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Summary The induction of apoptosis from different intracellular sites was studied by exposing V79 Chinese hamster fibroblasts to
photodynamic therapy (PDT) with various porphyrins and light. The effects of two lipophilic, intracellular membrane-localized porphyrins,
tetra(3-hydroxyphenyl)porphyrin (3THPP) and Photofrin, were compared with that of two sulphonated meso-tetraphenylporphines (TPPS2a

and TPPS4), which are taken up into lysosomes by endocytosis. Apoptotic fractions induced by the various dyes and light were quantified by
flow cytometry using the terminal deoxynucleotidyl transferase (TdT) assay. Cell fragmentation was measured in parallel, while the nuclear
morphology of apoptotic cells was studied by fluorescence microscopy. Different kinetics were found for the induction of DNA strand breaks
characteristic of apoptotic cells. PDT-induced damage to membranes resulted in an increasing number of apoptotic cells for about 12 h after
PDT. After damage to lysosomes, apoptotic cells were not detected until more than 12 h after PDT. Furthermore, apoptotic bodies were not
observed after PDT-induced damage to intracellular membranes, whereas apoptosis induced from lysosomal sites was characterized by
extensive cell fragmentation. Cell fragmentation occurred in combination with or in the absence of nuclear fragmentation. The results support
the idea that the degradation phase of apoptosis can consist of a sequence of independent steps rather than a common final pathway.
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Cell death can occur as a neatly regulated complex process called
apoptosis or cell suicide. It is usually assumed that different
signalling pathways for apoptosis converge into a propagation
phase, followed by a degradation phase consisting of a series of
common final steps. As a result, cells round up and loosen from
their surroundings. Often, membrane blebbing is observed and
DNA is fragmented at internucleosomal sites. Finally, the dying
cells form apoptotic bodies containing cytoplasm, whole
organelles and nuclear fragments (Kerr et al, 1972; Wyllie et al,
1980). Apoptosis is of importance in development and homeo-
stasis of tissues and organisms, and occurs in response to extracel-
lular, regulating or damaging factors. Growth factors, hormones,
irradiation, heat and drugs may induce or prevent apoptosis, often
in a cell-specific manner. Deregulation of a cell’s ability to
receive death signals or to undergo cell suicide contributes to
a register of serious diseases, including cancer (Fisher, 1994).
In cancer therapy, prognosis seems to be correlated with induction
of apoptosis (Kerr et al, 1994; Soini et al, 1996). Drug
resistance or suboptimal response to a cancer therapy may be
connected to the cells’ lack of ability to undergo apoptosis
(Hickman, 1996).

Photodynamic therapy (PDT) is a promising type of cancer
therapy based on selective retention in tumour tissue of photosensi-
tizing dyes that have a cytotoxic effect when activated by light. The
dyes are taken up into cells by different pathways because of
their molecular structure, charge and solubility (Henderson
and Dougherty, 1992; Berg, 1996). They act mainly via singlet
oxygen (Weishaupt et al, 1976) when activated by light of suitable
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wavelengths and damage biomolecules only in their immediate
proximity (< 0.02 µm) (Moan and Berg, 1991). In recent years, it
has been shown that PDT induces cell death by apoptosis in a cell-
specific and dye-dependent manner (Agarwal et al, 1991; Zaidi et
al, 1993; He et al, 1994; Luo et al, 1996; Noodt et al, 1996; Webber
et al, 1996; Zhou et al, 1996; Luo and Kessel, 1997). The dye
dependency might be related to the subcellular localization of the
dyes for activating triggers of apoptosis. For further investigation
of apoptosis induced by PDT, we have chosen the lipophilic
Photofrin, which is used in the clinic, and three tetraphenylpor-
phyrins that differ only in side groups on their phenyl rings. Thus,
they are increasingly lipophilic in the order TPPS

4–TPPS2a–
3THPP. The intracellular localization of these dyes has been
studied earlier (Berg et al, 1990; Noodt et al, 1993). 3THPP and
Photofrin are taken up into intracellular membranes, and Photofrin
has been shown to target mitochondrial membranes as well as the
endoplasmic reticulum and the Golgi system. The two other dyes
are taken up initially into lysosomes via endocytosis. In the present
study, apoptosis was quantified flow cytometrically by the terminal
deoxynucleotidyl transferase (TdT) assay at different time intervals
after PDT. The results indicate that different apoptotic pathways are
triggered by the various photosensitizers and light.

