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Abstract. The present study deals with photomodifica-
tion of the electrical properties of the plasma membrane
of an epithelial cell line (opossum kidney (OK) cells).
The effect of photofrin II (previously investigated) is
compared with that of 5 other membrane-active sensitiz-
ers: sulfonated Zn-phthalocyanine, merocyanine 540,
rose bengal, methylene blue and protoporphyrin IX (an
endogenous sensitizer induced by addition of its biosyn-
thetic precursor 5-aminolaevulinic acid). The study was
performed in order to investigate whether photomodifi-
cation of the ion transport properties of the plasma mem-
brane by membrane-active sensitizers is a general and
early event in cellular photosensitization. The changes
in the electrical properties were monitored by application
of the whole-cell and the inside-out configuration of the
patch-clamp technique.

Illumination in the presence of the compounds (apart
from merocyanine 540) gave rise to similar changes of
the electrical properties of the membrane: depolarization
of the membrane potential, inactivation of a large-
conductance, Ca2+-dependent K+-channel (maxi-KCa),
and a strong increase of the leak conductance of the
membrane. This similarity indicates the general charac-
ter of the functional photomodifications by membrane-
active sensitizers previously reported for photofrin II.
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Introduction

Illumination with visible light in the presence of certain
photosensitizers is known to induce strong cellular dam-

age finally leading to cell death by apoptosis or necrosis.
These findings have led to a series of clinical applica-
tions such as the photodynamic therapy [3]. For many of
the photosensitizers used at these applications, the
plasma membrane and the membranes of cellular organ-
elles (mitochondria) have been suggested to act as im-
portant sites of photodynamically induced cellular dam-
age [12, 13]. Due to their lipophilic nature, these sensi-
tizers partition into nonpolar media such as the interior of
a biological membrane. As a consequence of this enrich-
ment, early events in the photodynamically induced cel-
lular damage have been observed which clearly indicate
photomodification of cellular membranes and of their
transport systems: the depolarization of the membrane
potential and an increase in the cytoplasmic free calcium
concentration [2, 16]. Both phenomena result from
changes in ion transport across biological membranes,
which may be investigated by electrophysiological meth-
ods such as the patch-clamp technique. Studies of this
kind have been mainly performed for excitable cells with
rose bengal as sensitizer [17–20] and for an epithelial
cell line in the presence of photofrin II [5–7]. Photo-
modification of the respective plasma membranes was
observed to inactivate specific potassium, sodium, and
calcium currents and to increase the basic (nonspecific)
leak conductance of the membrane [17–20]. The in-
crease of the latter was found to cover up to three orders
of magnitude and to include an enhanced permeation of
Ca2+-ions [6, 7]. In addition, inactivation of ionic cur-
rents was shown at the level of single ion channels [5].
These findings allow to explain the two early, membrane
associated, photodynamic events mentioned above, i.e.,
the depolarization of the membrane potential and the
increase of the cytoplasmic Ca2+ concentration [7].

Despite the relevance of membrane photomodifica-
tions, the corresponding studies were so far limited to a
few selected systems. Therefore, the question arises
whether photodynamically induced changes of ion trans-Correspondence to:G. Stark
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port processes are a general event in cellular photosen-
sitization. The present communication is intended to
contribute to this issue by comparing the photodynamic
effects of several well-known, chemically different,
membrane-active photosensitizers at the same system:
the plasma membrane of an epithelial cell line obtained
from the opossum kidney (OK). This cell line has pre-
viously been used to study photomodification by photo-
frin II [5–7]. The effect of this sensitizer is compared
with those of sulfonated Zn-phthalocyanine, merocya-
nine 540, rose bengal, methylene blue and protoporphy-
rin IX (an endogenous sensitizer induced by addition of
its biosynthetic precursor 5-aminolaevulinic acid).

