
binds to the glutamate transporter associated proteins (GTRAPs), these in turn binding to 
Rho-type GTPases, which affect tumorgenesis (Jackson et al. 2001, Pruitt and Der 2001, 
Boettner and Van 2002). The effects of drug manipulations on the expression of EAAT4 and 
on the proliferation of ARPE-19 cells were studied to ascertain whether proliferation changes 
in the cell lines are directly related to changes in EAAT4 expression. Tamoxifen and RA 
hindered proliferation of ARPE-19 cells, whereas insulin induced it. In spite of proliferation 
changes, the size and intensity of the EAAT4 band was not altered after these exposures (II). 
The constitutively intense expression of EAAT4 was apparently not sensitive to drug 
exposures. The results may be taken to imply post-translational regulation of EAAT4 
influencing e.g. cellular distribution and the presence of this protein at the plasma membrane. 
It would appear that tamoxifen-induced changes in glutamate uptake are attributable to effects 
at the functional level as discussed above (section 2). 
 
 
 
4 Toxicity of tamoxifen, toremifene and chloroquine in vitro 
 
On the basis of the reduced viability of retinoblastoma cells due to antiestrogens, it is 
suggested that these drugs also have a potential in the therapy of tumors other than breast 
cancer. Such a conception is corroborated by various in vitro studies on different tumor cells 
(Treon et al. 1998, Simard et al. 2002, Picariello et al. 2003). Furthermore, the defects seen in 
the primitive neural Y79 cells may reflect the sensitivity of retinal neurons to the toxic effects 
of antiestrogens. There is no experimental evidence on the expression of ER in Y79 cells. 
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However, ER was detected in the retina (Ogueta et al. 1999, Munaut et al. 2001) and thus 
expression in the Y79 cells is also possible. The toxic effects of antiestrogens may involve 
both ER-dependent and -independent mechanisms. It has become clear that besides 
antagonizing ER, tamoxifen has multiple additional effects on tumor cells (Pollack et al. 
1990, Kishino et al. 1997, Treon et al. 1998, Lehenkari et al. 2003). It has, moreover, induced 
apoptosis in both ER-positive and ER-negative cells (Chen et al. 1996, Treon et al. 1998, 
Franke et al. 2003). Since the present EC50 values for the antiestrogens were below 10 µM 
(V), they were within the range of plasma concentrations (2-7 µM) achieved with tamoxifen 
administration (Couldwell et al. 1996). Furthermore, the tissue levels of tamoxifen in drug 
therapy may be more than 10 times higher than the serum levels (Lien et al. 1991). The blood-
brain barrier hinders tamoxifen penetration in the brain (Vertosick et al. 1992), but the barrier 
capacity of the RPE may be less efficient. This would help drug entry into the retina and 
hence increase the risk of toxicity. Such a surmise is corroborated by the finding that 
tamoxifen penetrates intraocular fluids (Flaxel et al. 2000). 
 
In the co-culture of ARPE-19 and Y79 cells, the toxic effect of 600 µM chloroquine on the 
Y79 cells was reduced, suggesting a protective role of the RPE (V). It is not clear why there 
was no similar effect with the lower chloroquine concentrations. The lower sensitivity of the 
ATP test may be one reason here, since there was a marked difference between the EC50 
values in the WST test and in the ATP measurement. The melanin pigment of the RPE is 
noteworthy when considering its protective role. The RPE was found to be a sensitive target 
for chloroquine (Bruinink et al. 1991) and chloroquine has a high affinity for melanin. 
However, conclusions regarding the drug binding to melanin have been inconsistent. It has 
been considered to be on one hand toxicity-increasing and on the other protective (Leblanc et 
al. 1998, Boulton 1998). Furthermore, the sparse pigmentation of the RPE cell line and the 
decreasing melanin content of pig RPE cells due to the several passages may generate 
confusion. In the Y79 cells, the decrease in cell viability was detected at concentrations 
several times higher than the 0.8-2.5 µM serum levels (Augustijns et al. 1992) (V). The EC50 
for chloroquine has previously been found to be substantially lower in pig RPE cells 
(Mannerström et al. 2002) than in Y79 cells. This could be explained by the binding of 
chloroquine to melanin in pig RPE cells or by the more resistant character of the cell lines. In 
any case this would imply that the RPE is a target of the adverse effects of chloroquine. 
Considering the apparent low sensitivity of the retinoblastoma cells, the binding of 
chloroquine to the multidrug resistance protein (MRP) (Vezmar and Georges 1998) may also 
play a role. 
 
 
 
5 Methodological considerations 
 
5.1 Evaluation of drug effects in vitro 
 
The advantage of an in vitro system is the possibility to control the chemical and physical 
environment of the cells studied. On one hand this improves the repeatability of tests and on 
the other enables controlled manipulations and exposures. Most often the aim is to provide 
circumstances for culturing which mimic as well as possible the in vivo environment of a 
specific cell type. Furthermore, in the case of unstable test compounds, these can be replaced 
frequently to stabilize exposure. However, in vitro assays also have essential limitations. To 
date, systemic distribution, binding and metabolism in vivo remain difficult to simulate 
(Freshney 2001). Moreover, the genetic instability of cultured cells, the lack of a tissue 
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microenvironment and the absence of barriers are constitute drawbacks of an in vitro system 
(Freshney 2001). The cultural microenvironment is more adequate in organotypic cultures, 
which reflect the in vivo situation better than cultured single cells (Hoff et al. 1999). Cell-
specific evaluations are naturally compromised with these complex cultures. Co-cultures with 
few selected cell types and the usage of conditioned culture media are notable options 
between cultures of single cell type and organotypic cultures. 
 
 
5.2 Estimation of cellular viability 
 
There is considerable pressure to replace laboratory animals with cell and tissue cultures 
whenever possible when evaluating drug effects. A number of in vitro assays have been 
proposed as alternatives, but the choice of an applicable test for the correct prediction of 
toxicity is difficult. Assay batteries to measure several end points are under development 
(Sina et al. 1995, Bruner et al. 1997). The correlation of cytotoxicity end points with in vivo 
data is often unsatisfactory and more mechanism-based assays are hoped for (Sina et al. 
1995). In the present study, the effects of drugs on the viability of Y79 cells were evaluated 
after 24-h drug exposures, which is a common time point for cytotoxicity tests (Cenni et al. 
1999). The end points of cytotoxicity have been mitochondrial enzyme activity (Mosmann 
1983) and the level of cellular ATP (Richter et al. 1996, Lu et al. 2000). The major 
advantages of cell viability measurements are good reproducibility, simple performance and 
easy handling of data. After 24-h exposures dose-dependent toxic effects were detected in the 
sub-confluent cultures, suggesting that the test is appropriate at least for rough toxicity 
screening. The disadvantage of cell viability assays is the incapability to distinguish between 
cytotoxicity and cytostasis and between metabolic inhibition and cell loss. For example, with 
tamoxifen both cytotoxic and cytostatic actions have been recognized (Etienne et al. 1989). 
Moreover, the type of cell death, apoptotic or necrotic, could only be guessed at. 
Mitochondrial damage and inhibition of ATP synthesis occur in both processes. In fact, these 
two forms of cell death are at present not classified as completely separate processes and 
many mechanisms are involved in the regulation of both (Doble 1999, Proskuryakov et al. 
2003). Interestingly, however, the intracellular ATP content has been suggested to be a 
determinant of the mode of cell death (Richter et al. 1996, Eguchi et al. 1997, Nicotera et al. 
1998). At low ATP levels cell death could thus be due to necrosis, whereas at higher ATP 
concentrations the mechanism could be mostly apoptotic. This inference is based on the 
findings that apoptotic signalling and apoptotic DNA fragmentation are ATP-dependent 
(Eguchi et al. 1997, Leist et al. 1997). 
 