MATERIALS AND METHODS

Cells

All experiments were performed on V79 Chinese hamster lung
fibroblasts. The cells were cultured in monolayer in Eagle’s
minimal essential medium (MEM) with Hanks’ salts, containing
10% fetal calf serum, 100 U ml–1 penicillin and 100 µg ml–1 strep-
tavidin. The cells were kept at 37°C with 5% carbon dioxide added
to the humidified air and subcultured twice a week to sustain
exponential growth.
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Chemicals

Two sulphonated meso-tetraphenylporphines (TPPS4 and TPPS2a)
and tetra(3-hydroxyphenyl)porphyrin (3THPP) were obtained
from Porphyrin Products (Logan, UT, USA), while Photofrin was
provided by Photofrin Medical (Raritan, NJ, USA). Stock solu-
tions were prepared of TPPS4 (90 mg ml–1) and Photofrin
(2.0 mg ml–1) in water and of TPPS2a and 3THPP (0.5 mg ml–1) in
0.1 N sodium hydroxide. The solutions were sterilized by filtration
and stored at – 70°C.

Photodynamic therapy (PDT)

In all experiments, 5 × 105 V79 cells were seeded out in 25-cm2

cell culture plastic flasks (Nunc) containing 5 ml of medium and
kept in the incubator for about 4 h for attachment of the cells to the
substratum. The photosensitizers were then added to the medium,
still containing fetal calf serum, to the following final concen-
trations: 3THPP (0.2 µg ml–1), Photofrin (2.5 µg ml–1), TPPS2a

(0.5 µg ml–1) and TPPS4 (180 µg ml–1). The concentrations were
chosen to obtain the same level of cell death with a given light
dose. After 18 h of incubation, the cells were exposed to blue light
(maximum at 405 nm) from a bench with four fluorescing tubes
(model 3026, Applied Photophysics, Surrey, UK) at an intensity of
11 ± 0.5 W m–2. Immediately after light exposure, the medium was
removed, fresh medium without sensitizer was added and the cells
brought back to 37°C. In some experiments, the dyes were washed
away from the cell surface by removing the medium and adding
fresh medium without sensitizers 1 h before irradiation.

Cell death assay

To measure total cell death induced by PDT, the cells in each flask
were divided into five sectors that were irradiated with increasing
light doses as described previously (Noodt et al, 1996). Twenty-six
hours after PDT, when dead cells had loosened from the bottom of
the culture flasks, the remaining attached cells were washed with
phosphate-buffered saline (PBS), fixed with 70% ethanol and
stained with methylene blue. Excess stain was washed off care-
fully and the absorption of 600-nm red light was measured in each
sector with a spectrophotometer. The absorption of light in an
empty flask treated in parallel was subtracted from all values. The
absorption of light by surviving cells in each sector was divided by
the absorption by the cells in the first sector which had not been
exposed to light and which was set to 100% cell survival. Total cell
death was defined as the percentage of cells not surviving the cell
death assay. Sensitizers or light alone had no cytotoxic effect.

Terminal deoxynucleotide transferase (TdT) assay

For detection of DNA strand breaks at different time intervals after
light exposure, the PDT-treated cells were washed with cold PBS
(4°C), scraped off the bottom of the culture flasks with a rubber
policeman and transferred to Eppendorf tubes. Loose cells in the
medium were spun down and included in each sample. Freshly
prepared 1% paraformaldehyde in PBS was added for 10 min
while pelleting the cells. The supernatant was discarded, the wet
pellet resuspended by vortexing, and the cells finally fixed in
100% methanol for storage at –20°C.