Materials and Methods

ELECTROPHYSIOLOGY

The effect of visible light on the electrical characteristics of the plasma
membrane of OK-cells was investigated by application of the patch-
clamp method in the presence of the photosensitizers mentioned below.
The study was performed by making use of the whole-cell and the
inside-out configurations of this technique as described in detail in
previous publications [5, 6]. OK-cells, kindly supplied by Dr. H.
Murer (Zürich, Switzerland), were maintained in culture [5]. The de-
cay of their zero-current potential, Vm, was determined in the current-
clamp mode of an EPC-9 patch-clamp amplifier by use of the software
Pulse (HEKA Elektronik, Lambrecht, Germany). The whole-cell re-
cordings were obtained using a high-NaCl solution (in mM, 140 NaCl,
4 KCl, 1 CaCl2) in the bath and a high-KCl solution (in mM, 135 KCl,
20 NaCl, 1 CaCl2) in the pipette. The pipette solution additionally
contained 2 mM EGTA to ensure a free Ca2+-concentration of about 0.1
mM. All solutions additionally contained (in mM) 1 MgCl2, 18 (or 10)
glucose and 20 (or 10) HEPES. The pH of the solutions was adjusted
to 7.4.

The inside-out configuration of the patch-clamp technique was
applied in order to study single channel fluctuations of the large-
conductance, Ca2+-dependent K+-channel (maxi-KCa). Measurements
were performed by using the high-KCl solution for both, bath and
pipette (in the absence of EGTA, however, to activate the Ca2+-
dependent channel). The same technique was applied to study photo-
modification of the leak conductance. In this case, the high-NaCl so-
lution was used for bath and pipette (to reduce a possible contribution
of K+-channels). Changes of the leak conductance may also be de-
tected by the whole-cell technique [5]. The use of the inside-out con-
figuration is, however, preferred since the measurements can be per-
formed in the absence of active ion channels (without the use of block-
ing substances).

APPLICATION OF THEPHOTOSENSITIZERS

The type and concentration of the photosensitizers were as follows: 2
mg/ml photofrin II (Quadra Logic Technologies, Kattendijke, Nether-
lands), 1 mM of a water soluble mixture of single- and double-
sulfonated Zn-phthalocyanine (ZnPcS1/2) prepared according to the
procedure of Ali et al. [1], 5mM merocyanine 540 (MC540; Sigma, St.
Louis, MO), 1mM rose bengal (Aldrich, Milwaukee, WI), 10mM meth-
ylene blue (MB; Fluka, Buchs, Switzerland), and 1 mM 5-aminolaevu-
linic acid (ALA; Merck, Darmstadt, Germany), the biosynthetic pre-
cursor of protoporphyrin IX. In the case of photofrin II, ZnPcS1/2,

MC540, and (partly) methylene blue, OK-cells were incubated for 1 hr
in the high-NaCl solution containing the sensitizer concentrations in-
dicated. Thereafter, cells were stored in the same solution without
sensitizer. Electrophysiological experiments were performed up to
three hours after incubation. For ALA, the incubation time was in-
creased up to 18 hr (applied in Figs. 1 and 2). Contrary to the sensi-
tizers mentioned before, incubation was performed in the culture me-
dium in an incubator at 37°C and 5% CO2 (see[6] for details). This
was done in order to allow cellular synthesis of protoporphyrin IX
under the normal conditions of cell culture.

In the case of rose bengal, the sensitizer was added to the bath
solution (in the form of an aqueous stock solution of 1 mM concentra-
tion) a few minutes before the measurement was performed (final con-
centration 1mM). The same procedure was partly also applied for some
of the other sensitizers.

ILLUMINATION

After establishment of the patch-clamp configuration and a period of
control measurements, cells were illuminated with a laser and the pho-
tomodification of electrical properties was observed during illumina-
tion. The light was focused via fiber optics onto the cells under an
angle of 45°. Three different laser types were applied: HeNe (632.8
nm, Melles Griot, Carlsbad, CA) for photofrin II and ALA-induced
protoporphyrin IX, HeNe (543.5 nm, Melles Griot) for MC540 and rose
bengal, and a diode laser (670 nm, Coherent, Auburn, CA) for ZnPcS1/2

and methylene blue. The mean irradiance was 5000 W/m2, 1500
W/m2, and 550 W/m2, respectively.

GENERAL

All experiments were performed at room temperature and were re-
peated at least 3 times. Throughout the incubation and the entire ex-
periment the cells were kept in the dark to avoid unwanted photody-
namic reactions. The software Fig.P (Fig.P Software Corp., Durham,
NC) was used for data reduction and analysis.

