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1. This study demonstrated that the modification of calcium concentrations ([Ca2+])
could severely affect the viability of human retinal pigment epithelial (ARPE19) cells.
2. Pharmacological agents with varying mechanisms of action: verapamil (VP),
diltiazem (DIL), caffeine (CF), papaverine (PA), forskolin (FSK), ryanodine (RYN),
thapsigargin (THG), and cyclosporin A (CysA) were used to evaluate the effect of
modifying cytosolic Ca2+ on the viability of ARPE19 cells. The difference in cell
proliferations under different treatments was performed using 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Ca2+-imaging was used to
determine the changes in intracellular Ca2+ levels ([Ca2+]i) over 5 min of drug
treatments. 3. Amongst the agents tested, PA, RYN, and THG actually increased the
total number of cells initially on Day 1. However, apart from PA, all caused
significant reduction of cell viability by Day 5. Variable [Ca2+]i levels in the cells
were obtained with significant rises in the presence of DIL, CF, PA, FSK, and CysA.
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Verapamil, RYN, and THG caused a rise in [Ca2+]i, but the effect was not significant.
4. The present study showed that the APRE19 cells were very sensitive to the Ca2+
homeostasis. It is possible that other ocular cells may also display such vulnerability.
Therefore, clinically used pharmacological agents that are known to affect Ca2+ must
be treated with caution.

31

Key Words:

Calcium; Cell viability; Cytotoxicity; Retinal pigment epithelial cells.

32

INTRODUCTION

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Calcium (Ca2+) homeostasis plays an important role in the normal physiology and
viability of cells (1). The activation of caspase 3 (2), which can be used as an indicator
of apoptosis, and its connection with Ca2+ have been extensively reviewed (3,4). Thus
far there is ample evidence that support the initial Ca2+ overload (5 –9) and an ultimate
increase in caspase activity (5,8 –14) as key candidates in apoptosis in a number of
cell types.
Other factors that are also important in apoptosis are mitochondrial membrane
depolarization and cytochrome c release (5,711,12,14 – 17), activations of adenylate and
guanylate cyclases (18), and activation of inositol triphosphate (IP3) (19,20). However,
these mechanisms all involved Ca2+ within the apoptotic pathway, suggesting that the
manipulation of which could pose significant changes to the viability of cells.
The manipulations of membrane Ca2+ channels (L-type calcium channels), the
intracellular endo/sarcoplasmic Ca2+ channels (ryanodine receptors mediate Ca2+ induced Ca2+ release), and up or down regulations of second messengers may reduce or
enhance apoptosis-related stress expressions. Indeed, there have been studies that
demonstrate the involvement of L-type Ca2+ channels in photoreceptor apoptosis
(21 – 24). Calcium channel blockers, verapamil, and diltiazem (21,24,25) have been used
to halt or control apoptosis. Approaches to better understanding of the control of
apoptosis in the eye by controlling the rise in Ca2+ as well as other means have been
reviewed (26). It is clear that Ca2+ plays a pivotal role in ocular health.
The present study aimed to demonstrate that the human pigment epithelial cells,
ARPE19 cells, were sensitive to the changes in Ca2+ homeostasis with the use of drugs
that are known to affect the Ca2+ levels via a variety of mechanisms. Furthermore, we
aimed to show that the changes of Ca2+ could be responsible for ocular cell death.
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MATERIALS AND METHODS
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Cell Culture
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Human retinal pigment epithelial cells (ARPE19) were purchased from American
Type Culture Collection (ATCC, Manassas, VA). The ARPE19 is a spontaneously
arising retinal pigment epithelial cell line derived from the normal eyes of a 19-yearold male who died from head trauma. These cells were subjected to selective
trypsinization for the first four passages to remove superficial cells before passaging the
cuboidal basal layer. By passage 5, the cultures appeared to be rapidly growing retinal
pigment epithelial cells, which would form cobblestone monolayers (27). Cell culture
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reagents, fetal bovine serum, and chemicals were purchased from GIBCO (Rockville,
MD), and containers were purchased from Corning (Acton, MA). Human ARPE19
cells, within 17– 21 passages from the time of purchase, were maintained in 1:1
mixture of Dulbecco’s modified Eagle’s and HAMS F12 medium containing 3 mM
L-glutamine supplemented with 10% fetal bovine serum and antibiotic mixtures of
100 units/mL penicillin G and 100 mg/mL streptomycin sulphate. Cell suspensions with
a cell volume of 5000 cells/mL were seeded onto 24-well tissue culture plastics. After
overnight incubation at 37°C and in an environment containing 95% O2/5% CO2, the
seeded cells were washed gently with phosphate buffered saline to remove cell debris
before fresh culture medium was reintroduced. These cells were reincubated in fresh
culture medium for at least 1 hour before use.
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The Pharmacological Study
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A number of pharmacological agents, all within the known physiologically active
concentrations (see below), were used to determine the effect of altering Ca2+ levels on
cell viability. These drugs were chosen as they target different Ca2+ sites within the cell.