As seen with the glutamate transporter activity and expression, cell lines and cell cultures 
with a limited life span may produce divergent results. Risk is involved in relying on a cell 
line to represent the presumed phenotypes of normal cells. Parallel use of cell lines and 
primary cultures or subcultures of normal cells would increase the reliability of in vitro 
studies. However, in a rough cytotoxicity study, cell lines as a replacement for freshly 
established, time-consuming primary cultures can well be used in the general ranking of 
various compounds. It is of note, that some cell lines such as ARPE-19 retain many 
characteristics of normal RPE cells (Dunn et al. 1996, Dunn et al. 1998, Alizadeh et al. 2001, 
Fan et al. 2002). 
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5.3 Establishment of retinal co-culture 
 
In addition to in vitro studies with single cell types, more complex culture systems such as co-
cultures and organotypic cultures can also be applied (Stacey and Viviani 2001, Tähti et al. 
2003). Co-culture with separate chambers makes it possible to investigate a single cell type 
and, on the other hand, cellular interactions via paracrine secretion through the semipermeable 
filter. There are several filters of this type commercially available. One should consider for 
example pore size, cell attachment on the filter and microscopic examination properties. It 
was possible here to investigate the ARPE-19 cell layer microscopically with the 
polytetrafluoroethylene filter, but the disadvantage was the collagen coating needed for the 
attachment of ARPE-19 cells. The coating and pore size might again affect drug penetration 
through the filter, a conception supported by the results with tamoxifen and the cell-free filter 
(V). 
 
During the past few years, co-cultures have been introduced for different purposes, one of the 
most advanced being the blood-brain barrier model (Cestelli et al. 2001, Gaillard et al. 2001, 
Tähti et al. 2003). RPE cells have a major role as a model of the blood-retinal barrier. 
Apparently it would be possible to develop further the present retinal co-culture for studies on 
the barrier properties. This would require, first of all, evaluation of barrier integrity by means 
of leakage of a fluorescent tracer or by measuring transepithelial resistance (Dunn et al. 1996, 
Gaillard et al. 2001, Tähti et al. 2003). The RPE cell type used should be carefully chosen, 
since ARPE-19 cells have not been reported to have such favorable and fast-developing 
barrier properties (Dunn et al. 1996). Unfortunately, primary cells are also reported to lose 
some of their differentiated features rapidly upon sub-culturing (Grisanti and Guidry 1995, 
Stacey and Viviani 2001). It is in fact, difficult to attain consensus, since the use of primary 
cultures is likewise far from effortless. An additional methodological discrepancy arises from 
the long-lasting tight junction formation (weeks) and from the possible senescence of the RPE 
after prolonged periods in vitro. Furthermore, the lack of nutrients may cause bias in the 
toxicity estimation of investigated compounds if the cell density is high and the culture media 
is not changed frequently enough. 
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SUMMARY AND CONCLUSIONS 
 
 
(1) The glutamate transporter in RPE cells exhibits features of the high-affinity glutamate 

transporter in the CNS. This conclusion is based on functional and expression studies on 
the glutamate transporter in the RPE. Glutamate uptake proved to be a saturable, sodium-
dependent process and β-HA and aspartate were also seen to be substrates of the 
glutamate transporter. Pig RPE cells and both RPE cell lines, D407 and ARPE-19, 
expressed the neuronal glutamate transporter EAAC1. Glutamate transporter EAAT4 was 
detected only in the cell lines, pointing to strong expression of EAAT4 in rapidly 
proliferating cells. In addition, the human RPE cell line D407 exhibited higher uptake 
capacity compared to pig RPE cells. The results suggest that efficient glutamate transport 
in RPE cells may have a vital role in regulating retinal glutamate homeostasis, especially 
if the function of Müller cells in the retina is compromised. Furthermore, the strong 
expression and activity of the glutamate transporter in RPE cell lines may reflect a role in 
cell proliferation and migration. 

 
 
(2) In spite of the robust, cell-line-restricted expression of glutamate transporter EAAT4, 

manipulations of cell line proliferation did not directly alter the expression levels. 
Tamoxifen, retinoic acid and insulin were not capable of changing the total levels of 
EAAT4 in the ARPE-19 cells. This unaltered expression implies the involvement of 
mechanisms independent of protein synthesis in the regulation of EAAT4.  

 
(3) The antiestrogens tamoxifen and toremifene competitively inhibited glutamate uptake in 

pig RPE cells and in the human RPE cell line D407. The inhibitory effect was already 
seen below cytotoxic drug concentrations and was more pronounced in the cell line. Both 
tamoxifen and toremifene seemed to have the same inhibitory potential in glutamate 
uptake. Both also reduced the viability of retinoblastoma Y79 cells, but tamoxifen was 
evidently slightly more toxic to retinoblastoma cells than toremifene. The effect on 
glutamate uptake and cell viability was seen at concentrations presumably attainable in 
tissues during normal drug administration. The results suggest that impairment of 
glutamate uptake may be linked to the tamoxifen-induced retinal defects. 
 
Chloroquine did not affect the glutamate uptake capacity of RPE cells. Furthermore, 
reduction in the viability of retinoblastoma cells was seen at relatively high drug 
concentrations. In the retinal co-culture, modification of the detrimental effect of 
chloroquine was discernible, suggesting a protective role of the RPE. However, the exact 
reason for this reduction remains open. 

 
 
(4) A co-culture was constructed with an ARPE-19 cell line growing on a semipermeable 

filter and Y79 cells growing in the lower chamber. Penetration of the drug through the 
filter, attachment of cells to the filter, and sufficient amounts of nutrients are pivotal 
factors when developing a viable co-culture. If it is sought to ascertain the formation of a 
dense, barrier-like RPE layer on the filter, simple microscopic investigations would not be 
sufficient. 

 38



ACKNOWLEDGEMENTS 
 
 
This study was carried out at the Cell Research Center, Medical School, University of 
Tampere, mainly during the years 1999-2003. It belonged in part to a larger European 
research consortium (Biomed project, BMH4-97-2324) aimed to improve the evaluation of 
oculotoxicity in vitro. My thesis was financially supported by the Tampere Graduate School 
in Biomedicine and Biotechnology, grants from the National Technology Agency of Finland, 
the European Union, the Pirkanmaa Regional Fund of the Finnish Cultural Foundation, the 
Medical Research Fund of Tampere University Hospital, University of Tampere, and the 
Science Foundation of the City of Tampere. This support is cordially acknowledged. 
 
I wish to express my sincere thanks to all my colleagues at the Cell Research Center and the 
Brain Research Center in Tampere, and all the collaborators on the Biomed project. 
In particular, I am grateful to: 
 
My supervisor, Prof. Hanna Tähti, PhD, for encouragement and expert scientific guidance. 
She evoked my interest in in vitro research and has warmly supported me throughout. She 
also gave me a great deal of freedom in my research and provided well-equipped facilities to 
accomplish my work. 
 
