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Abstract. The present study deals with photomodifica- age finally leading to cell death by apoptosis or necrosis.
tion of the electrical properties of the plasma membraneThese findings have led to a series of clinical applica-
of an epithelial cell line (opossum kidney (OK) cells). tions such as the photodynamic therapy [3]. For many of
The effect of photofrin Il (previously investigated) is the photosensitizers used at these applications, the
compared with that of 5 other membrane-active sensitizplasma membrane and the membranes of cellular organ-
ers: sulfonated Zn-phthalocyanine, merocyanine 540glles (mitochondria) have been suggested to act as im-
rose bengal, methylene blue and protoporphyrin IX (anportant sites of photodynamically induced cellular dam-
endogenous sensitizer induced by addition of its biosynage [12, 13]. Due to their lipophilic nature, these sensi-
thetic precursor 5-aminolaevulinic acid). The study wastizers partition into nonpolar media such as the interior of
performed in order to investigate whether photomodifi- 3 hiological membrane. As a consequence of this enrich-
cation of the ion transport properties of the plasma memment, early events in the photodynamically induced cel-
brane by membrane-active sensitizers is a general anfjar damage have been observed which clearly indicate
early event in cellular photosensitization. The changegnotomodification of cellular membranes and of their
in the electrical properties were monitored by applicationyransport systems: the depolarization of the membrane
of the whole-cell and the inside-out configuration of the potential and an increase in the cytoplasmic free calcium
patch-clamp technique. concentration [2, 16]. Both phenomena result from
lllumination in the presence of the compounds (aparlopanges in jon transport across biological membranes,
from merocyanine 540) gave rise to similar changes of,ich may be investigated by electrophysiological meth-
the electrical properties of the membrane: depolarlzatlorbdS such as the patch-clamp technique. Studies of this

of tge tmembr??r;ed poter(;tialt, Fi(naﬁtivatilon of a large- kind have been mainly performed for excitable cells with
conductance, Ca-dependent K-channel (maxi-ie)), = ,qe bengal as sensitizer [17-20] and for an epithelial

and a strong increase of the leak conductance of the,, e in the presence of photofrin Il [5-7]. Photo-

membrane. Th!s similarity mdpgtes: the general CharalcTfnodification of the respective plasma membranes was
ter of the functional photomodifications by membrane-

. " : . observed to inactivate specific potassium, sodium, and
active sensitizers previously reported for photofrin Il. . ; . "

calcium currents and to increase the basic (nonspecific)

leak conductance of the membrane [17-20]. The in-

Key words: Photosensitization — Patch-clamp — crease of the latter was found to cover up to three orders
OK-cells — Membrane potential — lon channel — 4t magnitude and to include an enhanced permeation of
Maxi K — Leak conductance Cé&*-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

e e e i ncrease of e toplaic Caconcentaion (7]
P 9 Despite the relevance of membrane photomodifica-

tions, the corresponding studies were so far limited to a
- few selected systems. Therefore, the question arises
Correspondence toG. Stark whether photodynamically induced changes of ion trans-
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port processes are a general event in cellular photosemC540, and (partly) methylene blue, OK-cells were incubated for 1 hr
sitization. The present communication is intended ton the high-NaCl solution containing the sensitizer concentrations in-
contribute to this issue by Comparing the phOtOdynamiCdicatEd' Thereafter, cells were stored in the same solution without

. . sensitizer. Electrophysiological experiments were performed up to
effects of several well-known, Chemlca”y different, three hours after incubation. For ALA, the incubation time was in-

membrane-active photosensitizers at the same systefgased up to 18 hr (applied in Figs. 1 and 2). Contrary to the sensi-
the plasma membrane of an epithelial cell line obtainedizers mentioned before, incubation was performed in the culture me-
from the opossum kidney (OK). This cell line has pre- dium in an incubator at 37°C and 5% G(see[6] for details). This
viously been used to study photomodification by photo-was done in order to allow cellular synthesis of protoporphyrin IX
frin 11 [5-7]. The effect of this sensitizer is compared Under the normal conditions of cell culture.

with those of sulfonated Zn-phthalocyanine, merocya- In the case of rose bengal, the sensitizer was added to the bath

. 540 b | hv bl d h solution (in the form of an aqueous stock solution of th ooncentra-
nine , rose bengal, methylene blue and protoporp yﬁOﬂ) a few minutes before the measurement was performed (final con-

_rin |X (an end_OQenous SenSitiZ?r induce_d .by a‘_jdition Ofcentration 1um). The same procedure was partly also applied for some
its biosynthetic precursor 5-aminolaevulinic acid). of the other sensitizers.

