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Caffeine releases oscillating opening of calcium-dependent 
potassium channels in the alga Eremosphaera viridis 
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Addition of caffeine in presence of 0.1 mM CaZ+ releases a prolonged transient polarization of the membrane, indicating 
a reversible opening of K+ channels in the plasmalemma of Eremosphaeru viridis. In the absence of external C$’ caffeine 
induces repetitive transient potentials which are inhibited by verapamil. Addition of low CaZf concentrations prevent 
these caffeine-induced transient potentials too. These results indicate that caffeine mediates an increase in the concentra- 
tion of free intracellular Ca*+ and an induction of Ca2+-dependent membrane currents, i.e. activation of K+ channels. 
The release of Ca*’ from intracellular stores may be controlled by cytoplasmic Ca 2+ levels. A model for the oscillating 

effect of caffeine is developed. 
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1. INTRODUCTION 

The unicellular green alga Eremosphaera viridis 
shows transient changes of membrane potential 
and conductance (TP) which are inducible by light- 
off signals [l] and different chemical effecters 
[2,3]. Generally the peak of TP corresponds to the 
potassium diffusion potential (EK) and reaches its 
maximum either by hyper- or depolarization, 
dependent on the relation of the membrane resting 
potential to EK [4]. From current- and voltage- 
clamp experiments [5,6] it is evident that these TPs 
are caused by a transient, chemical-activated and 
voltage-independent opening of K+ channels. Fur- 
ther experiments suggest an activating effect of 
Ca2+ on the opening of these K+ channels [7,8]. In 
this paper we describe an effect of caffeine 
(20 mM) on the Ca’+-dependent activation of K+ 
channels in the plasmalemma of Eremosphaera. 

Caffeine is known to evoke Ca2+ release from in- 
tracellular stores of animal cells by increasing their 
permeability for Ca’+. 

2. MATERIALS AND METHODS 

The coccal green alga Eremosphaera viridis was cultivated in 
nutrient solution II as described by Kdhler et al. [l]. For the 
electrophysiological experiments a cell with an average diameter 
of about 150rm was selected for impalement. The measure- 
ment of both the transmembrane potential and the membrane 
resistance was carried out by the computer-supported single 
microelectrode technique as described elsewhere [ 1.41. To deter- 
mine the membrane resistance the computer generated alter- 
nating pulses of 0.1 nA amplitude and 300 ms duration. 

The experiments were carried out at pH 5.6 in a medium con- 
taining (in mM): 0.1 NaCl, 0.1 MgClr, 0.1 KNOs, 0.1 CaClr 
and 2 Mes/NaOH. The Ca’+-free solution was buffered with 
0.1 mM EGTA. 

The measuring cuvette was perfused at a rate of 2 ml/min by 
the test solution. Experiments were performed with photosyn- 
thetically saturating white light of 150 W/m’ at a temperature 
of 20 f 1.5”C. 
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Abbreviations: EK, Nernst potential of potassium; ER, en- Ca2+-dependent K+ channels are widespread in 
doplasmic reticulum; TEA, tetraethylammonium; TP, transient membranes of animal cells [8]. In plant mem- 
potential branes information on the activating effect of Ca2+ 
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on K+ channels is steadily accumulating [9]. As 
previously described the K+ channels in 
Eremosphaera can be activated by a putative in- 
crease of cytoplasmic Ca2+ levels [3,10]. In this 
context a stimulating effect of caffeine 
(15-25 mM) on the K+ channels in Eremosphaera 
was investigated. The addition of caffeine to the 
medium induces TPs in this alga (figs 1,2). 
However, due to this action it must be distinguish- 
ed whether Ca2+ is present in the external medium. 

3.1. Effect of caffeine in the presence of external 
Cd’ 

After addition of caffeine (20 mM), following a 
short depolarization, a single TP with an extremely 
prolonged plateau phase is released within 1 min 
accompanied by a strong increase of membrane 
conductance (fig. 1). In comparison with light-off- 
induced TPs the duration of the plateau phase is 
extended from 8.8 f 2.6 s (n = 76) to 87.6 f 28.8 s 
(n = 22). This TP can be explained by an activation 
of K+ channels in the plasmalemma, because (i) the 
peak follows exactly the EK of -175 mV 
calculated for a given external K+ concentration of 
0.1 mM compared to the control TP and (ii) TEA 
(10m2 mM) suppresses this TP by a direct block of 
K+ channels (cf. inhibition of light-off-triggered 
TPs by TEA [5]). 

