









































viability test, as it was already done previously (11). We cannot extrapolate from this
experiment the prevailing cell death mechanism (apoptosis versus necrosis) in
clinical use. Although our observations demonstrate necrosis, other studies show the

importance of apoptosis (15) (16).

An observation which might be of interest in PDT strategies in urology is that white
light irradiation resulted in the destruction and “washout” of the complete urothelial
layer until the basement membrane. On the contrary, using blue light destroyed only

superficial layers.

Sparing of the normal urothelium

An optimal result of photodynamic therapy would be a complete disappearance of
tumour areas with a preserved benign surrounding tissue facilitating the healing
process. Therefore, determination of PDT conditions sparing the normal urothelium is

of major concern.

For identical irradiances the threshold value for white light irradiation was 3.7 times
higher than for blue light irradiation. By folding the excitation spectra of the both light
sources with the absorption spectra of PpIX in vitro, one can estimate a relative
number of absorbed photons for both cases. In our case, about 2.8 times more
photons are absorbed when using blue light instead of white light at the same photon
density. Assuming that the total number of absorbed photons represents a measure
of produced oxygenating species and that the absorption spectrum of PpIX does not
change considerably in the cell microenvironment, the small difference by a factor 1.3

(3.7/2.8) could be explained by the formation of photoproducts during PDT.

Fragmentation of the tetrapyrrolic structure has been shown to result in a blue shift of

the absorption spectra (17). However, when the tetrapyrrolic stem structure remains
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intact the main photoproducts of PplX formed by PDT in vitro have an excitation
maximum at 450 nm (18). Furthermore, new bands in the far-red region of the
spectrum will appear. In general, such photoproducts are also photodynamically
active and due to their different absorption characteristics will contribute more to the
phototoxicity under white than under blue irradiation. No specific analysis of the

different photoproducts in blue or in white light illumination was performed.

Finally, the threshold values decreased with decreasing irradiance. This observation
is in agreement with a number of other studies that have reported an enhancement of

photodynamic damage with decreasing irradiance (19) (20) (21).

The presented results show that the threshold value for healthy cells depends on a
compromise between the PplX concentration and the used radiant exposure. For an
optimized PDT, it will be attractive to keep the PplX concentration in normal cells at a
sub critical level or to use a radiant exposure that enables to preserve the tissue for a
given concentration. For example, reduction of incubation time from 4 to 2 hours may
spare about a half of the urothelium irradiated at 0.75J/cm?. Furthermore, one could
conclude from these experiments that, for tumor cells that have accumulated PpiX
about 5 times more than normal cells (which in urology is the case for carcinoma in
situ), one could apply 4 times weaker radiant exposure in order to destroy the tumors
while keeping the healthy tissue intact. As shown in fig.4, at 405 nm radiant exposure
of 3 J/cm? destroyed effectively the PplX loaded urothelium under all conditions
studied. Using 5-ALA given intravenously, Grénland-Pakkanen et al. (22) have shown
that superficial bladder damage can be observed in healthy rats urothelium with
radiant exposures of 20-40 J/cm2 with light at 635 nm, while 80 J/cm2 showed full
thickness damage. Therefore, they have proposed to use the latter for the destruction

of CIS. However, as shown by van Staveren et al.(23), PDT induced tissue damages
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can vary according to the route of administration. In their studies, radiant exposures
of 100 J/cm2 at 635 nm induced irreversible damage to pig bladder walls in vivo,
when solutions of 5-ALA were applied intravesically at 300mM. Similar conditions
were used by another group (24) showing that selective damage to chemically

induced bladder tumors can be achieved without destroying the normal urothelium.

Photobleaching monitoring and ROS reporter system

An approach to perform implicit dosimetry consists of monitoring the decrease of
photosensitizer fluorescence intensity caused by photobleaching. Basically, this
approach assumes that the same reactions leading to cellular death following PDT
are similarly involved in the photochemical destruction of the photosensitizer. The
possibility of using photobleaching to monitor dosimetry during PDT had been subject
of numerous studies and an extensive review on this subject has recently been
reviewed by Wilson et al (25). However, to establish the relationship among the
photobleaching, the therapeutically active species and the final treatment outcome
remains a challenge. Only a few studies have focused specifically on the correlation
of the above-mentioned photosensitizer depletion and the resulting photodynamic
response of tissue (19, 26-28). In order to test the hypothesis that photobleaching
measurements can be used to optimize HAL-mediated PDT of superficial bladder
cancer, we have pre-incubated pig bladder mucosae with HAL during three hours
and measured the decrease of PplX fluorescence intensity during PDT. Under these
conditions, the PplX fluorescence intensity - time profiles cannot be described by a
simple exponential function of the radiant exposure and consequently photobleaching
is not a simple first order process. The traces in fig. 5 represent the weighted non-
linear least square fits of the data using a sum of two exponential terms. In contrast

