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Chinese hamster ovary (CHO) cells and 'I'24 human bladder transitional carcinoma cells were treated with the photoscnsitizers 
alum;bum phthalocyanine (AIPe) and hematoporphyrin derivative (HPD), respectively. Exposure of both sensitized cell lines to 
red light caused an immediate increase of cytoplasmic free calcium, [Ca2* ]i, reaching a peak within 5-15 rain after exposure and 
then returning to basal level (~ 200 nM). The level of the peak [Ca2+]i depended on the light flucnce, reaching a maximum of 
800-1000 nM at light doses that kill about 90% of the cells. Loading the cells with the intracellular calcium chelators quin2 or 
BAPTA prior to light exposure enhanced cell killing. This indicates that increased [Ca2+] i after photodynamic therapy (PDT) 
contributed to survivability of the treated cells by triggering a cellular rescue response. The results of experiments with 
calcium-free buffer and calcium chelators indicate that both in CHO cells treated with AIPc and with HPD-PDT of T24 cells 
extracellular Ca 2+ influx is mainly responsible for elevated [Ca2+] i. PDT is unique in triggering a cell rescue process via elevated 
[Ca2+]i . Other cytotoxic agents, e.g., a20  2, produce sustained increase of [Ca2+]i that is involved in the pathological processes 
leading to cell death. 

Introduction 

The use of the photosensitizer Photofrin R and red 
light for the treatment of various forms of cancer is 
termed photodynamic therapy (PDT) and is now in 
phase II1 clinical trials [1]. Second generation sensitiz. 
ers for PDT are being studied in order to overcome the 
shortcomings of Photofrin [2]. Phthalocyanines are effi- 
cient photosensitizers in experimental PDT and are 
about to enter phase ! clinical trials [3,4], The molecu- 
lar and cellular mechanisms by which these sensitizers 
cause cytotoxieity are largely unknown. To improve the 
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efficacy of PDT it is of the utmost importance to 
understand its biochemical background. Cytotoxicity 
depends, among other factors, on the presence of 
ox'vgen [5--7]. Oxygen is thought to mediate damage in 
critical targets via singlet oxygen and probably other 
reactive oxygen species [8,9]. 

Cytotoxicity induced by various xenobiotics appear  
to involve elevated [Ca2+]i in many cases [10,11]. A 
causal relationship is usually deduced from cytoprotec- 
lion by calcium chelators that can permeate the cell 
membrane, e.g., quin2/AM [12]. Sustained increase of 
[Ca2+], could lead to cell death by various pathways: 
perturbation of cytoskeletal organization, activation of 
degradative enzymes (phospholipases, proteases and 
endonucleases) and impaired mitochondrial function 
[11]. Recently, a transient increase of [Ca2+]i was ob- 
served following AIPc-PDT [13]. However, a causal 
relationship with cell killing was not established in this 
case. 

The pnrpose of this study was to establish a role for 
elevated [Ca2+], in PDT-induced cytotoxicity and to 
characterize the [CaZ+] i changes in 2 cell lines using 
HPD and AIPc. Unexpectedly, [Ca2+]i chelators en- 
hanced cell killing in both cases, indicating that the 
[Ca2+], transient after PDT has a protective role. This 
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is the first report to demonstrate such a role for a 
transient elevation of [Ca2+]i. 

MaterJals and Meth,~ds 

Chemicals. Aluminum phthalocyanine chloride 
(AIPe) (MW 574.97) was obtained from Eastman Ko- 
dak, Rochester, NY, and was stored as a stock solution 
of 1 mM in dimethylformamide at room temperature. 
HPD was from Paisley Biochemicals, Paisley, UK and 
was stored as a stock solution (5 mg/ml )  in saline at 
-20°C.  Fura-2/AM, verapamil, qu in2 /AM and the 
ionophore A23187 were purchased from Sigma, St 
Louis, MO, USA. B A P T A / A M  was from Molecular 
Probes, Eugene, OR, USA. The calcium reagents were 
stored as stock solutions of 2 mM in DMSO at -20°C.  
Radioactive 45CACI2 (70.3 MBq/ml)  was obtained from 
Amersham, Amersham, UK. All other chemicals were 
of analytical grade. 

Cell culture. Chinese hamster ovary cells, clone K1, 
ATCC number CCL61 and human bladder transitional 
carcinoma cells clone T24, ATCC number HTB4, were 
grown attached to plastic petri dishes in HAM's FI0 
medium, supplemented with 15% newboni calf serum, 
in a humidified atmosphere containing 5% CO 2 at 
37°C. 