My other supervisor, Prof. Lotta Salminen, MD, PhD, Head Coordinator of the Biomed 
project, for her advice and for giving me the possibility to extend my knowledge of retinal 
research within the project. 
 
Prof. Pirjo Saransaari, PhD, for being a careful and constructive co-author and giving me a 
great deal of useful advice, and Prof. Simo S. Oja, MD, PhD, MLL, for helping me in many 
ways (commenting and revising the manuscripts, advising with calculations). Their support 
was especially valuable when I was approaching the September 19th deadline with the 
manuscript of this thesis. 
 
Prof. Georgi Gegelashvili, PhD (Department of Pharmacology, the Danish University of 
Pharmaceutical Sciences, Copenhagen, Denmark), for valuable guidance related to glutamate 
transporters and for expert revision of the latest original contribution. 
 
Prof. Kaija Holli, MD, PhD, Head of the Department of Palliative Medicine, Tampere 
University Hospital, for constant support and endless patience. In addition to the expert 
advice she gives me in my clinical work, she has taught me many things related to research. 
 
Prof. Jari Koistinaho, MD, PhD, and Prof. Hannu Raunio, MD, PhD, for careful review and 
invaluable comments on how to improve this thesis. 
 
My special thanks go to my colleague Ms Marika Mannerström, MSc, for being a close friend 
and an inspiring co-author. In and outside the scientific world she has helped me with much 
good advice. I wish to thank my dear colleague and co-author Ms Tarja Toimela, MSc, for 
introducing me to the basics of cell culturing methodology and being a unique friend all these 
years. 
 
I am deeply grateful to Mrs Paula Helpiölä and Ms Maiju Mallat for their skilful technical 
assistance and for their warm friendship. 

 39



 
I wish to thank Mr Marko Hongisto, Mrs Maija Koskela, Ms Anne Huhtala, DSc(Tech.), and 
Mrs Irma Kakko, PhLic, for their friendship and the interest they have shown in my work. 
 
My friends and colleagues from abroad: Mr András Hermann, PhD, Mr Róbert Dohovics, 
MSc, Mrs Hanna Klinowska, PhD, and Doc. Réka Janáky, MD, for good companionship. 
 
Prof. Timo Ylikomi, MD, PhD, and Mrs Merja Bläuer, PhD, for their help and friendship. 
 
I want to express my gratitude to Mr Robert MacGilleon, MA, for revising the English in this 
thesis and in some original contributions. Further, I am thankful to Ms Virve Kajaste, MA, for 
revision of English in the original papers. 
 
Finally, my heartfelt thanks go to my dear family members. My companion in life Anssi, for 
his love, patience and understanding all through. My mother Leila and my late father Eino for 
continuous encouragement and care, and my brother Tero and his wife Elina for their support. 
 
Tampere, November 9, 2003 
 
 
Hanna Mäenpää 
 

 40



REFERENCES 
 
 
Abe T, Durlu YK and Tamai M (1996): The properties of retinal pigment epithelial cells in 
proliferative vitreoretinopathy compared with cultured retinal pigment epithelial cells. Exp 
Eye Res 63:201-10. 

Alizadeh M, Wada M, Gelfman CM, Handa JT and Hjelmeland LM (2001): Downregulation 
of differentiation specific gene expression by oxidative stress in ARPE-19 cells. Invest 
Ophthalmol Vis Sci 42:2706-13. 

Alwitry A and Gardner I (2002): Tamoxifen maculopathy. Arch Ophthalmol 120:1402. 

Anderson CM, Bridges RJ, Chamberlin AR, Shimamoto K, Yasuda-Kamatani Y and 
Swanson RA (2001): Differing effects of substrate and non-substrate transport inhibitors on 
glutamate uptake reversal. J Neurochem 79:1207-16. 

Arriza JL, Eliasof S, Kavanaugh MP and Amara SG (1997): Excitatory amino acid transporter 
5, a retinal glutamate transporter coupled to a chloride conductance. Proc Natl Acad Sci USA 
94:4155-60. 

Arriza JL, Fairman WA, Wadiche JI, Murdoch GH, Kavanaugh MP and Amara SG (1994): 
Functional comparisons of three glutamate transporter subtypes cloned from human motor 
cortex. J Neurosci 14:5559-69. 

Arundine M and Tymianski M (2003): Molecular mechanisms of calcium-dependent 
neurodegeneration in excitotoxicity. Cell Calcium 34:325-37. 

Augustijns P, Geusens P and Verbeke N (1992): Chloroquine levels in blood during chronic 
treatment of patients with rheumatoid arthritis. Eur J Clin Pharmacol 42:429-33. 

Balls M, Botham PA, Bruner LH and Spielmann H (1995): The EC/HO international 
validation study on alternatives on the Draize eye irritation test. Toxicol In Vitro 9:871-929. 

Benshushan A and Brzezinski A (2002): Hormonal manipulations and breast cancer. Obstet 
Gynecol Surv 57:314-23. 

Bernstein HN (1983): Ophthalmologic considerations and testing in patients receiving long-
term antimalarial therapy. Am J Med 75:25-34. 

Besharse JC and Defoe DM (1998): Role of retinal pigment epithelium in photoreceptor 
membrane turnover. In: The retinal pigment epithelium, pp. 152-72. Eds. MF Marmor and TJ 
Wolfensberger, Oxford University Press, New York. 

Bignon E, Pons M, Dore JC, Gilbert J, Ojasoo T, Miquel JF, Raynaud JP and Crastes dP 
(1991): Influence of di- and tri-phenylethylene estrogen/antiestrogen structure on the 
mechanisms of protein kinase C inhibition and activation as revealed by a multivariate 
analysis. Biochem Pharmacol 42:1373-83. 

Boettner B and VanAelst (2002): The role of Rho GTPases in disease development. Gene 
286:155-74. 

 41



Bok D, Day W and Rodriguez B (1992): Polarized budding of vesicular stomatitis and 
influenza virus from cultured human and bovine retinal pigment epithelium. Exp Eye Res 
55:853-60. 

Boulton M (1998): Melanin and the retinal pigment epithelium. In: The Retinal Pigment 
Epithelium, pp. 68-85. Eds. MF Marmor and TJ Wolfensberger, Oxford University Press, 
New York. 

Bridges CC, Kekuda R, Wang H, Prasad PD, Mehta P, Huang W, Smith SB and Ganapathy V 
(2001): Structure, function, and regulation of human cystine/glutamate transporter in retinal 
pigment epithelial cells. Invest Ophthalmol Vis Sci 42:47-54. 

Bridges RJ, Kavanaugh MP and Chamberlin AR (1999): A pharmacological review of 
competitive inhibitors and substrates of high-affinity, sodium-dependent glutamate transport 
in the central nervous system. Curr Pharm Des 5:363-79. 

Browning DJ (2002): Hydroxychloroquine and chloroquine retinopathy: screening for drug 
toxicity. Am J Ophthalmol 133:649-56. 

Bruinink A, Zimmermann G and Riesen F (1991): Neurotoxic effects of chloroquine in vitro. 
Arch Toxicol 65:480-4. 

Bruner LH, Spira H, Balls M and Hill RN (1997): Perspectives on alternatives to the eye 
irritation test: industry, public interest, government. Food Chem Toxicol 35:165-6. 