Materials and Methods |LLUMINATION

After establishment of the patch-clamp configuration and a period of
ELECTROPHYSIOLOGY control measurements, cells were illuminated with a laser and the pho-

. . . L tomodification of electrical properties was observed during illumina-
The effect of visible light on the electrical characteristics of the plasmay; )\ - 1o light was focused via fiber optics onto the cells under an

membrane of OK-cells was investigated by application of the patch-angle of 45°. Three different laser types were applied: HeNe (632.8

clamp method in the presence of the photosensitizers mentioned belovyl.m Melles Griot, Carlsbad, CA) for photofrin Il and ALA-induced

The study was performed by making use of the whole-cell and theprotoporphyrin IX, HeNe (543.5 nm, Melles Griot) for MC540 and rose

inside-out configurations of this technique as described in detail inbengal and a diode laser (670 nm, Coherent, Auburn, CA) for ZpPcS

previous publications [5, 6]. OK-cells, kindly supplied by Dr. H. and methylene blue. The mean irradiance was 5000 3VAB0O
Murer (Zirich, Switzerland), were maintained in culture [5]. The de- \\, > -0 4 550 Wi respectively

cay of their zero-current potential,,Y 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- GENERAL
cordings were obtained using a high-NacCl solution (m,r140 NacCl,
4 KCl, 1 CaCl}) in the bath and a high-KClI solution (innm 135 KClI,

. ) ; ) » All experiments were performed at room temperature and were re-
20 NaCl, 1 CaQ) in the pipette. The pipette solution additionally P P P

- ) peated at least 3 times. Throughout the incubation and the entire ex-
contained 2 m EGTA loensure a frge éégoncentra’uon of about 0.1 periment the cells were kept in the dark to avoid unwanted photody-
um. All solutions additionally contained (in i) 1 Mgc_lz’ 18 (or 10? namic reactions. The software Fig.P (Fig.P Software Corp., Durham,
?(I)u;:c;se and 20 (or 10) HEPES. The pH of the solutions was adjustecrklc) was used for data reduction and analysis.

The inside-out configuration of the patch-clamp technique was
applied in order to study single channel fluctuations of the large-
conductance, Ga-dependent K-channel (maxi-k,). Measurements
were per_formed by using the high-KCI solution for poth, bath and ZnPcS,,  mono-/disulfonated Zn-phthalocyanine
pipette (in the absence of EGTA, however, to activate thé*Ca MC540 merocyanine 540
dependent channel). The same technique was applied to study photRA- methylene blue
modification of the leak conductance. In this case, the high-NaCl so- 5-aminolaevulinic acid
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 peBeSuIts and Discussion
formed in the absence of active ion channels (without the use of block-
ing substances). 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
The type and concentration of the photosensitizers were as follows: ¥arious photosensitizers was performed on the basis of
pg/ml photofrin Il (Quadra Logic Technologies, Kattendijke, Nether- three different kinds of measurements: the decay of the
ulfonated Zn-phthalocyanine (ZnFgS prepared sccording to the  Zoro Current potential, (Fig. 1), the increase of the

P y 162 Prep 9 leak conductanceG,,, (Fig. 2), and the inactivation of

procedure of Ali et al. [1], 5wm merocyanine 540 (MC540; Sigma, St. ] 3
Louis, MO), 1pm rose bengal (Aldrich, Milwaukee, WI), 10m meth- the large conductance, é*adependent R-channel

ylene blue (MB; Fluka, Buchs, Switzerland), and lis-aminolaevu-  (MaXi-Keg) (Fig. . 3) .The maxi-k, was chosen as a
linic acid (ALA; Merck, Darmstadt, Germany), the biosynthetic pre- model for specific on .Channels- Its photomod_|f|ca-
cursor of protoporphyrin IX. In the case of photofrin Il, ZnRgS  tion by two of the sensitizers (i.e., rose bengal (Fig) 3

ABBREVIATIONS
opossum kidney

APPLICATION OF THEPHOTOSENSITIZERS
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and ZnPc$, (Fig. 30)) was investigated and compared

with the effect of photofrin 1l [7]. In all three cases, 1 4% v MC 540 -1
the typical current fluctuations of this ion channel— ] ® ALA
characterized by brief transitions from the open to the o3 - 0.8

