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Based on preliminary observations, optimum concentrations of the inhibi-
tors with respect to their maximum effect on DNA fragmentation with mini-
mum short term toxicity (as determined by the uptake of trypan blue) were
selected and then used in the experiments reported here. These concentrations
are as follows: PBPB, 10 um; indomethacin, 10 pum; U73122 and U73343, 5§
M. Aliquots of the stock solutions of these inhibitors were added to the growth
medium 20 min prior to light exposure, except for the Ca?* experiments,
where EGTA or phospholipase inhibitors were added directly to the cuvette
after establishment of the base-line fluorescence and 2 min prior to light
exposure.

DNA Isolation and Gel Electrophoresis. Following PDT, the cultures
were incubated at 37°C for 1 h, and then total cellular DNA was isolated using
the same method as described earlier (10) with a few modifications. The cells
were washed in phosphate-buffered saline, and the cell pellet was resuspended
in 1 ml of a solution containing 0.15 M NaCl, 0.015 m sodium citrate, pH 7.0,
10 mm EDTA, 1% (w/v) sodium lauryl sarkosinate, and 0.5 mg/ml proteinase
K. Proteolytic digestion was allowed to proceed at 50°C for 2 h. The DNA was
precipitated with 2 volumes of absolute ethanol, resuspended in 10 mm Tris-
HCV/1 mm EDTA buffer, pH 8.0, and briefly treated with 1 mg/ml RNase prior
to loading onto a 1.5% agarose gel containing 0.1 mg/ml ethidium bromide.
Electrophoresis was carried out in 40 mm Tris acetate/l mm EDTA, pH 8.0,
until the marker dye had migrated 4-5 cm. DNA was visualized under UV light
and photographed.

Measurement of IP;. Cells were cultured and incubated with the photo-
sensitizer as described above and then were resuspended in a basal salt solution
containing 125 mm NaCl, 5 mm KCl, 1 mm MgCl,, 1.5 mm CaCl,, 25 mm
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, 5 mm p-glucose,
and 1 mg/ml bovine serum albumin, at a density of 1 X 10° cells/ml. Culture
aliquots containing 2 X 10° cells were exposed to red light for 10 s (20 kJ/m?),
and the reaction was terminated at the desired time points by addition of
prechilled 10% perchloric acid followed by immediate cooling to 0°C. After
15 min, the extract was centrifuged, and the supernate was neutralized and
extracted with a 1:1 mixture of Freon and octylamine, followed by vigorous
vortexing. The aqueous portion was removed for measurement of the level
of IP; using the Amersham IP; 3H assay system (code TRK 1000). In this as-
say, unlabeled IP; in cell extracts or IP; standards compete with a fixed quan-
tity of 3H-labeled IP; for binding to a bovine adrenal binding protein prepa-
ration. According to literature provided by the supplier, the assay is highly
specific for IP3; there is 6.4% cross-reactivity with p-myo-inositol-1,3,4,5-tetra-
kisphosphate, and all other p-myo-inositols have 0.22% or less of the binding
activity of IPs.

Measurement of Arachidonic Acid Release. AA release from membrane
phospholipids was measured by the method of Huang et al. (19) with some
modifications. In brief, the cell cultures were incubated with 0.1 pCi/ml
[*H]-AA (Amersham Corp.) for 20 h to permit its incorporation into the sn-2
position of membrane phospholipids (20, 21). The labeled cells were collected
by centrifugation, washed three times with fresh medium, and then incubated
for another 1 h with 1 um AlPc. After a final wash, the cells were exposed to
red light and incubated at 37°C for various periods of time. The medium was
collected and counted in a liquid scintillation counter.

Determination of Intracellular Free Calcium Levels. The level of intra-
cellular free Ca?* was measured essentially by the method of Dubyak et al.
(22). Cells were incubated with AlPc for 1 h, resuspended in basal salt solution,
and then simultaneously loaded with AlPc and 500 nm indo-1/AM for another
40 min. No interference by AlPc with the uptake of indo-1/AM was noted, as
judged by the similar base-line levels of indo-1 fluorescence irrespective of the
presence of AlPc. Furthermore, there appeared to be no interference by indo-1
with the uptake of AlPc, because the majority of the AlPc uptake preceded the
addition of indo-1 and because the extent of DNA fragmentation obtained upon
red light irradiation was not influenced by the presence of indo-1. After
washing, the cells were resuspended in fresh basal salt solution at a density of
1 X 10° cells/ml. A 1.5-ml aliquot of the indo-1-loaded cell suspension was
maintained at 37°C in a stirred quartz cuvette in the cuvette chamber of a
fluorometer. After establishment of the base-line fluorescence, the cells were
exposed to red light for 10 s (20 kJ/m?) and immediately thereafter returned to
the fluorometer chamber for continuous recording of indo-1 fluorescence.
Ca?*-dependent indo-1 fluorescence was calibrated in situ using standard
techniques (22).