81

Calcium Channel Blockers
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Ca2+ channel blocker, verapamil (VP, 1 mM), and diltiazem (DIL, 1 mM) were used
to target Ca2+ pores directly and thus reduce Ca2+ entry. Sterile distilled water was
used to make the stocks of both VP and DIL. Subsequent dilutions were made with
culture medium.
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Elevation of Cyclic Adenosine Monophosphate
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The level of cyclic adenosine monophosphate (cAMP) was increased by using
phosphodiesterase inhibitors (papaverine, PA, 10 mM; caffeine, CF, 1 mM) or by
activating the adenylate cyclase (forskolin, FSK, 10 mM). Caffeine (1,3,7-trimethylxanthine) also affects Ca2+ levels by depleting Ca2+ from intracellular stores. Both PA and
CF were made by dissolving directly in culture medium, and the stock of FSK was made
with dimethylsulfoxide (DMSO). Subsequent dilutions were made with culture medium.
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Direct Acting on the Intracellular Ca 2+ Store Receptors
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Ryanodine (RYN, 5 mM) was used to directly regulate the intracellular Ca2+ levels
via receptor-operated channels on the endoplasmic reticulum. Thapsigargin (THG,
5 mM) was used as an IP3-independent intracellular Ca2+ releaser and induced
mitochondrial permeability transition. Both RYN and THG were made with DMSO and
subsequent dilutions with culture medium.

99

Mitochondrial Permeability Transition Pore Inhibitor

100
Cyclosporin A (CysA, 5 mM) was used to inhibit the mitochondrial membrane.
101 The stock of CysA was made with absolute ethanol and subsequent dilutions with
102 culture medium.
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The experimental design consisted of two groups: normal growth in the absence of
any drug (control group) and the growth of cells in the presence of one of the above
agents. These single concentrations of the above agents were determined from the
available literature. These concentrations were believed to be physiologically active.
Corresponding drugs at the concentrations stated above were added into the
medium of the ARPE19 cell cultures (Day 0). After 24 hours (Day 1), these cells were
washed and the amount of cell proliferation was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were washed with
phosphate buffered saline (PBS). The MTT at 0.5 mg/mL in serum-free medium was
added to the culture and incubated for 3 hours. Formazan extraction was performed
using isopropanol and the quantity determined colorimetrically using NanoDropTM at
l = 570 nm with the correction of interference at 690 nm in triplicate and five
individual samples per group. The effects of these drugs on the viability of the ARPE19
cells and proliferation were also determined on Day 5 after the initial exposure.
Appropriate vehicle controls were also performed. Vehicles of the equivalent
concentrations of the drugs used were added at the same time as the drugs themselves.
These vehicles include (0.01% or 0.1%) ethanol and (0.2% or 0.5%) DMSO.
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Calcium Measurements
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Intracellular Ca2+ ([Ca2+]i) changes were measured using calcium-sensitive
fluorescent dye, Fura-2. Cells were grown for 2 days on coverslips before being
incubated for 30 min in medium containing the lipophilic, acetymethylester (AM) form
of the dye. Coverslips bearing Fura-2-loaded cells were then mounted in a heated
chamber (Warner Instrument, Hamden, CT) attached to the stage of an inverted
microscope (Nikon TE300, Tokyo, Japan). The cells were superfused with KrebsHenseleit (KH) solution containing (in mM) NaCl 117, KCl 4.7, MgSO4 1.2, KH2PO4,
NaHCO3 24.8, CaCl2 2.56, D-glucose 11.1 and then continuously bubbled with 95%
O2/5% CO2 to maintain the pH at 7.4. The various drugs were then added into the
chamber and mixed by simple diffusion. Fura-2 fluorescence ratios (excitation
wavelength 340 nm and 380 nm; emission wavelength > 510 nm) were recorded from
the average of five to eight cells at 1 Hz (PTI Ratio-Master fluorescence system,
Photon Technology International, Lawrenceville, NJ, USA). This allows changes in
[Ca2+]i to be monitored using standard, microspectrofluorimetric techniques. Increase in
[Ca2+]i was quantified by measuring the fluorescence ratio at the peak of a response
and subtracting from it the ratio measured before stimulation. For the calcium-imaging
study, the excitation light source was provided by a multiwavelength illuminator
(Polychrome IV, TILL Photonics, Gräfelfing, Germany). The emitted fluorescence was
collected using a digital cooled CCD camera (Quantix, Photometrics, Tucson, AZ,
USA). Images were digitized and analyzed using MetaFluor V.6.0 (Universal Imaging
Corporation, Downingtown, PA, USA).