Cell surviual. Chinese hamster cells were plated in 5 
cm dishes in appropriate numbers (200-20000) to ob- 
tain 100-200 colonies after treatment. After 4 h AIPc 
was added and incubation continued tbr 2 11. This time 
of incubation insured maximal photosensitization. The 
medium was then replaced with 2 ml DPBS and the 
cells were exposed to I~ght. Growth medium was added 
back and incubation continued for 7 days. Colonies 
were then stained and counted. T24 cells were incu- 
bated with 1 0 / t g / m l  HPD in DPBS for 1 h at 37°C 
prior to light exposure. After the treatment the cells 
were trypsinized, plated (400 cells/dish) and incubated 
10 days for colony formation [14]. Triplicate plates 
were used for each datum point. Standard errors were 
less then 10%. 

Light exposure. Cells loaded with AIPc were illumi- 
nated with a slide projector equipped with a 150 W 
quartz halogen light bulb. The light was filtered by a 
cut-off filter (A > 605 nm). The incident fluence rate, 
measured in this wavelength region, was 120 W / m  2. 
HPD-treated cells were exposed to red light (20 W / m  2) 
from a 500 W halogen lamp filtered by a cut-off filter 
(A > 590 nm) and a 1-cm thick circulating water layer 
to avoid hyperthermia effects. 

[Co 2 ~]~ measurement. Assay of [Ca 2 + ]i was as previ- 
ously described [15], with some modifications. Cells 
w e r e  loaded w[~.h fura-2/AM at room temperature by 
addition into the growth medium at 2 /~M for 30 rain 
before measurement of fluorescence. Prior to the assay 
the cells (106 cehs /5  cm dish) were rinsed three times 

with DPBS and suspended in 3 ml DPBS by scraping 
with a rubber policeman. Fluorescence of the cell 
suspension was measured in an Aminco SPF 500 spec- 
trofluorometer at two excitation wavelengths, 340 nm 
and 385 nm, with emission measured at 505 nm. The 
ratio F34o/F3s s was used to calculate [Ca2+]i as de- 
scribed by Grynkiewiez et al. [16]. This ratio was eor- 
l ~ t z d  for the absorbance of the sensitizers in this 
region. 

In control experiments it was shown that both the 
fluorescence of fura-2 and of fura-2/Ca was not influ- 
enced by photodynamic effects. The calcium chelators 
had no effect on the photodynamic potention of the 
sensitizers, as measured by the oxygen consumption in 
the presence of either histidine or tryptophan. 

Ca-uptake. After photodynamic treatment the buffer 
was replaced by culture medium containing 1 p.Ci 
45Ca/ml. Uptake was terminated by washing the cells 
five times with ice-cold buffer, containing 140 mM 
NaCI, 4.5 mM KCI, 1 mM MgCl2, 10 mM glucose, 5 
mM Hepes and 10 mM LaCl 3 (pH 7.4) [17]. Thereafter 
the cells were scraped off in DPBS. An aliquot of  the 
suspension was diluted with Packard Scintillator 299 TM 

and the radioactivity was determined with a Packard 
T':i-Carb 4000 scintillation counter. 

Protein. Protein was determined according to Lowry 
et al. [18]. 

Results  

Fig. l shows the cha,~ges in [Ca2+]i as a function of 
time after AlPc-PDT in Chinese hamster cells. An 
immediate increase in [Ca2+]i was observed reaching a 
peak at about 4 rain. The magnitude of increase was 
light fluence dependent. Maximal response occurred 
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Elks. I. Changes in [Ca 2* ]i in CHO cells incubated for 2 h with 1 p.M 
AIPc. Control, unilluminaled cells, o;  cells illuminated for 5 s, A; 15 

s, eand 45 s, I .  
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Fig. 2. Changes in [Ca 2+ li in CHO cells incubated for 2 h with 1 p.M 
AIPc and then exposed to 45 s red light. Control, no additional 
trealments, O; 0.5 mM EGTA added to growth medium after illumi- 
nation, e; 20 #M verapamil added for 30 rain prior to and after 

illumination, • ;  5 mM NaF during illumination only, &. 