ABBREVIATIONS
OK opossum kidney
ZnPcS1/2 mono-/disulfonated Zn-phthalocyanine
MC540 merocyanine 540
MB methylene blue
ALA 5-aminolaevulinic acid

Results and Discussion

The electrical conductance of the plasma membrane
(apart from minor contributions of electrogenic ion
pumps) is largely determined by its specific ion channels
and by its basic (leak) conductance. Comparison of the
various photosensitizers was performed on the basis of
three different kinds of measurements: the decay of the
zero current potential,Vm, (Fig. 1), the increase of the
leak conductance,Gm, (Fig. 2), and the inactivation of
the large-conductance, Ca2+-dependent K+-channel
(maxi-KCa) (Fig. 3). The maxi-KCa was chosen as a
model for specific ion channels. Its photomodifica-
tion by two of the sensitizers (i.e., rose bengal (Fig. 3a)
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and ZnPcS1/2 (Fig. 3b)) was investigated and compared
with the effect of photofrin II [7]. In all three cases,
the typical current fluctuations of this ion channel—
characterized by brief transitions from the open to the
closed channel state—disappear after the start of illumi-
nation, i.e., the current level was found to agree with that
in the absence of the channel. In some cases (see last
trace of Fig. 3b), the onset of the increase of the leak
conductance becomes visible, which was studied in more
detail in the absence of active ion channels (Fig. 2).

The decay of the membrane potential and the strong
increase of the leak conductance during illumination
were found for all photosensitizers investigated apart
from MC540 (Fig. 2). Differences in the effectiveness
were observed, however. These are partly due to the
different light intensities applied, due to the different
absorption coefficients of the sensitizers, and due to the
different sensitizer concentrations in the membrane. In
order to compensate for these differences, i.e., to observe
modifications on the same time scale, measurements
were performed after different incubation times, at dif-
ferent concentrations or by addition of the sensitizer di-
rectly to the bath solution (seeMaterials and Methods).

The following control experiments were performed:
a) Illumination of the membrane with either of the three
lasers (with wavelengths 543.5 nm, 632.8 nm, and 670
nm) in the absence of any photosensitizer. b) Modifica-
tion of the electrical properties by addition of the sensi-
tizers in the absence of light. At all control experiments
performed, the electrical membrane properties were
found to remain unaffected, i.e., their modification re-
quires both, the presence of one of the sensitizers and of
light.

In the case of ALA, the biosynthetic precursor of the
sensitizer protoporphyrin IX, an increase of the leak con-
ductance was only observed after a comparatively long
incubation time of 18 hr (Fig. 2f), while there was a
significant decrease of the membrane potential already
after an incubation time of 0.5 hr (data not shown). Ob-
viously, Vm is a sensitive sensor of photodynamically
induced membrane damage. The decay ofVm is due to a
combined effect of the inactivation of K+-selective ion
channels (different from the maxi-KCa) and of the in-
crease of the nonselective leak conductance, as was
shown in detail for photofrin II [6]. We suspect that it is
the inactivation of these K+-channels, which primarily
causes the decay ofVm observed after short incubation
times with ALA. This assumption is supported by the
finding that photodynamically induced inactivation of
K+-channels (by photofrin II) precedes the increase in the
leak conductance [7].

Rose bengal showed no light-induced effects if mea-
surements were performed after the incubation proce-
dure. This sensitizer, however, was found to be very
efficient if present (at 1mM concentration) in the bath

solution during the measurements. An enhancement of
the efficiency by this method was also observed in the
case of methylene blue. The light-induced increase of
the leak conductance was 1–2 orders of magnitude if this
sensitizer was added via the incubation procedure, but up
to 3 orders of magnitude if methylene blue was present in
the bath solution during the measurement (as shown in
Fig. 2e). The increase in the efficiency is presumably
caused by a more pronounced sensitizer enrichment in
the plasma membrane.