Bull ND and Barnett NL (2002): Antagonists of protein kinase C inhibit rat retinal glutamate 
transport activity in situ. J Neurochem 81:472-80. 

Burke JM and Skumatz CM (1998): Autofluorescent inclusions in long-term postconfluent 
cultures of retinal pigment epithelium. Invest Ophthalmol Vis Sci 39:1478-86. 

Burke JM, Skumatz CM, Irving PE and McKay BS (1996): Phenotypic heterogeneity of 
retinal pigment epithelial cells in vitro and in situ. Exp Eye Res 62:63-73. 

Butchbach ME, Lai L and Lin CL (2002): Molecular cloning, gene structure, expression 
profile and functional characterization of the mouse glutamate transporter (EAAT3) 
interacting protein GTRAP3-18. Gene 292:81-90. 

Campochiaro PA, Hackett SF and Conway BP (1991): Retinoic acid promotes density-
dependent growth arrest in human retinal pigment epithelial cells. Invest Ophthalmol Vis Sci 
32:65-72. 

Casado M, Bendahan A, Zafra F, Danbolt NC, Aragon C, Gimenez C and Kanner BI (1993): 
Phosphorylation and modulation of brain glutamate transporters by protein kinase C. J Biol 
Chem 268:27313-7. 

Cenni E, Ciapetti G, Granchi D, Arciola CR, Savarino L, Stea S, Montanaro L and 
Pizzoferrato A (1999): Established cell lines and primary cultures in testing medical devices 
in vitro. Toxicol In Vitro 13:801-10. 

Cervetto L and MacNichol EF (1972): Inactivation of horizontal cells in turtle retina by 
glutamate and aspartate. Science 178:767-8. 

 42



Cestelli A, Catania C, Agostino S, Licata L, Schiera G, Pitarresi GL, Savettieri G, De Cupis I, 
Giandalia G and Giannola LI (2001): Functional feature of a novel model of blood brain 
barrier: studies on permeation of test compounds. J Control Release 76:139-47. 

Chen H, Tritton TR, Kenny N, Absher M and Chiu JF (1996): Tamoxifen induces TGF-beta 1 
activity and apoptosis of human MCF-7 breast cancer cells in vitro. J Cell Biochem 61:9-17. 

Chen S, Samuel W, Fariss RN, Duncan T, Kutty RK and Wiggert B (2003): Differentiation of 
human retinal pigment epithelial cells into neuronal phenotype by N-(4-
hydroxyphenyl)retinamide. J Neurochem 84:972-81. 

Choi DW (1992): Excitotoxic cell death. J Neurobiol 23:1261-76. 

Copenhagen DR and Jahr CE (1989): Release of endogenous excitatory amino acids from 
turtle photoreceptors. Nature 341:536-9. 

Couldwell WT, Hinton DR, Surnock AA, DeGiorgio CM, Weiner LP, Apuzzo ML, Masri L, 
Law RE and Weiss MH (1996): Treatment of recurrent malignant gliomas with chronic oral 
high-dose tamoxifen. Clin Cancer Res 2:619-22. 

Curren RD and Harbell JW (1998): In vitro alternatives for ocular irritation. Environ Health 
Perspect 106, Suppl 2:485-92. 

Custodio JB, Almeida LM and Madeira VM (1993): The anticancer drug tamoxifen induces 
changes in the physical properties of model and native membranes. Biochim Biophys Acta 
1150:123-9. 

Cyr M, Thibault C, Morissette M, Landry M and Paolo T (2001): Estrogen-like activity  
of tamoxifen and raloxifene on NMDA receptor binding and expression of its subunits in 
rat brain. Neuropsychopharmacology 25:242-57. 

Danbolt NC (2001): Glutamate uptake. Prog Neurobiol 65:1-105. 

Davis AA, Bernstein PS, Bok D, Turner J, Nachtigal M and Hunt RC (1995): A human retinal 
pigment epithelial cell line that retains epithelial characteristics after prolonged culture. Invest 
Ophthalmol Vis Sci 36:955-64. 

Davis KE, Straff DJ, Weinstein EA, Bannerman PG, Correale DM, Rothstein JD and 
Robinson MB (1998): Multiple signaling pathways regulate cell surface expression and 
activity of the excitatory amino acid carrier 1 subtype of Glu transporter in C6 glioma. J 
Neurosci 18:2475-85. 

De Cupis A, Schettini G and Favoni RE (1999): New vs old fashioned oestradiol antagonists 
in mammary carcinoma: in vitro and in vivo pharmacological approaches. Pharmacol Res 
39:335-44. 

Derouiche A and Rauen T (1995): Coincidence of L-glutamate/L-aspartate transporter 
(GLAST) and glutamine synthetase (GS) immunoreactions in retinal glia: evidence for 
coupling of GLAST and GS in transmitter clearance. J Neurosci Res 42:131-43. 

Doble A (1999): The role of excitotoxicity in neurodegenerative disease: implications for 
therapy. Pharmacol Ther 81:163-221. 

 43



Dowd LA and Robinson MB (1996): Rapid stimulation of EAAC1-mediated Na+-dependent 
L-glutamate transport activity in C6 glioma cells by phorbol ester. J Neurochem 67:508-16. 

Dowling JE and Ripps H (1972): Adaptation in skate photoreceptors. J Gen Physiol 60:698-
719. 

Drexler HG, Matsuo AY and MacLeod AF (2000): Continuous hematopoietic cell lines as 
model systems for leukemia-lymphoma research. Leuk Res 24:881-911. 

Duan S, Anderson CM, Stein BA and Swanson RA (1999): Glutamate induces rapid 
upregulation of astrocyte glutamate transport and cell-surface expression of GLAST. J 
Neurosci 19:10193-200. 

Dunlop J, Lou Z and McIlvain HB (1999): Properties of excitatory amino acid transport in the 
human U373 astrocytoma cell line. Brain Res 839:235-42. 

Dunn KC, Aotaki-Keen AE, Putkey FR and Hjelmeland LM (1996): ARPE-19, a human 
retinal pigment epithelial cell line with differentiated properties. Exp Eye Res 62:155-69. 

Dunn KC, Marmorstein AD, Bonilha VL, Rodriguez-Boulan E, Giordano F and Hjelmeland 
LM (1998): Use of the ARPE-19 cell line as a model of RPE polarity: basolateral secretion of 
FGF5. Invest Ophthalmol Vis Sci 39:2744-9. 

Eguchi Y, Shimizu S and Tsujimoto Y (1997): Intracellular ATP levels determine cell death 
fate by apoptosis or necrosis. Cancer Res 57:1835-40. 

Eisenbrand G, Pool Z, Baker V, Balls M, Blaauboer BJ, Boobis A, Carere A, Kevekordes S, 
Lhuguenot JC, Pieters R and Kleiner J (2002): Methods of in vitro toxicology. Food Chem 
Toxicol 40:193-236. 

Engelke M, Tykhonova S, Zorn K and Diehl H (2002): Tamoxifen induces changes in the 
lipid composition of the retinal pigment epithelium cell line d407. Pharmacol Toxicol 91:13-
21. 

Etienne MC, Milano G, Fischel JL, Frenay M, Francois E, Formento JL, Gioanni J and Namer 
M (1989): Tamoxifen metabolism: pharmacokinetic and in vitro study. Br J Cancer 60:30-5. 