after 45 s of illumination (Fig. 1). Higher light flucnces 
caused no further increase of [Ca2+]i. The time at 
which [Ca 2 + ]i levels returned to basal values increased 
from about 15 rain after 5 s of light exposure to about 2 
h after 45 s of illumination (not shown). To determine 
if influx of external Ca 2+ was the source of elevated 
[Ca2*]i after AIPc-PDT, cells were incubated after 
PDT with 0.5 mM EGTA to chelate external calcium. 
Under these conditions EGTA reduces external cal- 
cium to 80 nM [17]. Also incubation with 20 /zM 
verapamii waz done, to block calcium channels. At this 
concentration verapamil protects against CaZ+-related 
cell death [19]. Both treatments caused some reduction 
of [Ca:*]i but did not eliminate the response (Fig. 2). 
No rise in [CaZ+]i could be observed however, when 
after illumination the cells were covered with DPBS 
containing 1 mM EGTA ([Ca2+] i < 1 nM). Fig. 2 also 
shows that 5 r.lM NaF, which protects against eytotoxi- 
city induced by AlPe-PDT [13], did not prevent the 
transient increase of [CaZ+]i. From Fig. 3 it is clear 
that the uptake rate of calciut~ from the medium was 
decreased after AIPc-PDT. 

To test whether elevated [Ca2+]i is involved in pho- 
totoxieity the cells were loaded with either one of the 
Ca 2+ chelators quirt2 or BAPTA prior to light expo- 
sure. Loading is done using the ester form (AM) of the 
chelators, which can freely permeate the plasma mem- 
brane. The ester is rapidly hydrolyzed in the cytoplasm 
to the free acid that chelates calcium. The hydrolyzed 
chelators are trapped inside the celh The results show 
that neither quin2 nor BAPTA protected against cell 
killing. On the contrary, both enhanced it considerably 
(Fig. 4), changing the LD~o from an illumination time 
of 45 s to about 25 s. Reduction of external calcium by 
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Fig. 3. Uptake of 4SCa 2+ by CHO cells before (o) and after 45 s of 
AIPc-PDT (e) as a function of time. 

EGTA (Fig. 4) or blocking calcium channels with vera- 
pamil (not shown) did not affect cell survival. Further 
correlation between the [Ca2+]i transient and cell sur- 
vival was obtained by analyzing the kinetics of the 
disappearance of the sensitizing effect of BAPTA/AM 
(Fig. 5). In this experiment BAPTA/AM was added at 
various times after illumination. The results show that 
cells regained their normal response to AIPc-PDT at a 
fast rate, comparable to the chr.uges in [Ca'*]i . Since it 
may ,take up to 10 min for BAPTA to reach intra- 
cellular level~ sufficient to chelete all [Ca2+]i [20], the 
curve in Fig.5 should be displaced 10 rain to the right 
to reflect this fact. 

To test whether the protective effect o f  calcium was 
a peculiarity for  AIPc-photosensitized CHO cells, simi- 
lar experiments were performed with HPD-sensitized 
T24 cells. This system mimics the clinical situation 
more closely as T24 is a line o f  bladder carcinoma, 
which is being treated by PDT in the clinic, and HPD 
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Light exposure (see) 
Fig. 4. Survival of CHO cells incubated for 2 h with 0.5 #M AIPc and 
then exposed to led light. Control, no additional treatments, o; l0 
p.M qain2/AM for 1 h prior to illumination, e; 10/~M BAPTA/AM 
fur I h prior to illumination, II; 0.5 mM EGTA for 2 h during and 

after illumination, a .  
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Fig. 5. Survival of CHO :ells incubated for 2 h with 0.5 p,M AIPc and 
then exposed for 30 s to red light to). BAPTA/AM (10 /zM) was 
added for I h before light exposure (zero time) or at various times 
after illumination, as indicated. "r~e ~rlzr, nlal line (o) indicates 

survival of cells irradiated, but not treated with BAPTA/AM. 

is the only clinically approved sensitizer. A transient  
increase in [Ca2+]~ immediately a t ter  i l luminat ion is 
shown in Fig. 6. [Ca2+]i reached a maximum after  10 
rain light exposure and decreased to contro! level after 
prolonged i l lumination times. The initial concentrat ion 
of less than 200 nM increased to about 500 riM. The  
changes in [Ca2+] i as ~ function of t ime after light 
exposure are shown in Fig. 7. A dose-dependent  in- 
crease was observed, reaching a maximum at 15 rain 
rnO_st-Pr~T. After  2 h incubation in growth medium the 
[CaZ+]~ was reduced to control levels of less than 200 
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Fig. 6. DOSe response of [Ca 2. ]i changes after HPD-PDT in T24 
cells. Cells were incubated with HPD and exposed to light as 
described in Materials and Methods. Immedla~ely after the indicated 

light exposures the level of [Ca =* ]i was measured. 
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Fig. 7. Kinetics of [Ca2+]i changes after HPD-PDT in T24 cells. 
Cells were incubated with HPD and then exposed to various light 
fluences. The level of [Ca 2+ ]i was measured at various times after 
light exposure. Dark control, o; 5 min light, &; 10 min light, e; 15 

rain light, II. 