. . . o rin
closed channel state—disappear after the start of illumis Photofrin It

nation, i.e., the current level was found to agree with that > 0.6 -
in the absence of the channel. In some caseglést e ]
trace of Fig. ), the onset of the increase of the leak > 0.4 4
conductance becomes visible, which was studied in more
detail in the absence of active ion channels (Fig. 2). 0.2
The decay of the membrane potential and the strong
increase of the leak conductance during illumination o ' _ ' .
were found for all photosensitizers investigated apart 0 10 20 30 40 50
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 Fig. 1. The decay of the membrane potential during illumination of
absorption coefficients of the sensitizers, and due to th@&K-cells in the presence of different photosensitizers. lllumination was
different sensitizer concentrations in the membrane. [farted at the arrow. \° was in the range of ~65 mV up to -85 mV in
order to compensate for these differences, i.e., to Observeﬁa(:h case. The data wgre obtained using t_he whole-cell co'n_flguratlon of
e . the patch-clamp technique. For concentrations of the sensitizers and the
modifications on the same time scale, measurementiﬁcubation procedurseeMaterials and Methods. The data represent
were performed after different incubation times, at dif- typical observations which were repeated at least 3 times.
ferent concentrations or by addition of the sensitizer di-
rectly to the bath solutionseeMaterials and Methods).
The following control experiments were performed:
a) lllumination of the membrane with either of the three
lasers (with wavelengths 543.5 nm, 632.8 nm, and 67

nm) in the absence of any photosensitizer. b) MOd'f'Ca'sensitizer was added via the incubation procedure, but up

t@on of_ the electrical prop_erties by addition of the.sensrto 3 orders of magnitude if methylene blue was present in
tizers in the absence of light. At all control expt_anmentsthe bath solution during the measurement (as shown in
performed, the electrical membrane properties Werg-jg 2s) The increase in the efficiency is presumably
found to remain unaffected, i.e., their modification re- ca,sed by a more pronounced sensitizer enrichment in
quires both, the presence of one of the sensitizers and Qe plasma membrane.
light. _ _ Virtually no effect of visible light was observed after
In the case of ALA, the biosynthetic precursor of the jncybation with merocyanine 540 (c.f. Figs. 1 and 2) or
sensitizer protoporphyrin IX, an increase of the leak con-after addition of this substance to the bath solution (data
ductance was only observed after a comparatively longot shown), through this sensitizer—which has been
incubation time of 18 hr (Fig. f2 while there was a ysed for specific photodynamic elimination of leukemia
significant decrease of the membrane potential alreadyells and enveloped viruses in bone marrow grafts and
after an incubation time of 0.5 hr (data not shown). Ob-plood transfusion products—has clearly been character-
viously, V,, is a sensitive sensor of photodynamically ized as membrane-active [9-11, 14, 15]. The binding
induced membrane damage. The decaypfs duetoa affinity of MC540 to the plasma membrane has, how-
combined effect of the inactivation of 'Kselective ion  ever, been found to depend strongly on the cell type.
channels (different from the maxid) and of the in-  High affinity binding has been observed for electrically
crease of the nonselective leak conductance, as wasxcitable cells, for tumor cells and for enveloped viruses,
shown in detail for photofrin Il [6]. We suspect that it is while non-excitable cells show low affinity (see [15] for
the inactivation of these kchannels, which primarily a review). No satisfactory interpretation for the specific-
causes the decay &f,, observed after short incubation ity of membrane binding appears to be available at
times with ALA. This assumption is supported by the present. There is, however, another factor which might
finding that photodynamically induced inactivation of contribute to the comparatively low efficiency of
K*-channels (by photofrin Il) precedes the increase in theViC540, namely its low quantum yield of singlet oxygen
leak conductance [7]. formation 0.04 in lipid vesicles [4]). In spite of this
Rose bengal showed no light-induced effects if mealow yield, 'O, has been suggested as an important inter-
surements were performed after the incubation procemediate in MC540-induced photodynamic membrane ef-
dure. This sensitizer, however, was found to be veryfects [10]. If this is correct, light-induced membrane
efficient if present (at Jum concentration) in the bath modifications would be visible in the presence of com-

M Rose Bengal
- 0.6
A MB

O ZnPcS,,

- 0.4

- 0.2

time / min

solution during the measurements. An enhancement of
the efficiency by this method was also observed in the
ase of methylene blue. The light-induced increase of
he leak conductance was 1-2 orders of magnitude if this