Fairman WA, Vandenberg RJ, Arriza JL, Kavanaugh MP and Amara SG (1995): An 
excitatory amino-acid transporter with properties of a ligand-gated chloride channel. Nature 
375:599-603. 

Fan W, Zheng JJ, Peiper SC and McLaughlin BJ (2002): Changes in gene expression of 
ARPE-19 cells in response to vitreous treatment. Ophthalmic Res 34:357-65. 

Ferro M and Doyle A (2001): Standardisation for in vitro toxicity tests. Cell Biol Toxicol 
17:205-12. 

Flaxel CJ, Mulholland B, Haynes B and Gregor ZJ (2000): Intraocular penetration of 
tamoxifen. Ophthalmology 107:2006-9. 

Frank RN (2002): Potential new medical therapies for diabetic retinopathy: protein kinase C 
inhibitors. Am J Ophthalmol 133:693-8. 

 44



Franke HR, Kole S, Ciftci Z, Haanen C and Vermes I (2003): In vitro effects of estradiol, 
dydrogesterone, tamoxifen and cyclophosphamide on proliferation vs. death in human breast 
cancer cells. Cancer Lett 190:113-8. 

Freshney I (2001): Application of cell cultures to toxicology. Cell Biol Toxicol 17:213-30. 

Freund WD, Grieshop B, Neumann U and Reddig S (1995): Glutamate-induced calcium 
responses in rat primary cortical cultures are potentiated by co-administration of glutamate 
transport inhibitors. Neurosci Lett 188:61-4. 

Gaillard PJ, Voorwinden LH, Nielsen JL, Ivanov A, Atsumi R, Engman H, Ringbom C, de 
Boer AG and Breimer DD (2001): Establishment and functional characterization of an in vitro 
model of the blood-brain barrier, comprising a co-culture of brain capillary endothelial cells 
and astrocytes. Eur J Pharmac Sci 12:215-22. 

Ganel R and Crosson CE (1998): Modulation of human glutamate transporter activity by 
phorbol ester. J Neurochem 70:993-1000. 

Gegelashvili G and Schousboe A (1997): High affinity glutamate transporters: regulation of 
expression and activity. Mol Pharmacol 52:6-15. 

Gegelashvili G and Schousboe A (1998): Cellular distribution and kinetic properties of high-
affinity glutamate transporters. Brain Res Bull 45:233-8. 

Gegelashvili G, Danbolt NC and Schousboe A (1997): Neuronal soluble factors differentially 
regulate the expression of the GLT1 and GLAST glutamate transporters in cultured astroglia. 
J Neurochem 69:2612-5. 

Gegelashvili G, Dehnes Y, Danbolt NC and Schousboe A (2000): The high-affinity glutamate 
transporters GLT1, GLAST, and EAAT4 are regulated via different signalling mechanisms. 
Neurochem Int 37:163-70. 

Gegelashvili G, Robinson MB, Trotti D and Rauen T (2001): Regulation of glutamate 
transporters in health and disease. Prog Brain Res 132:267-86. 

Goldman L and Preston RH (1957): Reactions to chloroquine observed during the treatment 
of various dermatologic disorders. Am J Trop Med Hyg 6:654. 

Gonzalez MI, Lopez C and Ortega A (1999): Sodium-dependent glutamate transport in 
Müller glial cells: regulation by phorbol esters. Brain Res 831:140-5. 

Greenberger LM and Besharse JC (1985): Stimulation of photoreceptor disc shedding and 
pigment epithelial phagocytosis by glutamate, aspartate, and other amino acids. J Comp 
Neurol 239:361-72. 

Grisanti S and Guidry C (1995): Transdifferentiation of retinal pigment epithelial cells from 
epithelial to mesenchymal phenotype. Invest Ophthalmol Vis Sci 36:391-405. 

Hertz L, Dringen R, Schousboe A and Robinson SR (1999): Astrocytes: glutamate producers 
for neurons. J Neurosci Res 57:417-28. 

 45



Hinton DR, He S, Jin ML, Barron E and Ryan SJ (2002): Novel growth factors involved in 
the pathogenesis of proliferative vitreoretinopathy. Eye 16:422-8. 

Hirsimäki P, Aaltonen A and Mäntylä E (2002): Toxicity of antiestrogens. Breast J 8:92-6. 

Hiscott P and Sheridan CM (1998): The retinal pigment epithelium, epiretinal membrane 
formation, and proliferative vitreoretinopathy. In: The Retinal Pigment Epithelium, pp. 478-
91. Eds. MF Marmor and TJ Wolfensberger, Oxford University Press, New York. 

Hjelmeland LM, Cristofolo VJ, Funk W, Rakoczy E and Katz ML (1999): Senescence of the 
retinal pigment epithelium. Mol Vis 5:33-37. 

Hoff A, Hämmerle H and Schlosshauer (1999): Organotypic culture system of chicken retina. 
Brain Res Protocols 4:237-248. 

Holli K (2002): Tamoxifen versus toremifene in the adjuvant treatment of breast cancer. Eur J 
Cancer 38 Suppl 6:S37-S38. 

Holli K, Valavaara R, Blanco G, Kataja V, Hietanen P, Flander M, Pukkala E and Joensuu H 
(2000): Safety and efficacy results of a randomized trial comparing adjuvant toremifene and 
tamoxifen in postmenopausal patients with node-positive breast cancer. Finnish Breast Cancer 
Group. J Clin Oncol 18:3487-94. 

Ientile R, Macaione V, Teletta M, Pedale S, Torre V and Macaione S (2001): Apoptosis and 
necrosis occurring in excitotoxic cell death in isolated chick embryo retina. J Neurochem 
79:71-8. 

Imperia PS, Lazarus HM and Lass JH (1989): Ocular complications of systemic cancer 
chemotherapy. Surv Ophthalmol 34:209-30. 

Izumi Y, Shimamoto K, Benz AM, Hammerman SB, Olney JW and Zorumski CF (2002): 
Glutamate transporters and retinal excitotoxicity. Glia 39:58-68. 

Jackson M, Song W, Liu MY, Jin L, Dykes H, Lin CI, Bowers WJ, Federoff HJ, Sternweis 
PC and Rothstein JD (2001): Modulation of the neuronal glutamate transporter EAAT4 by 
two interacting proteins. Nature 410:89-93. 

Jan CR, Cheng JS, Chou KJ, Wang SP, Lee KC, Tang KY, Tseng LL and Chiang HT (2000): 
Dual effect of tamoxifen, an anti-breast-cancer drug, on intracellular Ca2+ and cytotoxicity in 
intact cells. Toxicol Appl Pharmacol 168:58-63. 

Janssen JJ, Kuhlmann ED, van Vugt AH, Winkens HJ, Janssen BP, Deutman AF and 
Driessen CA (2000): Retinoic acid delays transcription of human retinal pigment 
neuroepithelium marker genes in ARPE-19 cells. Neuroreport 11:1571-9. 

Kaiser K, Kupfer C and Rodrigues MM (1981): Tamoxifen retinopathy. A clinicopathologic 
report. Ophthalmology 88:89-93. 

Kajta M and Lason W (2000): Oestrogen effects on kainate-induced toxicity in primary 
cultures of rat cortical neurons. Acta Neurobiol Exp (Warsz) 60:365-9. 

 46



Kärki A, Mäntylä E, Hirsimäki Y, Karlsson S, Toikkanen S and Hirsimäki P (2000): 
Comparison of the effects of tamoxifen and toremifene on rat hepatocarcinogenesis. Arch 
Toxicol 74:249-56. 