RESULTS AND DISCUSSION

AlPc Uptake into Membrane Sites for the Induction of Apop-
tosis. L5178Y cells take up the photosensitizing dye AlPc rapidly and
achieve maximal cell content within 30 min after addition of 1 um
AlPc to the growth medium (23). Because dye redistribution within
the cellular membranes is possible, we determined the time course for
the photosensitizer to reach the cellular site(s) for photodynamic ac-
tivation of apoptosis. As shown in Fig. 1, if the cells were exposed to
red light immediately upon addition of AlPc to the culture medium, no
evidence of DNA fragmentation was observed 1 h later, indicating that
photodynamic activation of AlPc in the growth medium external to the
cells is ineffective in inducing apoptosis. In contrast, incubation of the
cells for as little as 5 min with the photosensitizer prior to light
exposure was enough to trigger endonucleolysis, and a 10-min period
between addition of AlPc and irradiation resulted in as much DNA
fragmentation as that observed if the cells were allowed to incubate
with the photosensitizer for 18 h before irradiation. Although these
kinetic measurements cannot be used to assign the location of the
primary photodynamic target unequivocally, the short time needed
between addition of the photosensitizer and irradiation suggests that
important targets reside in or near the plasma membrane.

The DNA fragmentation patterns shown in Fig. 1 are similar for all
samples in which the cells were exposed to AlPc for periods between
10 min and 18 h before irradiation. As described above, the fluence
chosen for this study was found previously to result in approximately
90% cell killing, as determined by a clonogenic assay (23), and
extensive DNA fragmentation within 1 h (10) for a 15-18-h incuba-
tion with AlPc prior to irradiation. For the present study, our primary
concern was that the PDT dose used in subsequent experiments pro-
duced approximately the same extent of DNA fragmentation as ob-
served previously, so that the involvement of the signal transduction
steps in the induction of apoptosis could be ascertained. However, it
cannot be assumed that the level of clonogenic cell death remains
constant for all these conditions. Indeed, using a clonogenic assay, we
observed no killing when the cultures were irradiated immediately
upon the addition of AlPc but we found that the cell survival was 3%,
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Fig. 1. Kinetics of photosensitizer uptake into the cellular target for induction of
apoptosis by PDT. Cells of strain LY-R (5 X 10%/ml) were grown and incubated with 1 um
AlPc for various time periods (¢) prior to irradiation with red light (10 kJ/m2). Thereafter,
all cultures were incubated for an additional 1 h, and then total genomic DNA was isolated
and electrophoretically analyzed for the extent of DNA fragmentation. Similar results
were obtained in two additional independent experiments.
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Fig. 2. Inhibition of PDT-induced apoptosis by metabolic inhibitors. Cells (5 X 105/ml)
were loaded with 1 um AlPc for 1 h at 37°C, followed by exposure to 10 kJ/m2 red light.
The cells were incubated for 1 h at 37°C and then the total DNA was isolated and analyzed
electrophoretically. Enzyme inhibitors were added 20 min prior to light exposure. Lane 1,
untreated cells; lane 2, cells treated with AlPc but not irradiated; lanes 3-7, cells treated
with PDT in the absence (lane 3) or the presence of inhibitors of PLA, (PBPB; lane 4),
cyclooxygenase (indomethacin; lane 5), or PLC (U73122 and its inactive analogue
U73343; lanes 6 and 7, respectively). Similar results were obtained in two additional
independent experiments.

0.18%, and 27% when the time between AlPc addition and irradiation
was 10 min, 2 h, and 18 h, respectively. Therefore, even though the
cellular level of AlPc reached a maximum within 30 min (23), redis-
tribution within the cells and between the cells and the medium
markedly altered its photosensitizing efficiency. Because the clono-
genic assay is capable of detecting multiple decades of cell killing,
whereas the DNA fragmentation assay is not, it is to be expected that
levels of cell killing near 90% or greater will not produce correspond-
ing changes in the DNA fragmentation patterns. It is interesting,
however, that, in spite of markedly different levels of killing, all
cultures irradiated 10 min or more after AlPc administration yielded
similar DNA fragmentation patterns 1 h after irradiation.