nM. In Fig. 8 the involvement of increased [Ca2+]i 
levels in cell survival after  HPD-PDT is depicted. 
Loading the ceil~ with q u i n 2 / A M  prior  to light expo- 
sure enhanced cell killing. The L D ~  dropped from an 
i l lumination t ime of 13 min to 9 rain. A comparable  
enhancement  of cytotoxicity was measured  when the 
cells were pre- incubated with 20 p,M of the calcium 
channel  blocker verapamil  or when 0.5 mM E G T A  was 
added for a period of 6 h subsequent  to light exposure 
(Fig. 8). The calcium ionophore A23187 at 5 /~M 
protected T24 cell against  cytotoxicity of HPD-PDT.  

Fig. 9 shows that  in C H O  cells t rea ted with H 2 0  2 
the kinetics of [Ca2*]i changes are quite different than 
those observed after  PDT. [Ca2+] i was increased in a 
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Fig. 8. Survival of T24 cells heated with HPD-PDT. Drug and light 
treatments were as described in Materials and Methods. Control, no 
additional treatments, o; cells incubated with l0 p.M quin2/AM for 
I h prior to light exposure, e; cells incubated with 0.5 mM EGTA for 
6 h during and after light exposure, a; cells incubated for I h with 5 

#M A23187 prior to light exposure, &. 
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Fig. 9 Changes in [Ca2÷]i in CHO cells treated with HeO 2. Cells 
were incubated with 750 #M 01,) or 500 p.M HeO 2 (A) for I I1. 
( Cae+ )i was measured at various times after treatment, as described 

in Materials and Methods. 

dose-dependent manner and sustained for a at least 3 
h. Addition of B A P T A / A M  protected the cells from 
toxicity of H 202 (Fig. 10). 

Discussion 

[Ca2+]i is a second messenger that regulates a large 
number of physiological processes in animal cells [21]. 
Recently, it became clear that elevated levels of [Ca2+]i 
can play a role in a variety of  pathological and toxico- 
logical processes [11]. Most of this work was done with 
isolated hcpatocytes and protection against cytotoxicity 
was assayed with short term tests, e.g., iactate dehydro- 
genasc release. Questions were therefore raised con- 
cerning the hypothesis that [Ca2÷] i increase may be a 
common step in the development of cytotuxicity [10]. A 
convincing case for the role of [Ca2+] i in lethal cell 
injury using clonogenic cell survival assay was made in 
the case of H202-treated CHO cells (Fig. 10), in which 
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Fig. 1O. Survival of CHO cells trea~-d with HeO 2. Cells were 
incubated with the indicated concentration of H202 in DPBS for 1 h 
at 37°(2. Prior to treatment the cells were incubated for 1 h in Ihe 

absence (o) or in the presence (e) of 10 #M BAPTA/AM. 
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B A P T A / A M  protected against cytotuxicity. This is in 
agreement with a previous report [12], using quin2/AM 
and cell growth as an assay, and is consistent with the 
sustained increase of [Cae+]i (Fig. 9). 

Elevation of [Ca2+]i after PDT has been described 
before by Specht and Rodgers [221. The present experi- 
ments show a marked transient elevation of [Ca2+]~ 
following PDT in two cell lines and using two sensitiz- 
ers (Ftgs. 1 and 7). In both cases loading the cells with 
calcium chelators prior to PDT enhanced ceil killing 
(Figs. 4 and 8). The ch¢!ators are only present during 
illumination and a short p~'riod thereafter, until they 
have leaked out. The effect oa survival can only have 
been effected during the period that they were present. 
This is the first report indicating that the [Ca2+]i 
transient elevation serves as a signal in triggering a 
cellular response that diminishes PDT-induced dam- 
age. The observation that the sensitizing effect of 
B A P T A / A M  in CHO cells treated with AIPc-PDT 
disappeared within a short time after illumination (Fig. 
5) strongly supports a role for the [Ca2+]i transient in 
maintaining cell survival, it is of interest that the effect 
of [cae+]rehelators is to remove the shoulder of the 
survival eun,es. Thus, the cellular process triggered by 
[Cae+]~ enables the cells to accumulate sublethal dam- 
age. Since the cells are able to repair HPD-PDT as 
well as AIPc-PDT sublethal damage [23,24] it is tempt- 
ing to speculate that the [Ca2+] i transient is a signal for 
the induction of such a repair process. 