For fluorescence staining of the DNA strand breaks by the TdT
assay (Gorczyca et al, 1993), fixed and stored cells in methanol
© Cancer Research Campaign 1999
were washed with PBS. A TdT solution of 30 µl containing 0.3 µl
of biotin-16-dUTP (0.5 nmol), 0.12 µl of TdT (10 units), 3 µl of
reaction buffer (1 M potassium cacodylate, 125 mM Tris-HCl,
1.25 mg/ml–1 bovine serum albumin, pH 6.6), 1.8 µl of cobalt chlo-
ride (final 1.5 mM), 0.03 µl of dithiothreitol (DTT, final 0.01 mM)
and water (all chemicals from Boehringer Mannheim) was added to
each sample. After incubation for 30 min at 37°C, the cells, now
with elongated DNA strand breaks, were again washed, once in
PBS and twice in PBS with 1% Triton X-100. Then 1 µl of strepta-
vidin–fluorescein (1:50, Amersham) in 49 µl of water with 0.1%
Triton X-100 and 2% skimmed milk powder was added for 30 min
at 4°C for fluorescence staining of the elongated free DNA ends.
Finally, 500 µl of PBS–Triton X-100 containing 2 µg ml–1 Hoechst
33258 was added for fluorescence staining of total DNA. Each
sample was filtered by a 50-nm filter and further analysed.

Flow cytometry and cell sorting

The stained samples were analysed by a FACStar Plus flow
cytometer (Becton Dickinson, San Jose, CA, USA). Blue fluores-
cence (402–446 nm) from total DNA stained by Hoechst 33258
was excited with a krypton laser operated at 50 mW in the UV
(351 nm and 356 nm). Green fluorescence (515–545 nm) from
fluorescein labelling the extended DNA strand breaks was excited
by an argon laser tuned to 488 nm (200 mW). The intensity of both
blue and green fluorescence from 104 cells was measured for each
sample and analysed by Lysis II software. Single cells were
discriminated from doublets and larger cell aggregates by gating
on the pulse width of the Hoechst 33258 signals.

For calculation of the apoptotic fraction of cells in each sample,
the fluorescence representing DNA strand breaks was plotted
relative to the DNA content of the cells, as described previously
(Noodt et al, 1996) and as shown in Figure 1. Non-specific
fluorescein background staining was defined on plots for control
samples that were fluorescence stained by streptavidin–fluorescein
without previous DNA strand break elongation by TdT (Figure
1A). A gate was set for quantification such that more than 98% of
the control stained cells were included (regions R1 in Figure 1B).
Cells that were fluorescence stained after TdT treatment (Figure
1B) and which showed an increased fluorescence intensity above
the maximal background level (regions R2 in Figure 1B) were
defined as apoptotic owing to an increased number of DNA strand
breaks. To calculate apoptotic fractions, only cells with a DNA
content of more than half that of G1 cells (relative blue fluores-
cence intensity > 100 in Figure 1) were included. This was carried
out to avoid counting more than one cell fragment derived from
a single cell. The background level was subtracted from all
numbers.

Cell fragmentation was quantified by dividing the number of
signals from cell fragments with a DNA content of less than half
that of G1 cells (regions R3 in Figure 1) by the total number of
signals. These should be considered only as relative numbers
because fragmentation may occur to a varying extent and cell
fragments can get lost during the washing procedures.

Fluorescence microscopy

The morphology of the nuclei of apoptotic cells was studied by
fluorescence microscopy, detecting the green fluorescence from
fluorescein after staining of DNA strand breaks in the TdT assay.
Apoptotic cells that had been sorted by the FACStar flow
British Journal of Cancer (1999) 79(1), 72–81



74 BB Noodt et al

1000

800

600

400

200

0
100 101 102 103 104

1000

800

600

400

200

0

1000

800

600

400

200

0
100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

1000

800

600

400

200

0

1000

800

600

400

200

0

1000

800

600

400

200

0

R1 R2 R1 R2 R1 R2

R1 R2 R1 R2 R1 R2

R3 R3

Control TPPS4 Photofrin

R3 R3

R3

R3

(–TdT)

(+TdT)

Green fluorescence from fluoescein (rel.)

B
lu

e 
flu

or
es

ce
nc

e 
fr

om
 H

oe
ch

st
 3

32
58

 (
re

l.)