Although data are presented in Fig. 1 for a single time point (1 h),
incubation of the treated cells for longer time periods (up to 4 h)
resulted in loss of the majority of the high molecular weight
DNA, suggesting that essentially all of the dying cells fragment their
DNA (10).5

PLC and PLA, Involvement in PDT-induced Apoptosis. Pos-
sible cell membrane targets of PDT action include the membrane-
associated phospholipases, which transmit numerous signals by de-
grading specific classes of phospholipids and generating a variety of
second messenger products, and enzymes involved in AA metabolism
(24). To investigate the possible role of these signal pathways in
PDT-induced apoptosis, inhibitors of representative enzymes known
to be involved in cell signal transduction were studied for their effect
on PDT-induced DNA fragmentation. The results (Fig. 2) show that
PBPB, an inhibitor of PLA, (25), and U73122, an inhibitor of PLC
(26), completely inhibited the apoptosis-associated DNA fragmenta-

5 M. L. Agarwal, J. He, and N. L. Oleinick, unpublished observations.

tion. In contrast, indomethacin, an inhibitor of cyclooxygenase, and
U73343, an inactive analogue of U73122, did not have any observable
effect on the DNA fragmentation. The inhibition of DNA fragmenta-
tion by the two active inhibitors was dose dependent (data not shown),
with complete blockage of DNA degradation occurring at 10 um
PBPB or 5 um U73122. It was not possible to determine the long term
effects of inhibition of the phospholipases on PDT cytotoxicity, be-
cause both U73122 and PBPB were toxic by themselves, as measured
by a clonogenic assay. However, they were not toxic in the short term
experiments, in that there was no increase in the uptake of trypan blue
by inhibitor-treated cells during the time course of the experiments
shown. Therefore, while it is clear that the inhibitors block DNA
fragmentation, they may or may not affect overall cell viability.

To confirm the involvement of PLA, and PLC in apoptosis, we
measured the formation of IP; resulting from the action of PLC and
that of AA resulting from the action of PLA,. To determine IP;
content, cells were first incubated with AlPc and exposed to red light
according to our standard protocol, i.e., at a fluence rate which de-
livers 10 kJ/m? in approximately 2.5 min. No accumulation of IP;
above the nontreated control level was detected at various post-PDT
time points using this protocol. Because inositol phosphate release is
normally extremely fast and transient, with maximal increases occur-
ring in seconds and the released IP, disappearing through further
metabolism within minutes (22, 26), we next modified our protocol to
deliver approximately the same fluence in 10-15 s and then measured
the IP; content of the treated cells over the next 60 s. It was found that
the release of IP; was indeed very fast, with a 3.0 = 0.7-fold (n = 6)
elevation in IP; content being observed by 15-20 s after PDT (Fig.
3A). The PLC inhibitor U73122 inhibited the majority of the release
of IP; from PDT-treated cells, whereas the inactive analogue U73343
was much less effective (Fig. 3B).
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Fig. 3. Activation of PLC in PDT-treated L5178Y cells. A, the time course of changes
in the level of released IP; from PDT-treated cells is shown over a 60-s interval following
a 10-s light exposure. B, the effects of the PLC inhibitor U73122 and its inactive analogue
U73343 on the release of IP; were measured 15 s after irradiation. C, control. The data are
the average of duplicate determinations. Error bars, range of the individual determina-
tions. The kinetics of IP; release were replicated in an additional independent experiment.
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Fig. 4. Release of arachidonic acid from cell membrane phospholipids following PDT.
Cells were labeled with [*H)-AA, exposed to AlPc and light, and incubated as described
in “Materials and Methods.” Aliquots of the culture medium were counted for released
radioactivity at the indicated times before and after irradiation. The data are presented as
the mean * SD of four or five determinations for ecach point. Where error bars are not
given, the SD were less than the size of the symbol. The significance of the differences
between the PDT-treated and untreated samples is indicated; *, P < 0.05; **, P < 0.01.