44 F. Killig et al.: Photomodification of the Plasma Membrane

A 39 D 3 W
Merocyanine 540 Rose Bengal
2 24
p— —
=] (=}
£ E
© ©
E 14 E 14
&) <)
N’ N
) o0
= =
0 0
'1 T L] T T 1 '1 T T T T 1 v T v T 1
0 5 10 15 20 25 0 10 20 30 40 50 60
time/min time/min
B 47 E 34
Photofrin II Methylene Blue
3 -
2 =
-~ —
- e
O 21 &)
S~ ~
E E 14
¢ | 9
) )
2 2
0
0 ! '
'1 T T L T T T T T T T M T T T T 1 '1 T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60
time/min time/min
C 39 F 24
ZnPcS
1/2 ALA
24
e"‘E e"‘E 14
@) &)
~ ~
E 1 E
Q Qo
' N
) )
= ° 0
0 -
-1 T T T T 1 -1 T T T T T 1
0 10 20 30 40 0 10 20 30 40 50 60
time/min time/min

Fig. 2. The light-induced change of the leak conductance investigated in the presence of the different photosensitizers. The data were obtainec
using the inside-out configuration of the patch-clamp technique in the absence of active ion channels. The arrows indicate the onset of illuminatic
G,, the leak conductance before illumination, was between 50 and 150 pS in all cases. For concentrations of the sensitizers and the incuba
procedureseeMaterials and Methods. The data represent typical observations which were repeated at least 3 times.

paratively high membrane concentrations only. The parthe partition coefficient of MC540 is inadequate to com-
tition coefficient of MC540 between membrane and wa-pensate its low quantum yield of singlet oxygen forma-
ter was found to depend on structural membrane proption.

erties as well as on the membrane potential, negative Ideally, comparison of different sensitizers should
potentials being unfavorable [9, 10]. If applied to the be performed on the basis of the concentration of the
plasma membrane of OK-cells, these findings (in view ofgenerated reactive species (singlet oxygen etc.). This,
the negligible light effects observed) would predict thathowever, requires knowledge of the membrane concen-
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Fig. 3. Photodynamic inactivation of the large-conductance,
Ca*-dependent K-channel (maxi-K,) observed in the
presence of the sensitizers rose bengal (Fig. 3a) and
ZnPcS,, (Fig. 3b). Both sensitizers were directly added to
the bath solution (at concentrations ofuM and 5u.M,
respectively) immediately before the measurement was
performed. The figures show the normal fluctuation
behavior of the channel and its modification after the start
of illumination (arrows). The horizontal traces represent
continuous current signals observed for 4 seconds,
respectively, at a constant applied voltage of =10 mV. The
traces were obtained in direct succession. The bars on the
right-hand side indicate the current level when the channel
is closed. The data were low pass filtered with 0.5 kHz.
The data represent typical observations which were
repeated at least 3 times.

tration of singlet oxygen. The relation between the senjproperties of the plasma membrane. The functional con-
sitizer concentrations and those of reactive species hasequences accompanying illumination of the membrane
been determined in homogeneous solutions such as waterere found to be largely identical for 5 of the 6 sensi-
and (in part) in artificial lipid membranes (see ref [4] and tizers: the depolarization of the membrane potential, a
the literature cited therein). Reliable values for thestrong enhancement of the basic leak conductance, and
plasma membrane of the cell (at least to our knowledgejhe inactivation of an ion selective channel (maxK
have not been available so far. Comparison of the memThese phenomena were already described in our previ-
brane damage on the basis of the singlet oxygen concemus, more detailed investigation of photofrin Il-induced
trations in water would be misleading. This follows functional changes of the plasma membrane of OK-cells
from our recent finding that reactive species generated7]. The results of the present communication suggest
directly in the membrane are far more efficient in thethat the photodynamic membrane modifications de-
generation of membrane damage than reactive speciesribed in previous studies may be generalized for most
generated in water [8]. Itis the special property of mem-membrane-active photosensitizers.

brane active sensitizers that (contrary to water soluble

sensitizers) they are able to deliver singlet oxygen (ashe authors thank the Deutsche Forschungsgemeinschaft (Az. Sta 236/
well as other reactive species) close to the locus where) for financial support of the study.

the damage will be observed. Unfortunately, however,

the relation between the membrane concentrations of the

sensitizers and of the reactive species—as a function dReferences
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