Kellner U, Kraus H and Foerster MH (2000): Multifocal ERG in chloroquine retinopathy: 
regional variance of retinal dysfunction. Graefes Arch Clin Exp Ophthalmol 238:94-7. 

King N, Williams H, McGivan JD and Suleiman MS (2001): Characteristics of L-aspartate 
transport and expression of EAAC-1 in sarcolemmal vesicles and isolated cells from rat heart. 
Cardiovasc Res 52:84-94. 

Kishino T, Watanabe M, Kimura M and Sugawara I (1997): Anti-proliferative effect of 
toremifene and tamoxifen on estrogen receptor-lacking anaplastic thyroid carcinoma cell 
lines. Biol Pharm Bull 20:1257-60. 

Lazzaroni F, Scorolli L, Pizzoleo CF, Savini G, De N, Giosa F and Meduri RA (1998): 
Tamoxifen retinopathy: does it really exist? Graefes Arch Clin Exp Ophthalmol 236:669-73. 

Leblanc B, Jezequel S, Davies T, Hanton G and Taradach C (1998): Binding of drugs to eye 
melanin is not predictive of ocular toxicity. Regul Toxicol Pharmacol 28:124-32. 

Lee SC, Kwon OW, Seong GJ, Kim SH, Ahn JE and Kay ED (2001): Epitheliomesenchymal 
transdifferentiation of cultured RPE cells. Ophthalmic Res 33:80-6. 

Lehenkari P, Parikka V, Rautiala TJ, Weckström M, Dahllund J, Härkönen PL and Väänänen 
HK (2003): The effects of tamoxifen and toremifene on bone cells involve changes in plasma 
membrane ion conductance. J Bone Miner Res 18:473-81. 

Lehre KP, Davanger S and Danbolt NC (1997): Localization of the glutamate transporter 
protein GLAST in rat retina. Brain Res 744:129-37. 

Leist M, Single B, Castoldi AF, Kuhnle S and Nicotera P (1997): Intracellular adenosine 
triphosphate (ATP) concentration: a switch in the decision between apoptosis and necrosis. J 
Exp Med 185:1481-6. 

Li Q and Puro DG (2002): Diabetes-induced dysfunction of the glutamate transporter in 
retinal Müller cells. Invest Ophthalmol Vis Sci 43:3109-16. 

Lien EA and Lønning PE (2000): Selective oestrogen receptor modifiers (SERMs) and breast 
cancer therapy. Cancer Treat Rev 26:205-27. 

Lien EA, Solheim E and Ueland PM (1991): Distribution of tamoxifen and its metabolites in 
rat and human tissues during steady-state treatment. Cancer Res 51:4837-44. 

Lin CI, Orlov I, Ruggiero AM, Dykes H, Lee A, Jackson M and Rothstein JD (2001): 
Modulation of the neuronal glutamate transporter EAAC1 by the interacting protein 
GTRAP3-18. Nature 410:84-8. 

Lopes MC, Vale MG and Carvalho AP (1990): Ca2+-dependent binding of tamoxifen to 
calmodulin isolated from bovine brain. Cancer Res 50:2753-8. 

Louekari K (1996): In vitro toxicology and test guidelines. ATLA 24:435-8. 

 47



Lu X, Errington J, Chen VJ, Curtin NJ, Boddy AV and Newell DR (2000): Cellular ATP 
depletion by LY309887 as a predictor of growth inhibition in human tumor cell lines. Clin 
Cancer Res 6:271-7. 

Lucas DR and Newhouse JP (1957): The toxic activity of sodium-L-glutamate on the inner 
layers of the retina. Arch Ophthalmol 58:193-201. 

Luo X, Lambrou GN, Sahel JA and Hicks D (2001): Hypoglycemia induces general neuronal 
death, whereas hypoxia and glutamate transport blockade lead to selective retinal ganglion 
cell death in vitro. Invest Ophthalmol Vis Sci 42:2695-705. 

Mäenpää J, Holli K and Pasanen T (2000): Toremifene. where do we stand? Eur J Cancer 36 
Suppl 4:S61-S62. 

Mandlekar S and Kong AN (2001): Mechanisms of tamoxifen-induced apoptosis. Apoptosis 
6:469-77. 

Mannerström M, Mäenpää H, Toimela T, Salminen L and Tähti H (2001): The phagocytosis 
of rod outer segments is inhibited by selected drugs in retinal pigment epithelial cell cultures. 
Pharmacol Toxicol  88:27-33. 

Mannerström M, Zorn-Kruppa M, Diehl H, Engelke M, Toimela T, Mäenpää H, Huhtala A, 
Uusitalo H, Salminen L, Pappas P, Marselos M, Mäntylä M, Mäntylä E and Tähti H (2002): 
Evaluation of the cytotoxicity of selected systemic and intravitreally dosed drugs in the 
cultures of human retinal pigment epithelial cell line and of pig primary retinal pigment 
epithelial cells. Toxicol In Vitro 16:193-200. 

Marmor MF (1998): Control of subretinal fluid and mechanisms of serous detachment. In: 
The Retinal Pigment Epithelium, pp. 420-38. Eds. MF Marmor and TJ Wolfensberger, 
Oxford University Press, New York. 

Massey SC (1990): Cell types using glutamate as a neurotransmitter in the vertebrate retina. 
In: Progress in Retinal Research, pp. 399-426. Eds. N Osborne and G Chader, Pergamon, 
Oxford. 

Mather JP and Roberts PE (1998): Introduction to Cell and Tissue Culture - Theory and 
Technique. Plenum Press, New York, USA. 

Matsumoto B, Guerin CJ and Anderson DH (1990): Cytoskeletal redifferentiation of feline, 
monkey, and human RPE cells in culture. Invest Ophthalmol Vis Sci 31:879-89. 

Miyamoto Y and Del Monte MA (1994): Na+-dependent glutamate transporter in human 
retinal pigment epithelial cells. Invest Ophthalmol Vis Sci 35:3589-98. 

Mosinger Ogilvie J, Speck J, Lett J and Fleming T (1999): A reliable method for organ 
culture of neonatal mouse retina with long-term survival. J Neurosci Methods 87:57-65. 

Mosmann T (1983): Rapid colorimetric assay for cellular growth and survival: application to 
proliferation and cytotoxicity assays. J Immunol Methods 65:55-63. 

Munaut C, Lambert V, Noel A, Frankenne F, Deprez M, Foidart JM and Rakic JM (2001): 
Presence of oestrogen receptor type beta in human retina. Br J Ophthalmol 85:877-82. 

 48



Murphy TL, Sakamoto T, Hinton DR, Spee C, Gundimeda U, Soriano D, Gopalakrishna R 
and Ryan SJ (1995): Migration of retinal pigment epithelium cells in vitro is regulated by 
protein kinase C. Exp Eye Res 60:683-95. 

Naskar R, Vorwerk CK and Dreyer EB (2000): Concurrent downregulation of a glutamate 
transporter and receptor in glaucoma. Invest Ophthalmol Vis Sci 41:1940-4. 

Nicotera P, Leist M and Ferrando M (1998): Intracellular ATP, a switch in the decision 
between apoptosis and necrosis. Toxicol Lett 102-103:139-42. 