to recent findings of Robinson et al. (19) in hairless mice and of Georgakoudi et al.
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(29) in vitro, a double exponential decay fitted our photobleaching curves better than
fitting according to a second order process. Also, Moan et al. (30) described the PpIX
decay during PDT in vitro by a sum of two exponential terms, which is in agreement
with our study. These authors ascribed this characteristic to the relocation of the
photosensitizer during PDT or its chemical modification that contributes to the
photobleaching process. Furthermore, different photobleaching proce;ses of protein
bound and unbound photosensitizers have been proposed.

Nevertheless, our data show that the rate of photobleaching significantly increases
with decreasing irradiance. Since the oxygen supply is one of the limiting factors in
PDT, this phenomenon could result from a too high initial oxygen consumption
imposed by a high irradiance. This hypothesis is in agreement with the data and

calculations of Foster’s group (31,32).

Thus, in vitro, where the initial amount of PplX can be measured, photobleaching
monitoring at lower irradiance can be used for dosimetry. In clinical situations,
however, relative rather than absolute amounts of bleached PpIX would be
measured. In addition, the fraction of depleted PpIX to induce cell death could be
smaller than the interindividual variations of PplX accumulation. Technically, this
observation entails a further challenge, since it implies a rather exact assessment of
small changes against a large background signal having the same optical properties.
However, the use of other methods for the determination of therapeutic outcomes
might become important, when the measured amount of photosensitizer cannot be
directly correlated with the tissular response, as very recently demonstrated by El

Khatib et al. (33)

Besides monitoring of photobleaching for dosimetry purposes, other implicit methods,

such as measuring the photosensitizer triplet state, triplet state lifetimes and use of
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measurable changes in tissue or environmental fluorescence reporter molecules,
have rarely been exploited. We have adopted an interesting alternative, i.e.,
monitoring of R123 fluorescence intensity, which reflects the total amount of
oxygenating species produced during irradiation. In these experiments, the
fluorescence intensity of R123 increased with increasing radiant exposure. Most
remarkably, for the three irradiation conditions used, the totawl normalized
accumulated amount of R123 was the same at the corresponding threshold values
(see Table 1). Furthermore, at 30 mW/cm?, the R123 kinetics correlates linearly with
the photobleaching data, which again supports the idea of using low irradiances. Due
to the induction of R123 during PDT there might be an additional effect from R123
induced '0; during irradiation with white light. Since, extinction coefficient of R123 is
only small at 405 nm, only minimal photodamage can be assumed under blue light
irradiation. However, R123 is known to be a relatively weak phototoxin (34) and at the
concentration of DHR123 used here, the production of ROS resulting by the above

mentioned reaction should be negligible.

The introduction of a reporter system such as DHR123/R123 into PDT procedure
would be very useful for the following reasons: a) the total intensity of R123 can be
used as direct criterion of the delivered photodynamic dose and, b) the correlation of
R123 fluorescence intensity with PplX photobleaching helps to optimize the
irradiance related to the available oxygen concentration. Nevertheless, in this study,
this ROS reporting system was only used after 3 hours incubation of HAL. Therefore
we cannot extrapolate what would have been the results according to different

incubation conditions, which play a role in subcellular PplX localization.

However, although toxicity and metabolism of R123 at higher doses has been

evaluated (35), no human toxicological studies exist on the reporting system
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DHR123/R123 at the concentration we used in our study. Alternatively, other
fluorescent reporter systems, known for their sensitivity towards ROS species, such
as dichlorodihydrofluorescein diacetate and its analogs of dihydrorhodamine 6G,
might be of potential interest. Although a direct extrapolation to the real in vivo
situation is not possible for the time being, such extrapolation would imply that the
R123 activation would be similar to the cell kill kinetics. This would ”require similar
subcellular localization (which might vary for PplX between 1 and 4 hours post
incubation) and a\lso similar contributions of singlet oxygen and other ROS to the
R123 activation and cell kill, respectively. However, the present study shows, for the
first time, the feasibility to use such ROS reporter systems to monitor a photodynamic

action during PDT by simple fluorescence imaging.

Conclusions

For an optimal photodynamic therapy, the determination of conditions sparing the
normal urothelium facilitating the healing process is of major concern. The in vitro
preparation of the porcine mucosa preincubated with HAL allowed us to determine
incubation condition for photodetection in clinics. We also correlated the extent of
tissue damage with the intracellular PplX concentration, irradiations wavelength and

irradiance and with the reactive oxygen species produced upon irradiation.