Virtually no effect of visible light was observed after
incubation with merocyanine 540 (c.f. Figs. 1 and 2) or
after addition of this substance to the bath solution (data
not shown), through this sensitizer—which has been
used for specific photodynamic elimination of leukemia
cells and enveloped viruses in bone marrow grafts and
blood transfusion products—has clearly been character-
ized as membrane-active [9–11, 14, 15]. The binding
affinity of MC540 to the plasma membrane has, how-
ever, been found to depend strongly on the cell type.
High affinity binding has been observed for electrically
excitable cells, for tumor cells and for enveloped viruses,
while non-excitable cells show low affinity (see [15] for
a review). No satisfactory interpretation for the specific-
ity of membrane binding appears to be available at
present. There is, however, another factor which might
contribute to the comparatively low efficiency of
MC540, namely its low quantum yield of singlet oxygen
formation (#0.04 in lipid vesicles [4]). In spite of this
low yield, 1O2 has been suggested as an important inter-
mediate in MC540-induced photodynamic membrane ef-
fects [10]. If this is correct, light-induced membrane
modifications would be visible in the presence of com-

Fig. 1. The decay of the membrane potential during illumination of
OK-cells in the presence of different photosensitizers. Illumination was
started at the arrow. Vm

0 was in the range of −65 mV up to −85 mV in
each case. The data were obtained using the whole-cell configuration of
the patch-clamp technique. For concentrations of the sensitizers and the
incubation procedureseeMaterials and Methods. The data represent
typical observations which were repeated at least 3 times.
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paratively high membrane concentrations only. The par-
tition coefficient of MC540 between membrane and wa-
ter was found to depend on structural membrane prop-
erties as well as on the membrane potential, negative
potentials being unfavorable [9, 10]. If applied to the
plasma membrane of OK-cells, these findings (in view of
the negligible light effects observed) would predict that

the partition coefficient of MC540 is inadequate to com-
pensate its low quantum yield of singlet oxygen forma-
tion.

Ideally, comparison of different sensitizers should
be performed on the basis of the concentration of the
generated reactive species (singlet oxygen etc.). This,
however, requires knowledge of the membrane concen-

Fig. 2. The light-induced change of the leak conductance investigated in the presence of the different photosensitizers. The data were obtained by
using the inside-out configuration of the patch-clamp technique in the absence of active ion channels. The arrows indicate the onset of illumination.
Gm

0, the leak conductance before illumination, was between 50 and 150 pS in all cases. For concentrations of the sensitizers and the incubation
procedureseeMaterials and Methods. The data represent typical observations which were repeated at least 3 times.
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tration of singlet oxygen. The relation between the sen-
sitizer concentrations and those of reactive species has
been determined in homogeneous solutions such as water
and (in part) in artificial lipid membranes (see ref [4] and
the literature cited therein). Reliable values for the
plasma membrane of the cell (at least to our knowledge)
have not been available so far. Comparison of the mem-
brane damage on the basis of the singlet oxygen concen-
trations in water would be misleading. This follows
from our recent finding that reactive species generated
directly in the membrane are far more efficient in the
generation of membrane damage than reactive species
generated in water [8]. It is the special property of mem-
brane active sensitizers that (contrary to water soluble
sensitizers) they are able to deliver singlet oxygen (as
well as other reactive species) close to the locus where
the damage will be observed. Unfortunately, however,
the relation between the membrane concentrations of the
sensitizers and of the reactive species—as a function of
the sensitizer concentration in water—has not been es-
tablished so far. In view of these difficulties we decided
to restrict our study to a qualitative analysis. The aim of
our investigation was to compare the action of the sen-
sitizers on the basis of their modification of the electrical

properties of the plasma membrane. The functional con-
sequences accompanying illumination of the membrane
were found to be largely identical for 5 of the 6 sensi-
tizers: the depolarization of the membrane potential, a
strong enhancement of the basic leak conductance, and
the inactivation of an ion selective channel (maxi-KCa).
These phenomena were already described in our previ-
ous, more detailed investigation of photofrin II-induced
functional changes of the plasma membrane of OK-cells
[7]. The results of the present communication suggest
that the photodynamic membrane modifications de-
scribed in previous studies may be generalized for most
membrane-active photosensitizers.

The authors thank the Deutsche Forschungsgemeinschaft (Az. Sta 236/
4) for financial support of the study.
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