A

B

Figure 1 Contour plots of flow cytometric data showing DNA strand breaks relative to total DNA represented by green fluorescence from fluorescein and blue
fluorescence from Hoechst 33258, respectively, in V79 control cells and cells PDT-treated with TPPS4 and Photofrin. Background staining (regions R1) was
determined on contour plots for control samples that were fluorescein stained without previous elongation of DNA strand breaks by TdT (A). Samples treated
with TdT (B) show the gating of the apoptotic cells with increased fluorescence staining of DNA strand breaks above the background and a DNA content more
than half that in G1 cells (regions R2). Cells with a lower DNA content than half G1 (regions R3) were defined as cell fragments. Apoptotic fractions were
calculated as R2/(R1 + R2). The percentages of cell fragments were calculated as R3/(R1+R2+R3). The lines on the contour plots represent cell numbers
increasing with 40% between each level
cytometer from regions R2 (Figure 1B) were air dried on object
glasses and covered by 8 µl of antifade. They were then observed
in a Zeiss axioplan fluorescence microscope equipped with a
cooled CCD camera (CCD 3200, Astromed, Cambridge, UK)
that was operated by an image processing program (Astromed/
Visilog). A HBO/100-W mercury lamp was used for excitation.
The microscope was equipped with a 470–490 nm bandpass exci-
tation filter and a 500-nm dichroic beam splitter. The fluorescence
was imaged through a 520–550 nm bandpass filter.

RESULTS

In the present work, we have compared the type of cell death and its
kinetics elicited by PDT-induced damage to different intracellular
sites. V79 cells were killed by PDT with four dyes with different
physicochemical properties. Two of the dyes, the hydrophilic TPPS4

and the more lipophilic TPPS2a, are taken up into the lysosomes of
V79 cells by endocytosis and are redistributed to the cytosol (TPPS4)
and the endoplasmic reticulum (TPPS2a) after light exposure (Berg
et al, 1991; Rodal et al, 1998). The other two dyes, 3THPP and
Photofrin, which are more lipophilic, localize in intracellular
British Journal of Cancer (1999) 79(1), 72–81
membranes but do not seem to have any preference for lysosomal
membranes (Berg and Moan, 1994).

Identification of apoptotic cells by flow cytometry

Figure 1 shows examples of flow cytometric data for three photo-
sensitizers to illustrate how apoptotic cells were distinguished. Gates
were positioned on contour plots for PDT-treated control samples
that had been fluorescence stained with streptavidin–fluorescein in
the absence of TdT, that is without the enzyme that specifically elon-
gates DNA strand breaks (Figure 1A), as described in Materials and
methods. The fluorescence in these samples represents the back-
ground staining of the cells. On plots of TdT-treated samples (Figure
1B), cells with background staining and without specifically stained
DNA strand breaks are found in regions R1, whereas cells with an
increased number of specifically stained DNA strand breaks
compared with the background level appear in regions R2. Regions
R3 include signals from cell fragments with a DNA content of less
than half that in G1 cells. This was controlled for by fluorescence
(Figure 2) and electron microscopy (not shown), which shows that
the cells in regions R2 also had the typical apoptotic morphology.
© Cancer Research Campaign 1999



PDT-induced apoptosis 75

TPPS4 TPPS2a 3THPP

Figure 2 Fluorescence micrographs of specifically stained DNA strand breaks in the nuclei of apoptotic cells obtained 24 h after PDT treatment with TPPS4,
TPPS2a or 3THPP. The pictures show six (TPPS4), one (TPPS2a) and four (3THPP) representative apoptotic nuclei respectively. The scale is the same for all
cells. Control V79 cells showed only a weak background staining of the whole cells significantly lower than the staining of the nuclei of apoptotic cells (not
shown)

Figure 3 Total cell death (l) and apoptosis (ll) induced in V79 cells that were PDT-treated with different photosensitizers and increasing light doses. The cells
were incubated with TPPS4 (180 µg ml–1), TPPS2a (0.5 µg ml–1), Photofrin (2.5 µg ml–1) or 3THPP (0.2 µg ml–1) for 18 h until irradiation. Total cell death was
measured 26 h after PDT in a cell survival assay, as described in Materials and methods. The apoptotic fractions were obtained from flow cytometric
measurements on cells fixed 27 h after irradiation, as described in Figure 1 and Materials and methods. Bars represent the range for 3–6 experiments
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In Figure 3, the apoptotic fractions measured 27 h after PDT by
flow cytometry are plotted in a light dose-dependent manner. In
addition, total cell death, measured 26 h after PDT in a cell
survival assay, is plotted. The figure shows that all dyes tested did
induce apoptosis in V79 cells but to a different extent. Also, a fifth
tetraphenylporphyrin, the positively charged TMPyPH2 which is
taken up into lysosomes and redistributed to the cytosol after PDT,
© Cancer Research Campaign 1999
did induce apoptosis (data not shown). To study the importance of
dye aggregates on the cell surface, in some experiments the dye-
incubated cells were brought to sensitizer-free medium during the
last hour before irradiation. Figure 4 shows that the three dyes
tested in combination with light still induced apoptosis. For the
most lipophilic dye, 3THPP, total cell death and induction of
apoptosis were influenced only to a minor extent by the washing
procedure. For TPPS4 and TPPS2a, both the apoptotic fractions
and total cell death were reduced by a factor of approximately 2.
British Journal of Cancer (1999) 79(1), 72–81
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Figure 4 The effect on total cell death (l) and on the apoptotic fractions (ll) of incubating the dye-containing cells in photosensitizer-free medium during 1 h
before light activation. Data are shown for TPPS4, TPPS2a and 3THPP relative to increasing light doses. One representative experiment is shown including
parallels for washed (....) and unwashed (——) cells. The cells were treated with PDT as described in Figure 3