Novak D, Beveridge M and Verlander R (2002): Rat Erythrocytes Express the Anionic 
Amino Acid Transport Protein EAAC1. Blood Cells Mol Dis 29:261-6. 

O'Brian CA, Liskamp RM, Solomon DH and Weinstein IB (1985): Inhibition of protein 
kinase C by tamoxifen. Cancer Res 45:2462-5. 

Ogueta SB, Schwartz SD, Yamashita CK and Farber DB (1999): Estrogen receptor in the 
human eye: influence of gender and age on gene expression. Invest Ophthalmol Vis Sci 
40:1906-11. 

Olney JW (1982): The toxic effects of glutamate and related compounds in the retina and the 
brain. Retina 2:341-59. 

Pan M, Wasa M and Souba WW (1995): Protein kinase C activation inhibits glutamate 
transport by endothelial cells. J Surg Res 58:630-5. 

Pavlidis NA, Petris C, Briassoulis E, Klouvas G, Psilas C, Rempapis J and Petroutsos G 
(1992): Clear evidence that long-term, low-dose tamoxifen treatment can induce ocular 
toxicity. A prospective study of 63 patients. Cancer 69:2961-4. 

Picariello L, Fiorelli G, Martineti V, Tognarini I, Pampaloni B, Tonelli F and Brandi ML 
(2003): Growth response of colon cancer cell lines to selective estrogen receptor modulators. 
Anticancer Res 23:2419-24. 

Pinzon-Duarte G, Kohler K, Arango-Gonzalez B and Guenther E (2000): Cell differentiation, 
synaptogenesis, and influence of the retinal pigment epithelium in a rat neonatal organotypic 
retina culture. Vision Res 40:3455-3465. 

Plachez C, Danbolt NC and Recasens M (2000): Transient expression of the glial glutamate 
transporters GLAST and GLT in hippocampal neurons in primary culture. J Neurosci Res 
59:587-93. 

Pollack IF, Randall MS, Kristofik MP, Kelly RH, Selker RG and Vertosick FT (1990): Effect 
of tamoxifen on DNA synthesis and proliferation of human malignant glioma lines in vitro. 
Cancer Res 50:7134-8. 

Pow DV (2001): Amino acids and their transporters in the retina. Neurochem Int 38:463-84. 

Pow DV, Barnett NL and Penfold P (2000): Are neuronal transporters relevant in retinal 
glutamate homeostasis? Neurochem Int 37:191-8. 

 49



Proskuryakov SY, Konoplyannikov AG and Gabai VL (2003): Necrosis: a specific form of 
programmed cell death? Exp Cell Res 283:1-16. 

Pruitt K and Der CJ (2001): Ras and Rho regulation of the cell cycle and oncogenesis. Cancer 
Lett 171:1-10. 

Pukkala E, Kyyrönen P, Sankila R and Holli K (2002): Tamoxifen and toremifene treatment 
of breast cancer and risk of subsequent endometrial cancer: a population-based case-control 
study. Int J Cancer 100:337-41. 

Rang HP, Dale MM and Ritter JM (1999): Pharmacology. Churchill Livingstone, Edinburgh. 

Rauen T (2000): Diversity of glutamate transporter expression and function in the mammalian 
retina. Amino Acids 19:53-62. 

Rauen T and Wiessner M (2000): Fine tuning of glutamate uptake and degradation in glial 
cells: common transcriptional regulation of GLAST1 and GS. Neurochem Int 37:179-89. 

Rauen T, Rothstein JD and Wassle H (1996): Differential expression of three glutamate 
transporter subtypes in the rat retina. Cell Tissue Res 286:325-36. 

Rauen T, Taylor WR, Kuhlbrodt K and Wiessner M (1998): High-affinity glutamate 
transporters in the rat retina: a major role of the glial glutamate transporter GLAST-1 in 
transmitter clearance. Cell Tissue Res 291:19-31. 

Reid TW, Albert DM, Rabson AS, Russell P, Craft J, Chu EW, Tralka TS and Wilcox JL 
(1974): Characteristics of an established cell line of retinoblastoma. J Natl Cancer Inst 
53:347-60. 

Richter C, Schweizer M, Cossarizza A and Franceschi C (1996): Control of apoptosis by the 
cellular ATP level. FEBS Lett 378:107-10. 

Rosenthal AR, Kolb H, Bergsma D, Huxsoll D and Hopkins JL (1978): Chloroquine 
retinopathy in the rhesus monkey. Invest Ophthalmol Vis Sci 17:1158-75. 

Sahebgharani M, Hardy SP, Lloyd AW, Hunter AC and Allen MC (2001): Volume-activated 
chloride currents in HeLa cells are blocked by tamoxifen but not by a membrane impermeant 
quaternary analogue. Cell Physiol Biochem 11:99-104. 

Salceda R and Saldana MR (1993): Glutamate and taurine uptake by retinal pigment 
epithelium during rat development. Comp Biochem Physiol C 104:311-6. 

Sambruy Y, Ferruzza S, Ranaldi G and De A (2001): Intestinal cell culture models: 
applications in toxicology and pharmacology. Cell Biol Toxicol 17:301-17. 

Schraermeyer U, Peters S, Thumann G, Kociok N and Heimann K (1999): Melanin granules 
of retinal pigment epithelium are connected with the lysosomal degradation pathway. Exp 
Eye Res 68:237-45. 

Schwartz Z, Sylvia VL, Guinee T, Dean DD and Boyan BD (2002): Tamoxifen elicits its anti-
estrogen effects in growth plate chondrocytes by inhibiting protein kinase C. J Steroid 
Biochem Mol Biol 80:401-10. 

 50



Sherry DM and Townes A (2000): Rapid glutamatergic alterations in the neural retina 
induced by retinal detachment. Invest Ophthalmol Vis Sci 41:2779-90. 

Simard M, Zhang W, Hinton DR, Chen TC, Weiss MH, Su YZ, Gopalakrishna R, Law RE 
and Couldwell WT (2002): Tamoxifen-induced growth arrest and apoptosis in pituitary tumor 
cells in vitro via a protein kinase C-independent pathway. Cancer Lett 185:131-8. 

Sina JF, Galer DM, Sussman RG, Gautheron PD, Sargent EV, Leong B, Shah PV, Curren RD 
and Miller K (1995): A collaborative evaluation of seven alternatives to the Draize eye 
irritation test using pharmaceutical intermediates. Fundam Appl Toxicol 26:20-31. 

Soroceanu L, Manning TJ and Sontheimer H (1999): Modulation of glioma cell migration and 
invasion using Cl(-) and K(+) ion channel blockers. J Neurosci 19:5942-54. 

Stacey G and MacDonald C (2001): Immortalisation of primary cells. Cell Biol Toxicol 
17:231-46. 

Stacey G and Viviani B (2001): Cell culture models for neurotoxicology. Cell Biol Toxicol 
17:319-34. 

Stroeva OG and Mitashov VI (1983): Retinal pigment epithelium: proliferation and 
differentiation during development and regeneration. Int Rev Cytol 83:221-93. 

Tähti H, Nevala H and Toimela T (2003): Refining in vitro neurotoxicity testing - the 
development of blood-brain barrier models. ATLA 31:273-6. 

Toimela T, Salminen L and Tähti H (1998): Effects of tamoxifen, toremifene and chloroquine 
on the lysosomal enzymes in cultured retinal pigment epithelial cells. Pharmacol Toxicol 
83:246-51. 