Under moderate irradiances, photobleaching was found to be a good predictor of
tissue damage and only a small fraction (10-20%) of PpIX had to be destroyed in
order to induce cell death. In addition, the DHR123/R123 reporter system was well

correlated with the threshold exposures under all conditions used.

We propose that the use of low irradiances combined with systems reporting the

ROS production in the irradiated tissue could improve the in vivo dosimetry and
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optimize the PDT of the superficial bladder carcinoma. Clinical studies are however

warranted.
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Legends to tables and figures

Table 1: Outcome of irradiation of the PplX loaded normal porcine urothelium

Threshold values correspond to irradiation doses resulting in 50% of damaged spots.
The normalized fluorescence intensity (arbitrary units) of R123 reflécts the total
reactive oxygen species generated in the illuminated cells. Interestingly, this value is
the same whatever the irradiation conditions. Three hours of incubation with HAL.

Ten mucosae per condition.

Figure 1. Thermostabilized (37°C) transparent culture chamber placed under a
modified epi-fluorescence microscope. The urothelium divided the chamber into
epithelial and submucosal compartments. The submucosal compartment was
continuously perfused by an oxygenated Tyrode solution, the apical one was

exposed to the HAL and DHR123 solution.

Figure 2: Spectral analysis of PplX and Rhodamine 123, and accumulation of PpIX

in the normal urothelium

A: Spectral analysis of the excitation and emission fluorescence of PplX and R123.

Note the minimal overlap of R123 absorption and emission bands with those of PpIX.

B: Fluorescence intensity (arbitrary units) is proportional to the PplX accumulated in
the urothelial cells and increases during the incubation with 2 mM HAL. Excitation at

405 nm, emission measured at 635 nm.
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Figure 3: Evaluation of the urothelial damage upon irradiation with blue and white
light

A: Scanning electron micrograph showing a necrotic lesion of superficial and deeper
cells. The lesion is strictly confined to the irradiated area (405 nm, irradiance 75
mW/cm?, dose 5 J/icm?). B: The same preparation as in A was staiped prior the
fixation with Sytox green, which upon penetration into dead cells becomes
fluorescent. C: Shrunken and perforated cell after irradiation as compared to non
irradiated urothélium with intact umbrella cells. D: Lesion concerning all the urothelial
cell layers. The majority of dead cells were washed out but some remaining dead
cells adhere to an intact basement membrane. Notice again the normal aspect of the
non-irradiated surrounding urothelium (white light, irradiance 30 mWi/cm?, dose 2

Jicm?). Incubation with HAL for 3 hours, fixation 2 hours after irradiation

Figure 4. Influence of irradiation parameters and incubation time on the fate of

irradiated urothelial cells

The cell death is defined as the fraction of spots damaged by the light. The 0.5 level
indicates the threshold conditions. A: After 2 hours of incubation, the threshold value
is between 0.3 and 0.75 J/cm?. Ten mucosae per condition, incubation with HAL,
irradiation with 405 nm light at an irradiance of 75 mW/cm?. B: Variation of incubation
with HAL (i.e. PpIX concentration) and radiant exposure. Ten mucosae per condition.

Irradiation with 405 nm light at an irradiance of 75 mW/cm?.
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Figure 5: Influence of the light dose on PplX bleaching and cell R123 accumulation

PpIX bleaching [squares], cell accumulation of R123 [circles]. A: blue light, 75
mW/cm?. B: blue light, 30 mW/cm? C: white light, 30 mW/cm? The curves represent
weighted non-linear least square fits of the data using a sum of two exponential
terms. The bleaching and R123 levels corresponding to threshold dose§ (see table 1)
are shown in black symbols. The inserts in B and C indicate that, at low irradiance
and equivalent doses, there is a good correlation between the relative amount of the

bleached PplX and the cell R123 fluorescence. Ten mucosae per condition.
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Table 1: Outcome of irradiation of the PplX loaded normal porcine urothelium

Irradiation
Conditions

Blue Light
[75mW/cm?]

Blue Light
[30mW/cm?|

White Light
[30mW/cm?]

Estimated Fraction of Mean Normalized
threshold bleached PpIX R123 fluorescence
[Jlcm?] [a.u.]
0.75 [ (0.41i0.10 0.14+0.05
p<0.05
0.15 p<0.01 L0.1810.151 0.14+0.17
p<0.1
0.55 \ 0.1110.09J 0.14%0.05
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