In a study of the antigen activation of T-cell hybridoma cells ex-
pressing the {m T-cell antigen receptor, Mercep et al. (27) observed the
release of [*H]inositol phosphates over a 1-2-h period in association
with activation-driven programmed cell death. However, no evidence
was presented that the slow generation of inositol phosphates was
essential for, rather than a consequence of, cell death by apoptosis in
the hybridoma cells (27). Treatment of macrophages with gliotoxin
also caused DNA fragmentation characteristic of apoptosis, which was
preceded by elevated inositol phosphate levels (28). In this case,
elevated IP; levels were observed from 30 min to 4 h after the
initiation of treatment. In contrast, the kinetics of IP; release from
L5178Y cells after PDT (Fig. 3A), as well as the blockage of DNA
fragmentation by the active PLC inhibitor (Fig. 2), implicate PLC
activation as an early essential event leading to endonucleolytic frag-
mentation of the nuclear DNA of L5178Y cells.

To determine whether PLA, is also involved in PDT-induced apop-
tosis, [*H]-AA-labeled cells were loaded with AlPc and exposed to 10
kJ/m? red light. As shown in Fig. 4, PDT caused an accelerated release
of AA, which began immediately upon irradiation and continued for
at least 1 h. Because the release of AA continued long after DNA
fragmentation had been initiated, it is possible that the small amount
of excess AA released in the first few minutes after PDT is important
in triggering additional events in apoptosis and that the later sustained
release of high levels of AA is a consequence of feedback mechanisms
of PLA, activation or simply a reflection of cellular disintegration.
The extended release of AA may also result from the hydrolysis of
oxidized fatty acids preliminary to reduction of lipid peroxides by
glutathione peroxidases (29, 30).

Rapid Transient Release of Intracellular Ca?* after PDT. PDT
is known to cause a rapid elevation of intracellular Ca2* levels (31).
Because intracellular Ca2* acts as a second messenger in cellular
signaling in response to a wide range of stimuli and could potentially
link the activation of PLA, to that of PLC (24), we next asked whether
changes in intracellular Ca>* concentrations mediate PDT-induced
apoptosis. The cells were first incubated with AlPc for 1 h and then
loaded with indo-1/AM and AlPc for another 40 min. As determined
by the fluorescence of the Ca?*-indo-1 complex, the rise in intra-
cellular Ca%* level appeared to be initiated during exposure of the
AlPc- and indo-l/AM-loaded cells to red light, reaching a maximum
level for this cell sample approximately 4-fold greater than that in

unirradiated cells within 4060 s after the beginning of light exposure
(Fig. 5). Over the next several minutes, the Ca2* level returned to the
base-line value. To determine whether the rapid transient release of
Ca2* was related to the activation of PLC, the effects of U73122 and
its inactive analogue, U73343, were studied. From Fig. 5, it appears
that U73122 was much more effective than U73343 in inhibiting the
increase in the intracellular Ca?* level, indicating that the increase in
Ca?* concentration depends on PLC. A composite of all of the data on
intracellular Ca?* concentrations is given in Table 1. Based on 32
measurements, L5178Y cells have a base-line intracellular Ca?* con-
centration of 315 * 89 nm, a value within the range normally observed
for unstimulated tissue culture cells (22). The PDT-induced increase in
intracellular Ca2* concentration varied for different batches of cells
but averaged 2.39-fold for 10 samples. An additional two samples
showed much greater increases of 5.0- and 11.3-fold and were not
included in the calculation of the mean value.

Because of the batch-to-batch variation in the cellular base-line
Ca2* level and the PDT-induced increase, it was necessary to compare
the Ca2* levels obtained for PDT in the presence of other additives to
the value obtained for PDT without the additives (normalized to
100%) within the same cell batch. When this was done, it was found
that the PDT-induced increase in intracellular Ca%* concentration was
inhibited by an average of 70% by the PLC inhibitor U73122 and that
the inactive analogue U73343 was without significant effect (Table 1).

