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Abstract. The effects of Cd and Pb on membrane potential (E,,) and photoelectric reaction of Nitel-
lopsis obtusa cells were investigated. It was found that Cd and Pb at 1.0 mM caused a depolarization
of the Ey,, whereas both metals at lower concentrations changed the E, in a different way. Pb at
0.1mM and 0.01 mM hyperpolarized the E;,,, whereas Cd at the same concentrations depolarized
and did not change the E,, respectively. In the presence of 0.01 mM Pb, the light-induced hyper-
polarization of the E, was by 18% higher as compared to the control, whereas at 1.0 mM Pb it was
by 40% lower. Pb at 0.1 mM and Cd at 0.0l mM or 5 x 0.0l mM did not change the light-induced
membrane hyperpolarization. However, in the presence of Cd at 0.1 mM and 1.0mM this hyper-
polarization was 2-fold lower or was completely abolished, respectively. These results suggest that
at high Cd and Pb concentrations both depolarization of the Ey, and decrease of light-induced
membrane hyperpolarization in Nitellopsis obtusa cells are probably due to inhibition of the plasma
membrane H*-ATPase activity, whereas both metals at lower concentrations differ in mechanism
of membrane potential changes.
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Introduction

Metals such as cadmium (Cd) and lead (Pb) are very harmful
environmental pollutants which are widely known inhibitors
of plant metabolism. These metals by binding into specific
sites of membranes such as amino, carboxyl, hydroxyl, phos-
phoryl and sulthydryl groups have a destructive influence
on structure and function of plant membranes (De Filippis
1979). The modification of membrane properties by heavy
metals may be caused by changes of their permeability,
fluidity, protein and lipid composition (Jones et al. 1987;
Stefanov et al. 1993, 1995a,b; Fodor et al. 1995; Ouariti et al.
1997; Llamas et al. 2000; Ruciniska and Gwozdz 2005; Karcz
et al. 2009; Miskiewicz et al. 2010). It is also postulated that
plasma membrane may have a role in metal tolerance by
preventing or reducing the entry of metals to the cells and
it is the first target for ions toxicity, causing changes, among

Correspondence to: Renata Kurtyka, Department of Plant Physiol-
ogy, Faculty of Biology and Environmental Protection, University
of Silesia, ul. Jagiellonska 28, 40 032 Katowice, Poland

E-mail: renata.kurtyka@us.edu.pl

others, in electrical potential (Verkleij and Schat 1990;
Sanita' di Toppi and Gabbrielli 1999; Karcz and Kurtyka
2007). Across the plasma membrane there is a membrane
potential difference, value of which depends on plant species
and type of the cells (Stolarek and Karcz 1987; Elzenga et al.
1995; Lehtonen and Saari 2000). The plasma membrane po-
tential (Em) consists of two components; the first, the active
component, which is generated by an plasma membrane H*-
ATPase (PM H*-ATPase) and the second, the passive one,
which depends on membrane permeability. The activity of
the PM H*-ATPase is affected among other by temperature
(Karcz and Burdach 2007), ion concentrations (Felle 1991)
and illumination (Stolarek et al. 1988; Elzenga et al. 1995;
Michelet and Boutry 1995).

The dark/light signals cause in plant cells an electrical reac-
tion which depends on plant species and cell type (Karcz 1991;
Karcz et al. 1991; Shabala and Newman 1999; Lehtonen and
Saari 2000). In Characeae cells a typical reaction on dark/light
transition consists of two phases - a rapid transient depolariza-
tion of the E,;, followed by a slow membrane hyperpolarization
(Fujii etal. 1979; Stolarek and Karcz 1987; Stolarek et al. 1988).
In turn, light/dark transition causes similar responses but in
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the opposite direction (Shimmen et al. 1994). It was previously
shown in experiments performed with Elodea densa cells and
Nicotiana tabacum mesophyll protoplasts that light-induced
electrogenic H" extrusion (membrane hyperpolarization) is
associated with increased of K uptake and alkalinization of cell
sap, which are the symptoms of an increase of PM H'-ATPase
activity (Marre et al. 1989; Blom-Zandstra et al. 1997). Among
the different ions which are responsible for electrical reaction
to light the most likely candidate for membrane depolarization
is Ca%*, whereas K* seems to function as the equilibrium ion,
moving passively across the plasma membrane to compensate
for light-induced charge movement of CI” or H (Shabala and
Newman 1999). It has also been shown that the effects of light
on membrane potential changes are suppressed by treatment
the cells with the photosynthetic 3-(3’-4’-dichlorophenyl)-
1,1-dimethylurea (DCMU), and PM H*-ATPase inhibitors
(Marre et al. 1989; Karcz 1991; Okazaki et al. 1994; Harada et
al. 2002). It was also proposed that in photosynthetically active
cells the light signal from chloroplasts to the PM H*-ATPase is
carried by electrons (Elzenga and Prins 1989), and PSII system
(Kohler et al. 1985).