The source of the calcium increase after AlPc-PDT 
in CHO cells appears to be the external medium, as is 
clearly indicated by the lack of a [Ca'+]i rise when a 
Ca-free buffer was used. This fact, together with the 
observation that the calcium influx was decreased after 
PDT (Fig. 3), indicates that a lowered calcium pump 
activity is involved in the transiently increased [Ca2+]i. 
CHO cells apparently have the ability to specifically or 
actively take up calcium, because in the presence of 
very low calcium concentrations, as in the EGTA-con- 
taining culture medium, the increase in [Ca2+]i by 
AIPc.PDT is only moderately lower than in a medium 
without EGTA. Apparently the increase in this ease is 
still sufficient to trigger the protect;re cellular re- 
sponse. 

Also in HPD-PDT treated T24 cells [Ca2+]i eleva- 
tion was due to influx of extracellular calcium. In 
contrast with AIPe-PDT treated CHO cells, EGTA in 
the culture medium prevented the transient elevation 
of [cae+]i and consequently cell killing was enhanced. 

Another difference between AIPc-PDT and HPD- 
PDT was the shape of the dose-response curves for 
elevation of [Cae+]~. With AIPc-PDT and CHO cells 
[cae+]~ reached its maximum value after 45 s of illumi- 
nation without a significant lower value after higher 
doses, while with HPD-PDT of T24 cells a bell-shaped 
curve was observed with a maximum at I0 mln illumi- 
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nat ion  (Fig. 6). The  reduc t ion  o f  the response in the 
la t ter  case a f t e r  Iortger exposures  is unlikely to be  due  
to inhibit ion o f  influx o f  Ca  ~+. It p robably  reflects the 
kinetics o f  the [Ca2+] i changes ,  which peak  at  10-15  
min post  P D T  (Fig. 7). The  decay  o f  [Ca2+] i levels are  
most  likely d u e  to the  act ion of  the  Ca  2+ p u m p  tha t  
main ta ins  C a  2+ homeostas is  in the ce!l. 

The  pro tec t ion  o f  T24 cells incuba ted  with the cal-  
c ium ionophore  pr ior  to H P D - P D T  (Fig. 8) is consis- 
tent  with a role for  e levated [Ca2+]~ in survivability o f  
P D T - t r e a t e d  cells. The  most  plausible  explana t ion  is 
induct ion o f  the  yet re ,known cel lular  process  tha t  is 
rcsponsible  for  e n h a n c e d  survival, by the  increase  o f  
[Ca2+]i p r o d u c e d  by A23187.  The  increase  of  [Ca2~]i 
pr ior  to P D T  is appa ren t ly  more  favorable  for  cell 
survival than  the la ter  occur r ing  rise caused  by P D T  
itself. 

It is no tewor thy  tha t  cytotoxicity o f  AIPc -PDT a n d  
the induct ion  o f  a [Ca2+] i t rans ien t  can  be  dissociated.  
Thus ,  F -  can  r, rc~teet a~ainst  C H O  cell killing by 
AIPc. P D T  [! 3] but  caused  only a ~'~all r educ t ion  o f  the 
[Ca2+]~ response  (Fig. 2). It appears ,  therefore ,  tha t  
while f luor ide  pro tec t s  crit ical target(s) ,  p re sumably  
the N e + / K + - A T P a s e  ( to be publ ished elsewhere) ,  it 
does  not  p ro tec t  agains t  p roduc t ion  o f  d a m a g e  tha t  
t r iggers  the  [Ca2+]i increase.  The  increase  of  the basal  
level o f  [Ca2+]i by F -  only, was  a consis tent  f inding 
and  is also observed in o ther  cellular  systems [25,26]. 

In conclusion,  a t rans ient  elevation o f  [Ca-'+]~ is 
observed both  in AIPc -PDT t~reated C H O  cells a n d  in 
H P D - P D T  t r ea t ed  T24 cells. The  [CaZ+]~ t rans ient  
appea r s  to induce a process  tl'tat e n h a n c e s  the ability of  
the  cells to  survive a P D T  t rea tment .  P D T  is un ique  in 
this respect  a m o n g  the  cytoto~ius that  have been  stud-  
ied so far.  Fu r the r  exper iments  will be  necessary  to 
e luc ida te  the biochemical  mechan i sms  involved in the 
p ro tec t ing  effect  o f  increased  cytoplasmic  Ca  2+ con- 
cent ra t ions .  
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