Toimela TA and Tähti H (2001): Effects of mercuric chloride exposure on the glutamate 
uptake by cultured retinal pigment epithelial cells. Toxicol In Vitro 15:7-12. 

Tominaga T, Yoshida Y, Matsumoto A, Hayashi K and Kosaki G (1993): Effects of 
tamoxifen and the derivative (TAT) on cell cycle of MCF-7 in vitro. Anticancer Res 13:661-
5. 

Treon SP, Teoh G, Urashima M, Ogata A, Chauhan D, Webb IJ and Anderson KC (1998): 
Anti-estrogens induce apoptosis of multiple myeloma cells. Blood 92:1749-57. 

Uchida N, Kiuchi Y, Miyamoto K, Uchida J, Tobe T, Tomita M, Shioda S, Nakai Y, Koide R 
and Oguchi K (1998): Glutamate-stimulated proliferation of rat retinal pigment epithelial 
cells. Eur J Pharmacol 343:265-73. 

Uebersax ED, Grindstaff RD and Defoe DM (2000): Survival of the retinal pigment 
epithelium in vitro: comparison of freshly isolated and subcultured cells. Exp Eye Res 
70:381-90. 

Unger RE, Krump K, Peters K and Kirkpatrick CJ (2002): In vitro expression of the 
endothelial phenotype: comparative study of primary isolated cells and cell lines, including 
the novel cell line HPMEC-ST1.6R. Microvasc Res 64:384-97. 

 51



Vertosick FT, Selker RG, Pollack IF and Arena V (1992): The treatment of intracranial 
malignant gliomas using orally administered tamoxifen therapy: preliminary results in a series 
of "failed" patients. Neurosurgery  30:897-902. 

Vezmar M and Georges E (1998): Direct binding of chloroquine to the multidrug resistance 
protein (MRP): possible role for MRP in chloroquine drug transport and resistance in tumor 
cells. Biochem Pharmacol 56:733-42. 

Vorwerk CK, Lipton SA, Zurakowski D, Hyman BT, Sabel BA and Dreyer EB (1996): 
Chronic low-dose glutamate is toxic to retinal ganglion cells. Toxicity blocked by memantine. 
Invest Ophthalmol Vis Sci 37:1618-24. 

Vorwerk CK, Naskar R, Schuettauf F, Quinto K, Zurakowski D, Gochenauer G, Robinson 
MB, Mackler SA and Dreyer EB (2000): Depression of retinal glutamate transporter function 
leads to elevated intravitreal glutamate levels and ganglion cell death. Invest Ophthalmol Vis 
Sci 41:3615-21. 

Warhurst DC, Steele JC, Adagu IS, Craig JC and Cullander C (2003): Hydroxychloroquine is 
much less active than chloroquine against chloroquine-resistant Plasmodium falciparum, in 
agreement with its physicochemical properties. J Antimicrob Chemother 52:188-93. 

Wiessner M, Fletcher EL, Fischer F and Rauen T (2002): Localization and possible function 
of the glutamate transporter, EAAC1, in the rat retina. Cell Tissue Res 310:31-40. 

Winkler J, Hagelstein S, Rohde M, Laqua H (2002): Cellular and cytoskeletal dynamics 
within organ cultures of porcine neuroretina. Exp Eye Res 74:777-788. 

Wolfensberger TJ (1998): Toxicology of the retinal pigment epithelium. In: The Retinal 
Pigment Epithelium, pp. 621-41. Eds. MF Marmor and TJ Wolfensberger, Oxford University 
Press, New York. 

Wu SM and Maple BR (1998): Amino acid neurotransmitters in the retina: a functional 
overview. Vision Res 38:1371-84. 

Yang RC, Shih HC, Hsu HK, Chang HC and Hsu C (2003): Estradiol enhances the 
neurotoxicity of glutamate in GT1-7 cells through an estrogen receptor-dependent 
mechanism. Neurotoxicology 24:65-73. 

Yanyali AC, Freund KB, Sorenson JA, Slakter JS and Wheatley HM (2001): Tamoxifen 
retinopathy in a male patient. Am J Ophthalmol 131:386-7. 

Zerangue N and Kavanaugh MP (1996): Flux coupling in a neuronal glutamate transporter. 
Nature 383:634-7. 

Zhang JJ, Jacob TJ, Valverde MA, Hardy SP, Mintenig GM, Sepulveda FV, Gill DR, Hyde 
SC, Trezise AE and Higgins CF (1994): Tamoxifen blocks chloride channels. A possible 
mechanism for cataract formation. J Clin Invest 94:1690-7. 

 
 

 52



 53

 
 
 
 
 
 
 
 
 
 
 
 
 
 

ORIGINAL PUBLICATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Permission from the Publisher: 
 
Blackwell Publishing Ltd (I, III) 
Swets & Zeitlinger Publishers (II) 
FRAME (IV) 
Kluwer Academic/Plenum Publishers (V) 
 
 


	To Anssi
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	
	
	
	Mäenpää H, Saransaari P and Tähti H \(2003\)�




	ABBREVIATIONS
	ABSTRACT
	INTRODUCTION
	REVIEW OF THE LITERATURE
	Retinal pigment epithelium (RPE)
	General features of RPE in vivo and in vitro
	RPE and proliferative vitreoretinopathy

	Glutamate in the retina
	Neurotransmitter and toxic agent
	Some other roles of glutamate in the retina

	Glutamate transporters
	General features and subtypes of glutamate transporters
	Glutamate transporter subtypes in the retina
	Regulation of glutamate transporters
	Role of glutamate transporters in retinal diseases

	Investigated drugs
	Antiestrogens tamoxifen and toremifene
	Chloroquine

	Primary cultures, cell lines and organotypic cultures
	Evaluation of toxicity in vitro: general considerations
	AIMS OF THE STUDY
	MATERIALS AND METHODS
	Cell cultures
	Pig RPE culture (I-IV)
	Human RPE cell lines ARPE-19 and D407 and retinoblastoma cell line Y79 (I-III, V)
	Retinal co-culture (V)

	Glutamate uptake assays (I, III, IV)
	Western blot analysis (II)
	Immunocytochemistry (II)
	Cell viability tests: WST-1 and cellular ATP measurement (V)
	Protein measurement (I-IV)
	Data analysis and calculations (I, III-V)
	RESULTS
	Glutamate transport in pig RPE cells and human RPE cell lines
	Kinetic properties of glutamate uptake (I, III)
	Expression of glutamate transporter subtypes (II)

	Effects of antiestrogens on glutamate uptake in RPE cells (I, III-IV)
	Effects of proliferation modulators on morphology and EAAT4 expression in ARPE-19 cells (II)
	Expression of glutamate transporter in retinoblastoma cells (II)
	Toxicity of drugs in retinoblastoma cultures (V)
	Toxicity studies in retinal co-cultures (V)
	DISCUSSION
	Glutamate transporter in RPE cells in vitro
	Effects of tamoxifen and toremifene on the function of glutamate transporter in RPE cells
	Expression of EAAT4 in cell lines and effect of selected compounds on EAAT4 expression
	Toxicity of tamoxifen, toremifene and chloroquine in vitro
	Methodological considerations
	Evaluation of drug effects in vitro
	Estimation of cellular viability
	Establishment of retinal co-culture

	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES
	ORIGINAL PUBLICATIONS