The main goal of the present study was to compare the
effects of Cd and Pb ions on the membrane potential and
photoelectric reaction in internodal cells of Nitellopsis obtusa.
The internodal cells have proved to be the most suitable mate-
rial for analyzing the electrical characteristics of membranes
of plant cells because of their large cell size and diameter
(Shimmen et al. 1994; Tazawa and Shimmen 2001).

Materials and Methods

Plant material and growth conditions

The experiments were carried out with internodal cells
of giant algae Nitellopsis obtusa (Characeae), which were
grown in an aquarium in the natural pond water at 25°C,
under fixed light cycle of 16 h light and 8 h dark. Before the
experiments the cells were incubated within 2 h in basic
solution (APW - artificial pond water) containing: 1.0 mM
KCl, 0.1 mM NaCl, 0.1 mM CaCl,; pH of the medium was
5.8-6.0. After this period one of them was transferred into
a perfusion plexiglass chamber which was mounted on
a vertically placed microscope stage.

Measurement of membrane potential

The standard electrophysiological technique was used for
membrane potential measurements, as previously described
by Stolarek and Karcz (1987) and Karcz and Burdach (2002).
The E,, differences were measured by recording the volt-
age between a 3 M KCl-filled glass micropipette inserted
into the vacuole and a reference electrode in the external

medium. The microelectrodes were inserted into Nitellopsis
obtusa cells under microscope by using of micromanipula-
tor (Hugo Sachs Electronik, March-Hugstteten, Germany).
Micropipettes were pulled on a vertical pipette puller (model
L/M-3P-A, List-Medical, Germany) from borosilicate glass
capillaries (type 1B150F-3, World Precision Instruments,
USA). Tip diameters were less than 1 um. After stabilization
of E;, (<20 min) the external medium was changed for a new
one, at the same salt composition, containing additionally
CdCl, or PbCl, at the final concentration 1.0, 0.1 and 0.01
mM. Medium changes were done by means of peristaltic
pump (type Peri-Star PRO, World Precision Instruments,
USA). The membrane potential in the presence of metals
was measured continuously within 45 min.

The next part of our experiments concerned with the ef-
fects of Cd (1.0, 0.1, 5 x 0.01 and 0.01 mM) and Pb (1.0, 0.1
and 0.01 mM) on light-induced electrical reaction (photo-
electric reaction) in Nitellopsis obtusa cells. In this case, the
visible light (70 Wm™2) froma 100 W halogen bulb (model
ZH 100, PZO Warsaw) was switched on twice; first, for 30
min after stabilization of E,,, in the dark in control medium
and second, after 30 min the treatment Nitellopsis obtusa
cells with cadmium or lead.

Statistical analysis

Data were analyzed by using the computer software Statistica
by StatSoft Inc. (data analysis software system), version 8.0.
(www.statsoft.com). Differences between individual treat-
ments and control were analyzed using one-way ANOVA
and LSD test. Statistical significance was p < 0.05.

Results

The changes in electric potential differences between the
vacuole and the medium in cells of Nitellopsis obtusa incu-
bated in the presence of Cd and Pb were determined. The E;;,
of these cells, before being changed in response to Cd and Pb
was -151.4 + 6.9 mV (means + SE, n = 8) and -156.5 + 3.8
mV (means + SE, n = 8), respectively. The electric potential
measurements in the cells of Nitellopsis obtusa clearly showed
a dependence of their E;;, on Cd and Pb concentrations (Figs.
1, 2). Both metals, at 1.0 mM caused an immediate depolari-
zation of Ey, value of which was significantly higher for Cd
(depolarization by 81.9 + 3.9 mV, n = 8) than for Pb (depo-
larization by 40.6 + 1.9 mV, n = 8) (Figs. 1, 2). Treatment of
internodal cells with Cd at 0.1 mM caused a depolarization
of E,, by 57.9 + 2.4 mV (means * SE, n = 8) whereas Cd at
0.01 mM did not change the E, (Fig. 1). Pb, in contrast to Cd,
applied at 0.01 mM and 0.1 mM brought about membrane
hyperpolarization by 19.8 £ 0.9 mV (means + SE, n = 8) and
15.6 £ 0.8 mV (means + SE, n = 8), respectively (Fig. 2).
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Figure 1. Effect of Cd (1.0, 0.1, 0.01 mM) on the membrane poten-
tial (Ey,) of Nitellopsis obtusa cells. (At time 0, the control medium
was changed for a new one, at the same salt composition, containing
in addition Cd). Standard error (SE) did not exceed 5%, n = 8.