142

Measurements and Data Analysis

143
The results were obtained as units of absorbance of MTT at 570 nm ± SD.
144 However, as the cells were not originated from a single pool of ARPE19, the change in
145 absorbance was converted to a percentage of growth at a particular time point and in a
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Figure 1. The percentage cell growth of APRE19 in the absence or presence of VP (a), DIL (b),
CF (c), PA (d), FSK (e), RYN (f), THG (g), and CysA (h) on Day 1 (filled) and Day 5 (stripes). As
the cells did not originate from a single pool of ARPE19, the change in absorbance was converted
to a percentage of growth at a particular time point and in a particular condition by dividing the
MTT absorbance of cells under the treatment of a drug by the absorbance obtained on Day 1 under
control normal growth (i.e., absorbance in the absence or presence of a drug on a particular
measured time pointabsorbance of the control on Day 1  100%). As such, the absorbance
reading of the cells on Day 1 was taken as 100% in all cases. The results generally show that
alteration of Ca2+ homeostasis can severely reduce the viability of cells. It appeared that changes to
cellular physiology with PA, RYN, and THG for the short term actually enhanced cell
proliferations. The results are expressed as % ± SD of change in growth vs. that observed on
Day 1, which is considered to be 100%. The results were analyzed using ANOVA and n = 5 in all.
(*P < 0.05, **P < 0.01, ***P < 0.001; significant reduction in cell number compared with the
corresponding control. xxP < 0.01; significant increase in cell number compared with the
corresponding control.) (View this art in color at www.dekker.com.)
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particular condition by dividing the MTT absorbance of cells under the treatment of a
drug by the absorbance obtained on Day 1 under control normal growth (i.e.,
absorbance in the absence or presence of a drug on a particular measured time
pointabsorbance of the control on Day 1  100%). As such, the absorbance reading
of the cells on Day 1 was taken as 100% in all cases. The relative difference between
controls and drug-treated groups were analyzed using analysis of variance (ANOVA).
In calcium-imaging experiments, the changes in intensity were plotted against the
average Fura-2 ratios ± SD of five or more cells. The Fura-2 ratio at 0 min was taken
as the background [Ca2+]i before the addition of drugs. Fura 2 ratios at 0 min and
 1 min (i.e., after the drug has been added) were compared using Student’s t-test.