Figure 5 The percentage of cell fragmentation measured at 27 h after PDT is shown for TPPS4, TPPS2a, Photofrin and 3THPP relative to the light dose
applied. Fragmentation was quantified as described in Figure 1. Bars represent the range for three or four experiments
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Quantification of PDT-induced apoptosis initiated at
different localizations

Quantification of the apoptotic fractions by flow cytometry, as
described in Materials and methods, indicated that the dyes induced
apoptosis to a varying extent compared with total cell death (Figure
3). For the lipophilic 3THPP and Photofrin, the curves for total cell
death and apoptosis seemed to overlap within the limits of the
method. This was not the case with the more hydrophilic TPPS4 and
TPPS2a. A relatively lower apoptotic fraction was found and may be
explained by extensive disintegration of part of the cells. Thus, loss
of cells from the PDT-treated samples before flow cytometric
measurements was controlled by counting the cell numbers in a
Coulter counter. Both loose cells in the medium and cells scraped
off the bottom of the cell culture flasks were included. Cell
numbers were counted in two parallel samples before irradiation
and at 24 h after PDT doses killing about 90% of the cells.
Comparison of the cell numbers obtained from untreated V79 cells
that were scraped off and trypsinized, respectively, showed that
about one third of the cells were lost because of scraping the cells
off. However, this was our method of choice because apoptotic
cells were sensitive to trypsinization. Among the PDT-treated cells,
the cell numbers obtained 1 day after PDT treatment seemed to
British Journal of Cancer (1999) 79(1), 72–81
remain constant for all dyes except for TPPS4. In this case, another
65% of the cells were lost from the samples.

Cell fragmentation

The fact that apoptotic fractions were smaller than the total
number of cell deaths can also be due to formation of cells or cell
fragments with a reduced DNA content that are gated in regions
R3 of the flow cytometric plots (see Figure 1A). The measured
percentage of cell fragments is presented for the four dyes in a
light dose-dependent manner in Figure 5. The curves show clearly
that none or only a few cell fragments appeared after PDT with the
membrane-localized lipophilic dyes Photofrin and 3THPP. On the
contrary, among cells PDT-treated with TPPS2a and TPPS4, cell
fragmentation increased with the light dose.

Cell fragmentation can be due to necrosis or apoptotic body
formation. Apoptotic bodies are thought to contain more DNA
strand breaks than living cells. In Figure 6, histograms are
presented showing the numbers of cell fragments gated in regions
R3 of the flow diagrams (Figure 1B) relative to the intensity of
green fluorescence representing the amount of DNA strand breaks
at different time stages after PDT. Two waves of cell fragmenta-
tion seemed to occur. The first contained cell fragments with a low
© Cancer Research Campaign 1999
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Figure 6 Distribution of DNA strand breaks in TdT-stained cell fragments (gated from regions R3, see Figure 1B) appearing at different time intervals after
PDT with TPPS4, TPPS2a, Photofrin and 3THPP or in untreated V79 cells. The green fluorescence, here with an intensity less than the absolute number 40 is
due to background staining (see Figure 1). Larger values represent an increased number of DNA strand breaks in the cell fragments. The data are measured in
104 cells for all dyes in parallel in one representative experiment
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content of DNA strand breaks which seemed to disappear within
the first 26 h after PDT. At about that time point, a second wave
appeared of cell fragments with a higher content of DNA strand
breaks. Both the number of cell fragments and their content of
DNA strand breaks increased until they reached a maximum at
about 35 h after PDT when both parameters again decreased. For
the more lipophilic dyes, Photofrin and 3THPP, both waves were
relatively small. For the more hydrophilic dye, TPPS2a, the second
wave of cell fragments containing higher DNA strand break levels
seemed to be larger and comprised a higher number of cell frag-
ments, as confirmed by Figures 5 and 7. For the most hydrophilic
dye, TPPS4, both waves of cell fragmentation were pronounced.