The kinetics of light-induced membrane potential changes
in Nitellopsis obtusa cells incubated in the presence of Cd or
Pb was also investigated. We have showed that the exposure
of the cells (medium without metal) to visible light caused
a transient depolarization of Ey;, (which was usually finished
within 2 min) after which a delayed hyperpolarization of Em
by 65.7 £2.9 mV (means * SE, n = 8) was observed (Fig. 3A).
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Figure 2. Effect of Pb (1.0, 0.1, 0.01 mM) on the membrane potential
(Eyn) of Nitellopsis obtusa cells. (At time 0, the control medium was
changed for a new one, at the same salt composition, containing in
addition Pb). Standard error (SE) did not exceed 5%, n = 8.

The same cells treated again with light (after period of 60
min in the dark) showed practically identical kinetics of the
membrane potential changes as in the first case (Fig. 3A,
Tab. 1). The data presented here show that the photoelectric
reaction (light-induced membrane hyperpolarization) of
Nitellopsis obtusa cells was changed in the presence of Cd or
Pb (Fig. 3 and Tab. 1). It was found that at 0.01 mM Pb the

Table 1. Effect of Cd and Pb ions on the photoelectrical reaction of Nitellopsis obtusa cells. The visible light was switch on twice; first,
for 30 min after stabilization of E, in the dark in control medium and second, after 30 min the treatment Nitellopsis obtusa cells with

cadmium or lead

Membrane potential, E,, (mV)

30 min after treatment

Treatment after stabilization in 30 min after 60 min after . . 30 min after
. . . with metal or with control .
the control medium light-on light-off . light-on
solution

Control ~153.7 + 7.8f8hi 2194 +5.5° ~166.0 + 9.09¢f ~162.2 + 7.5%8 ~217.0 + 8.4

0.01 ~155.0 + 6.4¢hi 2223 +6.2P

. _ ij _ C

Cd 005 -150.2 + 3.38hi -221.1 + 4.8° -160.9 + 4.3 139.6% 8'9kl 1883269

(mM) 0.1 ~939+7.8 ~125.9 + 6.1
1.0 ~72.1 £ 6.2™ _75.7 + 5.8im

o 0.01 ~178.1 + 6.2<4 ~256.7 + 8.2

(mM) 0.1 ~155.1 + 10.4¢h -221.3+3.40 -58.2 + 9.9¢hi ~174.9 + 8.4 2359 + 5.6°

1.0 ~104.9 + 5.2% ~132.3 + 8.5

The data are means of at least eight independent experiments. Error indicate + SE. Means followed by the same letter are not significantly

different from each other using the LSD-test (p < 0.05).
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light-induced hyperpolarization of the E;, was by 12.4 + 0.9
mV (means + SE, n = 8) higher as compared to the control,
whereas Cd at the same concentration as well as Pb at 0.1 mM
did not change ligt-induced membrane hyperpolarization.
However, Cd at 5 x 0.01 mM decreased this hyperpolariza-
tion by 22 mV. In the presence of 0.1 mM Cd and 1.0mM Pb
the light-induced hyperpolarization of E,;, was 2-fold smaller
as compared to the control. Interestingly, Cd at the highest
concentration (1.0mM) totally abolished the photoelectric
reaction of Nitellopsis obtusa cells.

Discussion

The data presented in this paper show that Cd and Pb at
1.0mM caused a depolarization of the E,, whereas both
metals at lower concentrations changed the E, in a different
way. Pb at 0.1 mM and 0.01 mM hyperpolarized the E,,
whereas Cd at the same concentrations depolarized and
did not change the E,,, respectively (Figs. 1, 2). Similar
results were also obtained in our previous study (Karcz and
Kurtyka 2007) in experiments performed with parenchy-
mal cells of maize coleoptile segments which, incubated
at 0.1 mM Cd, were depolarized by approx. 60 mV. We
have suggested that the effect of Cd on the membrane
potential of parenchymal cells might be, at least in part,
caused via reduced PM H*-ATPase activity. Effect of Cd
on both membrane-bound ATPase activity and K" uptake
in Beta vulgaris L. roots has been studied by Lindberg and
Wingstrand (1985). They showed that in vitro application
of Cd inhibited the PM H*-ATPase activity and K* uptake.
In turn, Ros et al. (1992) reported that Cd modified the
PM H*-ATPase activity from rice (Oryza sativa L.), but
this effect depended on the performed assay (in vivo or
in vitro). The results reported by Perfus-Barbeoch et al.
(2002) should also be mentioned. These authors obtained
that Cd** mimics Ca®* and enteres Vicia faba guard cells
through voltage-dependent Ca®* channels, whereas K*
channels were insensitive to external Cd** application. In
turn, Lindberg et al. (2004) showed that cadmium uptake
into the cytosol of wheat protoplasts partly takes place
by channels permeable to calcium and potassium, and is
dependent on membrane potential. Taking into account
that cadmium is more easily taken up into the cells than
Pb (Pahlsson 1989) it could be suggested that Pb only at
high concentration (1.0 mM) caused a depolarization, while
Cd ions do this at lower concentrations (Cd at 0.1 mM and
to some extent 0.01 mM Cd). The hyperpolarization of the
E,,, in the presence of lead acetate was also found by Morse
and Spanswick (1984) in cells of Nitella translucens and was
ascribed by the authors to block K* channels. Morse and
Spanswick (1984), in contrast to our data, observed hyper-
polarization of the E, in the presence of a very high Pb