156

RESULTS

157

Viability Assay

158
The present study demonstrated that changes in different aspects of Ca2+ levels
159 could have a profound effect on the viability of the ARPE19 cells. These changes were
160 brought about by the use of drugs that affect Ca2+ via different mechanisms.
161

Ca 2+ Channel Blockers

162
Verapamil (1 mM) and DIL (1 mM) had no effect on cell viability on Day 1, but
163 significant reductions of cells treated with these drugs were seen by Day 5 (Fig. 1a
164 and 1b), which meant that a relatively long period of Ca2+ channel blockade might
165 be harmful to cells.
166

Elevation of cAMP

167
Both CF (1 mM, Fig. 1c) and FSK (10 mM, Fig. 1e) caused significant reductions
168 in viability of cells on Day 5. Although the result of PA (Fig. 1d) was not significant,
169 there was a small reduction in cell number on Day 5. Papaverine seemed to be able to
170 promote cell growth if the cells were only being exposed to it for one day.
171

Drugs that Act on Ca 2+ Stores

172
Ryanodine (5 mM, Fig. 1f) at this concentration can block Ca2+ release from stores.
173 There was a promotion of cell proliferation on Day 1 followed by a significant
174 reduction in the viability of cells on Day 5. Thapsigargin (5 mM, Fig. 1g), an IP3175 independent intracellular Ca2+ releaser, has the same profile of effects as RYN.
176

Mitochondrial Permeability Transition Pore Inhibitor

177
Cyclosporin A (5 mM, Fig. 1h) inhibited the membrane permeability of the
178 mitochondria. Significant reductions were detected on both Day 1 and Day 5.

120030170_CUS_23_00_R2_022304

Calcium Levels and Necrosis

7

Figure 2. Five-min continuous Fura-2 ratio measurements of an average of five ARPE19 cells
(a) exposed to VP (b), DIL (c), CF (d), PA (e), FSK (f), RYN (g), THG (h), and CysA (i). Ca2+
images at 0 min and 5 min are shown. The continuous Fura-2 ratio was also given to illustrate the
progressive changes upon the presence of different drugs over this 5-min period. The drug was
added at 1 min of recording. During this recorded period, the [Ca2+]i was affected by the presence
of the above agents to variable degrees. Within this short period of detection, changes of the [Ca2+]i
were the most rapid with DIL, CF, PA, FSK, and CysA. (View this art in color at www.dekker.com.)
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Calcium Measurements
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The Fura-2 ratio, given by the relative difference between 340/380 nm
fluorescence, was used to reflect the change in the [Ca2+]i (Fig. 2). Compared with
their corresponding control measurements taken at 0 min, DIL (Fig. 2c), CF (Fig. 2d),
PA (Fig. 2e), FSK (Fig. 2f), and CysA (Fig. 2i) significantly increased [Ca2+]i.
However, compared with the normal [Ca2+]i fluctuation observed in Fig. 2a, there was
a general rise in [Ca2+]i. Although this change in [Ca2+]i was not significant with VP
(Fig. 2b), RYN (Fig. 2g), and THG (Fig. 2h), it does show that there is a general
upward trend in the [Ca2+]i. In certain cases, the extent of Ca2+ changes of these agents
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Figure 2. Five-min continuous Fura-2 ratio measurements of an average of five ARPE19 cells
(a) exposed to VP (b), DIL (c), CF (d), PA (e), FSK (f), RYN (g), THG (h), and CysA (i). Ca2+
images at 0 min and 5 min are shown. The continuous Fura-2 ratio was also given to illustrate
the progressive changes upon the presence of different drugs over this 5-min period. The drug
was added at 1 min of recording. During this recorded period, the [Ca2+]i was affected by the
presence of the above agents to variable degrees. Within this short period of detection, changes
of the [Ca2+]i were the most rapid with DIL, CF, PA, FSK, and CysA. (Continued).

188 reflects the viability results showing that the [Ca2+]i of different groups was indeed
189 altered within this short space of time.