Morphology of the apoptotic nuclei

The morphology of the apoptotic nuclei was studied by fluorescence
microscopy after sorting out apoptotic cells from regions R2 with the
© Cancer Research Campaign 1999
flow cytometer. Fluorescence micrographs are shown for TPPS4,
TPPS2a and 3THPP at 24 h after PDT (Figure 2). Control V79 cells
showed only background staining significantly weaker than the
staining of apoptotic nuclei (therefore not shown). In apoptotic
nuclei, the fluorescence from the stained DNA strand breaks over-
lapped with that from Hoechst 33258-stained total DNA and the
micrographs looked identical. The fluorescence-stained DNA of
3THPP-treated cells confirmed the traditional view of early apoptotic
nuclei (Kerr et al, 1972) with condensed chromatin in the nuclear
periphery. In TPPS2a–PDT-treated cells, the nuclei had fragmented
within the cells. With TPPS4, the fluorescence was concentrated in
one spot per cell instead of forming a cap or several separate spots.

The kinetics of apoptosis induced by PDT

Figure 8 shows the kinetics of PDT-induced apoptosis over the
time period of 63 h. Among control cells, the apoptotic fraction
British Journal of Cancer (1999) 79(1), 72–81
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B

Figure 7 The time dependence of the percentage of cell fragments after PDT with TPPS4, TPPS2a, Photofrin, 3THPP as well as for untreated control cells. Cell
fragmentation was measured by flow cytometry (see Figure 1) in parallel with the apoptotic fractions in Figure 8. Bars show the range for two or three
experiments

Figure 8 The time dependence of the apoptotic fractions induced by PDT with different photosensitizers in V79 cells. The cells were treated with PDT doses
corresponding to 80% (TPPS4, 3THPP) and 95% total cell death (TPPS2a, Photofrin). Untreated V79 cells are included as a control. The samples were stained
by the TdT assay as described in Materials and methods and the apoptotic fractions were calculated from flow cytometric measurements as described in Figure
1. The bars represent the range for three experiments (two for 3THPP)
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was less than 10% throughout the whole time course. The
membrane-localized, lipophilic dyes Photofrin and 3THPP
induced an immediate response within 3 h after PDT. The apo-
ptotic fractions reached the level of total cell death, as measured
in the cell survival assay (Figure 3), after about 14–22 h. They
ritish Journal of Cancer (1999) 79(1), 72–81
remained stable at this high level and did not decrease. In samples
PDT-treated with TPPS2a or TPPS4, apoptotic cells appeared
increasingly from 18 h after PDT. The apoptotic fractions did not
reach the level of total cell death measured in the cell survival
assay and declined from about 35 h after PDT treatment.
© Cancer Research Campaign 1999
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The kinetics of cell fragmentation

Cell fragmentation as a function of time after PDT is shown in
Figure 7. Some cell fragmentation was observed immediately after
PDT with all dyes. Apart from that, the lipophilic dyes and light
induced fragmentation only to a minor extent at a late stage. The
more hydrophilic dyes TPPS2a and TPPS4 induced cell fragmenta-
tion to a high extent, as seen in Figures 5 and 6. Cell fragmentation
reached a maximum level at about 43 h after PDT. The relative
number of cell fragments then decreased again, probably because
of secondary necrosis or loss of small cell fragments resulting
from ongoing fragmentation. The time lag between the maxima of
apoptotic fractions and that of cell fragmentation was about 8 h.