Elevations in intracellular Ca®* concentration can result from the
release of sequestered Ca®* from intracellular stores in the mitochon-
dria and endoplasmic reticulum or from the influx of extracellular
Ca2*. Therefore, to distinguish between these possible sources, 1 mm
EGTA, a chelator of extracellular Ca®*, was added to the cell sus-
pension 2 min prior to red light exposure. As reported in Table 1, the
addition of EGTA had little effect on the PDT-induced increase in the
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Fig. 5. Release of intracellular free Ca2* by PDT. Transient elevation of intracellular
Ca2?* in PDT-treated LY-R cells. a, no inhibitor; b, 2 um U73122; ¢, 2 um U73343. The
time the cuvette was removed from the chamber appears as a discontinuity in the trace.
The data shown are from a single experiment. Composite data are reported in Table 1.
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Table 1 PDT-induced increase in cytoplasmic free Ca®* c ation in L5178Y cells

L5178Y cells were loaded with AlPc and indo-1/AM as described in “Materials and
Methods.” In part 1, for each sample, the base-line fluorescence and the changes in
mgonse to irradiation were measured as in Fig. 5. The data were converted to intracellular
Ca** concentrations by calibration of each sample (22). For each sample, data for the
maximum level achieved after PDT were normalized to the base-line value for that
sample. In part II, measurements of changes in Ca®>* concentration in response to PDT in
samples containing inhibitors were compared to those of samples from the same batch of
cells exposed to PDT alone. Data are presented as mean + SD (number of determinations).

[Ca**]

Part 1. Condition (nm) % Base-line
Base-line 315+ 89(32) 100
+PDT 628 * 219 (10) 239 * 125 (10)
Part 11. Condition % PDT control

+PDT 100

+PDT+ EGTA 85 *19(5)
+PDT+U73122 30+ 6(4)
+PDT+U73343 114 = 33 (3)

intracellular Ca2* level, indicating that the increased level of free
Ca?* is mainly derived from intracellular stores.

The majority of photosensitizers currently used in clinical or pre-
clinical studies of PDT are derived from porphyrins or related mac-
rocycle ring systems (17, 18). These hydrophobic compounds, includ-
ing AlPc, accumulate in cellular membranes and upon photoactivation
generate singlet oxygen and oxygen radicals and subsequently lipid
and protein peroxides in the membranes (17, 18, 32). Therefore, it was
to be expected that the primary targets leading to apoptosis in PDT-
treated cells would be in membranes. Membrane depolarization, the
efflux of intracellular K*, and inactivation of Na*/K*-ATPase are
commonly observed in PDT-treated cells (33-35). However, because
the initial rise in Ca®* concentration in PDT-treated L5178Y cells
appears to be derived from intracellular rather than extracellular
sources and because electron microscopy reveals the retention of
intact plasma membranes for at least 1 h after exposure of AlPc-loaded
cells to red light (10), the initial result of PDT damage to membranes
must be more subtle than complete loss of membrane integrity.

The primary conclusion derived from these studies is that a very
early event in the induction of PDT-induced apoptosis is the activation
of the membrane-localized enzymes PLC and PLA,. Various isoforms
of PLC are central to signal transduction initiated by numerous ex-
tracellular agents through guanine nucleotide-binding protein- and
growth factor-linked receptors on the plasma membrane (36). The
mechanism for the activation of PLC upon photosensitization remains
to be elucidated. Possible components of that mechanism may include
membrane lipid peroxidation and protein denaturation, effects which
are known to occur upon treatment of cells with PDT. At present it is
also not clear whether IP; per se is essential in the activation of
apoptosis or whether other inositol phosphates or diacylglycerol are
the primary signals.

Inositol phosphates are known to mediate the release of sequestered
Ca?* from intracellular sources (37), a probable response in PDT-
treated L5178Y cells. One possible role for the released Ca?* is in the
activation of PLA, (38). Another role for Ca*>* could be in the direct
activation of the endonuclease responsible for the observed DNA
fragmentation (39). However, elevation of the intracellular Ca%* con-
centration is not a prerequisite for apoptosis in all cases (40, 41), and
evidence for the participation of a low pH-dependent endonuclease
has been presented (42).

The blockage of DNA fragmentation by PBPB and the stimulation
of AA release by photosensitization suggest that PLA, may be im-
portant in transducing the signal for apoptosis. The absence of inhi-
bition of DNA fragmentation by indomethacin would indicate that the
AA metabolite important for inducing apoptosis is not produced
through the cyclooxygenase-dependent pathway. The mechanism for

the activation of PLA, upon photosensitization also remains unclear.
Ca2* is generally required for the physiological activation of PLA,
(38). However, it is possible that PLA, might be activated directly and
independently by PDT-induced membrane damage in L5178Y cells or
by other mechanisms unrelated to PLC. Further elucidation of the
pathway for signal transduction in PDT-induced apoptosis in L5178Y
cells may provide insights into more general mechanisms of photo-
cytotoxicity and also into the variety of mechanisms for signaling
apoptosis.
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