concentration (5 mM). This discrepancy between electrical
responses of Nitellopsis obtusa and Nitella translucens to
Pb probably results from different lead salts used (Sharma
and Chopra 1987; Malkowski et al. 1996). The effect of Cd
and Pb on the E, of Nitellopsis obtusa cells observed here
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Figure 3. Responses of Nitellopsis obtusa cells (representative traces)
to illumination (VL-ON) and darkening (VL-OFF) A. Control
(exposure of the cells to visible light caused a transient, small
depolarization of the membrane potential after which a delayed
hyperpolarization of E,,, was observed). B. Treatment with 0.1 mM
Cdions. C. Treatment with 0.1 mM Pb ions. Adequate mean values
are indicated in Table 1.
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may be caused by both the decrease of the PM H*-ATPase
activity and the changes in plasma membrane permeability,
especially for Ca?* and K* ions (Morse and Spanswick
1984; Malkowski et al. 2005; Karcz and Kurtyka 2007). This
suggestion is supported by our previous study (Matkowski
et al. 2005), in which we showed that the Cd ions at high
concentration (1.0 mM) decreased the content of Ca®* in
root cells of Zea mays L., and also by other authors who
showed that Cd, but not Pb, induced a depolarization of
the membrane potential (Llamas et al. 2000; Pavlovkin et
al. 2006; Karcz and Kurtyka 2007) which resulted from
decreased PM H*-ATPase activity (Kennedy and Gonsalvez
1987, 1989; Burzynski and Buczek 1994; Fodor et al. 1995;
Astolfi et al. 2003).

It has already been demonstrated that the membrane
potential of Characean cells is very sensitive to light/dark
and dark/light transitions (for review see Shimmen et al.
1994). In photosynthetic plant cells, the light can rapidly
modulate the PM H*-ATPase activity and voltage-depend-
ent ion channels. The typical light-induced reaction consists
of a quick initial depolarization of the E, (Spalding and
Cosgrove 1992; Elzenga et al. 1995; Shabala and Newman
1999; Stahlberg and van Volkenburgh 1999), followed by
a slow membrane repolarization which very often resulted in
plasma membrane hyperpolarization (Karcz 1991; Spalding
and Cosgrove 1992; Blom-Zandstra et al. 1997; Stahlberg and
van Volkenburgh 1999). Similar to the above cited authors
we have showed that the exposure of the Nitellopsis obtusa
cells to visible light caused a transient depolarization of
E;,, (which was usually finished within 2 min) after which
a delayed hyperpolarization of E,, by 65.7 £ 2.9 mV (means
+ SE, n = 8) was observed (Fig. 3A, Tab. 1). Several authors
(Ermolayeva et al. 1996; Johannes et al. 1997; Shabala and
Newman 1999) have suggested that Ca®* could be a potent
depolarizing ion which enters cytosol can stimulate the PM
H*-ATPase activity, resulting in an increase of H' efflux
(Shabala and Newman 1999). It has also been previously
shown (Okazaki et al. 1994) that H* ions apart from being
extruded out of the cells are also taken up into the organelles
such as vacuoles and chloroplasts.

The data presented in this paper clearly show that the
Cd?* ions are much more effective, than Pb?* ions, in alter-
ing the light-induced membrane hyperpolarization (Fig. 3
and Tab. 1). This effect is probably connected with the fact
that Cd** ions, which are more easily taken up by cells than
Pb, alter the membrane permeability, especially for Ca** and
K* ions. Furthermore, it is also possible that the inhibitory
effect of Cd on photoelectric reaction is related to inhibition
of photosynthesis by this metal (Siedlecka and Krupa 1996;
Tukaj et al. 2007).

Taken together, these results suggest that at high Cd
and Pb concentrations both depolarization of the E,, and
decrease of light-induced membrane hyperpolarization in

Nitellopsis obtusa cells are probably due to inhibition of
the PM H*-ATPase activity, whereas both metals at lower
concentrations differ in mechanism of membrane potential
changes.
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