DISCUSSION

PDT-induced apoptosis has been shown for a number of different
cell types, both in vitro (Agarwal et al, 1991; He et al, 1994; Luo et
al, 1996; Noodt et al, 1996) and in vivo (Zaidi et al, 1993; Agarwal
et al, 1996; Webber et al, 1996). Induction of apoptosis has been
claimed to be both cell type specific and sensitizer dependent (Luo
et al, 1996). In the present study, three tetraphenylporphyrins and
Photofrin with varying lipophilicity and intracellular localization
were compared with respect to their potential to induce apoptosis
in V79 cells in combination with light. Apoptotic cells could be
detected by flow cytometry after specific staining of DNA strand
breaks in samples of PDT-treated cells treated with both lipophilic
dyes localized in intracellular membranes (3THPP and Photofrin)
and more hydrophilic dyes taken up into lysosomes by the endo-
cytic pathway (TPPS2a and TPPS4) (Figures 3 and 8). A fifth
tetraphenylporphyrin, the positively charged TMPyPH2, also
induced apoptosis (data not shown). Previously, we found apo-
ptotic features in V79 cells after PDT treatment with a new photo-
sensitizer, methylene blue derivative (Noodt et al, 1998), and with
5-aminolaevulinic acid (ALA)-induced protoporphyrin IX (Noodt
et al, 1996). It was confirmed by electron microscopy that the
ALA-induced apoptotic cells detected by flow cytometry had the
typical morphology of apoptotic cells and that the characteristic
ladder of DNA fragments could be isolated by gel electrophoresis
(Noodt et al, 1996). In the present study, apoptotic morphology
was confirmed by light, electron (data not shown) and fluores-
cence microscopy (Figure 2).

PDT with all dyes tested in the present work induced apoptosis,
but different pathways seemed to be engaged. While the
membrane-localized dyes, Photofrin and 3THPP, induced DNA
strand-break formation immediately after PDT, the other two dyes,
TPPS2a and TPPS4, did so increasingly from 18 h after PDT
(Figure 8). In the literature, the collapse of the inner mitochondrial
membrane potential is now considered as one possible crucial
event for rapid induction of apoptosis (Kroemer, 1997) sufficient
to provoke the entire range of apoptosis-associated events,
including DNA fragmentation (Kroemer et al, 1997). The transi-
tion of the mitochondrial membrane potential and release of apo-
ptogenic factors such as apoptosis-inducing factor (AIF) (Susin et
al, 1996) is under regulation of Bcl-2-related proteins that are
localized in membranes of mitochondria, the endoplasmic
reticulum and the nuclear envelope (Krajewski et al, 1993). This
correlates with the intracellular distribution of the lipophilic
photosensitizers and Bcl-2 or a related protein is probably
involved in rapid induction of apoptosis by PDT. Other photosen-
sitizers localized in mitochondrial membranes, such as methylene
© Cancer Research Campaign 1999
blue derivative and ALA-induced protoporphyrin IX, have also
been shown to induce apoptosis rapidly within 3–4 h after PDT
(Noodt et al, 1996, 1998). Recently, a photosensitizer localized in
the endoplasmic reticulum has been shown to induce activation of
caspase-3 followed by PARP cleavage and DNA fragmentation
(Granville et al, 1997), whereas Bcl-2 overexpression has been
shown to increase resistance to PDT-induced apoptosis in a cell
line (He et al, 1996).

Another striking finding from the present data was that different
apoptotic features seemed to be induced by PDT with the various
dyes, dependent on the site of initial damage. Although DNA was
readily fragmented after PDT with the membrane-localized dyes
Photofrin and 3THPP, none or only a few cells with a reduced
DNA content (Figures 5 and 7) appeared in regions R3 of the flow
diagrams (see Figure 1), and no nuclear fragmentation could be
detected by fluorescence microscopy (Figure 2). The fraction of
apoptotic cells reached the level of total cell death and the apo-
ptotic cells stayed present in the samples during the rest of the
experiments (Figure 8). Lazebnik et al (1995) have shown that
lamins, the constituents of the nuclear lamina, are cleaved by an
interleukin-1β-converting enzyme-related protease (caspase). This
enzymatic activity can be inhibited by ‘tosyllysine chloromethyl
ketone’ (TCLK). Nuclear fragmentation and formation of apo-
ptotic bodies were prevented by TCLK but not DNA fragmenta-
tion and chromatin condensation. Correspondingly, PDT with the
lipophilic dyes may have a similar effect as TCLK or a stabilizing
effect on the nuclear lamina, e.g. by cross-linking between amino
acids or between amino acids and DNA (Dubbelman et al, 1982).