190

DISCUSSION

191
The influence of Ca2+ on cellular physiology is complex. Among many processes,
192 the Ca2+ levels can be affected by the property of membrane Ca2+ channels,
193 intracellular second messengers, calcium stores, and the related Ca2+-induced Ca2+
194 release with a number of drugs. The present study used a variety of agents that are
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Figure 2. (Continued ).
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known to affect [Ca2+]i via different mechanisms of action, showing that the alteration
of the physiological [Ca2+]i can have a profound effect on the viability of cells.
When Ca2+ channel blockers alone were in contact with the APRE19 cells by
the end of Day 5, the number of viable cells remaining reduced. It is possible that
the prolonged reduction and continued absence of Ca2+ entry can adversely affect the
energy production of cells leading to more unnecessary stress. Indeed, there is evidence
showing that the reduction of cytosolic Ca2+ can affect the mitochondrial function,
and this disruption of mitochondrial Ca2+ homeostasis can lead to cellular toxicity
(15,16,28 –30).
Similarly, the increase in intracellular cAMP concentration with CF (a
phosphodiesterease inhibitor/deplete calcium) and FSK (activation of adenylate cyclase)
caused reductions in cell numbers by Day 5. Papaverine (a phosphodiesterase inhibitor)
actually increased the number of cells on Day 1. The mere fact that CF is a Ca2+
releaser/decalcifier may be enough to exacerbate the extent of necrosis of the ARPE19
cells by elevating the cytosolic Ca2+ concentration momentarily. It is well known that
the activation of cAMP will reduce Ca2+ influx across the plasma membrane or inhibit
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Ca2+ release from Ca2+ stores. Further, inhibition of phosphodiesterase, which
hydrolyzes cAMP, will cause the accumulation of cAMP (31). Papaverine, when used
alone, showed cellular protective ability on Day 1, which might have been due to its
Ca2+ blocking ability as well as reduced Ca2+ overload. Although it seems that
reducing Ca2+ will improve viability, it is very much dependent on the duration of
exposure much like what was observed with VP and DIL.
Ryanodine and THG at the concentrations used have been shown to activate the
ryanodine receptor and trigger an IP3-independent Ca2+ mobilization from stores,
respectively (32,33). The toxic mechanism of RYN is mainly due to mitochondrial
swelling (34) and the function of THG is based on activating the mitochondrial
permeability transition and releasing Ca2+ from the mitochondrial matrix Ca2+-binding
sites (35,36). The use of these drugs on the ARPE19 cells simply substantiated the fact
that excess cytosolic Ca2+ in cells could increase necrosis or osmotic lysis and the
importance of mitochondrial functions in cellular health.
Cyclosparin A, which acts by inhibiting the mitochondrial permeability transition
pore, has recently been found to be safe and useful in a number of ocular ailments such
as superior limbic keratoconjunctivitis and pediatric keratoplasty (37,38). Although
CysA has been shown to have a protective effect against Ca2+-induced apoptosis of the
rod photoreceptor (6), it has also been shown that CysA may contribute to the
development of steroid-induced cataract (39). The present study clearly indicated that
CysA has a negative effect on cell viability. Since the available evidence suggests that
CysA could be beneficial as well as toxic, clinical use must be viewed with caution.
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CONCLUSIONS
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It seems clear that modification of Ca2+ directly with Ca2+ channel blockers or
indirectly by affecting the Ca2+ stores, second messenger systems, or other intracellular
structures can affect the physiological state of the cell. The results suggest that changes
in [Ca2+]i via a number of mechanisms can cause cell necrosis. The data in the present
study simply imply that the presence of these chosen agents can severely affect the
viability of cells, and this in turn reduces the number of cell proliferations per unit
time. This shows that retinal pigment epithelial cells are very sensitive to the changes
of Ca2+ homeostasis, judging by the viability assay and the elevated [Ca2+]i, further
illustrating that [Ca2+]i is responsible for eventual cell necrosis. In the eye, a number of
pharmacological agents are used to treat a variety of ocular ailments. Considering that
the retinal epithelial cells in this study show such a sensitive change to their viability,
clinically used pharmacological agents that are known to affect Ca2+ must be treated
with caution. As found with RYN and THG, even agents that demonstrate growth
promotional effect at an early stage of administration may well cause severe
cytotoxicity at a later stage following prolonged use.
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