In contrast, the more hydrophilic lysosome-localized dyes
TPPS

2a and TPPS4 induced cell fragmentation in combination with
light, as shown in Figures 5, 6 and 7. Interestingly, only TPPS2a

induced nuclear fragmentation (Figure 2), whereas the nuclei of
cells after TPPS4-PDT had a pyknotic appearance, as described
previously (Kerr et al, 1972), indicating that a process other than
fragmentation is responsible for the nuclear changes. Loss of frag-
mented DNA from apoptotic cells that become permeabilized at a
late stage has been described by others (Darzynkiewicz et al, 1992),
and in the present work apoptotic cells were shown to become
increasingly permeable to propidium iodide 24 h after TPPS4-PDT.
Differences in the fragmentation process may be related to the
localization of the dyes in the cytosol (TPPS4) and endoplasmic
reticulum (TPPS2a) after light-induced release from the lysosomes
(Berg et al, 1991; Rodal et al, 1998). The present results may
provide evidence that degradative events in apoptosis are
performed by distinct executors that can be activated independently
of each other (Lazebnik et al, 1995; Takahashi et al, 1997a, 1997b).

Not only the pathway for induction of apoptosis and the set of
induced apoptotic features seemed to depend on the site of initial
damage. Also, the relative number of apoptotic cells varied
compared with necrosis. In the case of TPPS4, several findings indi-
cate necrotic cell death in addition to apoptotic body formation.
Figure 6 shows that a prominent peak of TdT-negative cell fragments
appeared 14 h after PDT. A substantial loss of cells after TPPS4-PDT
during the staining procedures of the TdT assay was measured by
Coulter counting and is described in the Results section. Propidium
iodide staining of apoptotic cells induced by TPPS4-PDT as
described above showed that the plasma membrane integrity was lost
increasingly after 24 h, indicating secondary necrosis.

The problems connected to quantification of apoptotic cells
have been addressed in a more general context by others (Potten,
1996). Our data provide examples of some of the obstacles that
British Journal of Cancer (1999) 79(1), 72–81
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exist to the identification and quantification of apoptotic cells.
Apoptotic cells are often assessed and quantified by detection of a
subdiploid top on DNA histograms measured by flow cytometry
(Darzynkiewicz et al, 1992). The most efficient inducers of apo-
ptosis in this study, 3THPP and Photofrin, induced DNA fragmen-
tation, but no subdiploid top appeared on the DNA histograms.
The time window for measurement of maximal values of DNA or
cell fragmentation varied with the dye applied, even within the
same cell type (Figures 7 and 8 and Noodt et al, 1996). Cell frag-
mentation provides another obstacle to quantification of apoptosis.
Necrotic cell fragments are easily lost during the staining proce-
dures, such that apoptotic cells are quantified relative only to the
remaining intact and apoptotic cells and overestimated. Apoptotic
body formation results in underestimation of the apoptotic fraction
because fragmented apoptotic cells are not taken into account. In
our study, quantification was further complicated because of
incomplete separation of the apoptotic cells in the fluorescence-
staining assay (see Figure 1B). The gates were placed on plots for
control samples with background staining only (Figure 1A; –TdT),
such that regions R1 contained 98% of the signals. On the plots for
the specifically stained samples (Figure 1B), the cells appearing in
regions R1 were defined as non-apoptotic, while apoptotic cells
were counted from regions R2. This method was tested in
numerous measurements and gave reproducible results that corre-
lated with the cell survival measurements. The morphology of the
cells gated in regions R2 was confirmed as being apoptotic by
phase contrast and fluorescence microscopy after sorting the cells
by the FACStar flow cytometer (Figure 2).

In conclusion, our results indicate that PDT induces apoptosis in
V79 cells via different pathways and to a varying extent is depen-
dent on the initial site of damage. Furthermore, different features
of apoptosis are induced. The exact localizations from where each
single event is triggered have to be studied further. A knowledge
of these sites could give clues to which triggers and intracellular
messengers involved in PDT-induced apoptosis.
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ABBREVIATIONS

V79 cells, Chinese hamster lung fibroblasts; PDT, photodynamic
therapy; TPPS

n
, n-sulphonated meso-tetraphenylporphine; 3THPP,

tetra(3-hydroxyphenyl)porphyrin; TdT, terminal deoxynucleotidyl
transferase.
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