Caffeine, a methyl derivative of xanthine, has 
been shown to release Ca2+ from isolated sar- 
coplasmic reticulum of vertebrate skeletal muscle 
[ 111. In intact skeletal muscle fibres caffeine pro- 
duces both an increase of [Ca2+]i and a contracture 
[ 12,131. With respect to plants comparable effects 
of caffeine on intracellular Ca2+ stores (ER, 
vacuole) have been only scarcely discussed [14]. 

We assume that caffeine evokes Ca’+ release 
from internal reservoirs and in this way mediates 
an increase in the concentration of free in- 
tracellular Ca2+ and induction of Ca2+-dependent 
membrane currents, i.e. long-term activation of 
K+ currents. A comparable prolonged TP could be 
demonstrated by Thaler et al. [3] in Eremosphaera 
under the influence of the calcium specific 
ionophore A23187. These results indicate that the 
K+ channels can be activated by a sustained in- 
creased [Ca2+]i over a long period of time. An in- 
terpretation of the caffeine-induced effect may be 
that caffeine remains bound to a site on the store 
membrane as long as it is present in the medium, 
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Fig.1. Release of a TP by addition of caffeine (20 mM) to the 
standard test medium. Before adding caffeine a light-off- 
triggered TP was released for control. All curves are redrawn 
from original recordings. [K+], 0.1 mM, [Ca”], 0.1 mM. E,,,, 

membrane potential; r,,,, membrane resistance. 

activating a Ca 2+ channel that allows permanent 
Ca2+ efflux as long as there is Ca2+ available for 
release [15]. The fast depolarization after adding 
caffeine is probably more attained by a change of 
the donnan and diffusion potential than by a Ca2+ 
influx. 

3.2. Effect of caffeine in the absence of external 
Cd’ 

In a Ca2+-free medium buffered with EGTA 
(0.1 mM) caffeine (20 mM) causes periodic open- 
ing and closing of K+ channels (fig.2). These 
repetitive TPs are characterized by peak values in 
the range of EK and an increase of membrane con- 
ductance, comparable to the dark-induced TP. On 
removing caffeine from the medium the repetition 
subsides immediately. EGTA alone is not able to 
mediate this oscillating effect. A release of 
caffeine-induced oscillation is also possible in 
darkness (not shown). Under the given conditions 
the oscillation continues for more than 1 h. In the 
experiment shown it is suppressed instantaneously 
after the addition of verapamil, a well known 
organic Ca2+ channel inhibitor of animal and plant 
cells [16]. On the assumption that the receptor site 
of verapamil in the Ca2+ channel is on the 
cytoplasmic side of the plasmalemma [ 171 it must 
be concluded that verapamil is able to permeate 
biological membranes. In the present experiment 
its inhibitory effect can be explained with the idea 
of a caffeine-triggered Ca2+ channel in the 
tonoplast or in ER membranes that become inac- 
tive in the presence of verapamil. 
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Fig.2. Release of oscillating TPs by addition of caffeine 
(20 mM) in Ca*+-free medium containing 0.1 mM EGTA. The 
repetition is suppressed by verapamil (lo-* M). In this 
experiment a control TP in Ca *+-free medium could be released 
by light-off before addition of caffeine. [K’10 0.1 mM, [Ca*‘], 

0 mM. Further details see fig.1. 

Addition of Ca2+ at low concentrations to the 
medium also prevents repetition (not shown). The 
Ca2+ concentration required for complete inhibi- 
tion ranges from 0.5 to 1 /rM in different ex- 
periments. At concentrations smaller than 1 /cM 
only the repetition itself and not the amplitude [2] 
is influenced. The frequency of oscillation is a 
function of [Ca2+],. At 0.1 mM EGTA in a 
Ca2+-free medium the average frequency of 
repetitive TPs is 0.7-0.8 TP/min. The medium 
without EGTA has sufficient Ca2+ to decrease the 
frequency to about 0.35 TP/min. An increase in 
the external Ca2+ to 0.5 PM causes a decline of the 
average frequency to O-O.2 TP/min. 

These results suggest that the oscillation can be 
influenced by the rate of Ca2+ input across the 
plasmalemma. Thaler et al. [3] recently reported 
that a short-term influx of Ca2+ into the cytoplasm 
indeed seems to occur in Eremosphaera by increas- 
ing [Ca”],, after Ca2+-depletion. Then Ca2+ itself 
may control the closing of Ca’+-release channels. 
The involvement of high-affinity Ca2+-binding 
sites in the control of Ca2+-release is discussed by 
Argaman and Shoshan-Barmatz [ 181. 

The regulation which leads to repetitive TPs 
seems to be related with active transport 
mechanisms (putative a Ca2+-ATPase) located at 
the plasmalemma and/or tonoplast. A model for a 
simple feedback mechanism could be developed to 
explain the repetition: caffeine releases Ca’+, but 
as [Ca2+]i is increased it feeds back to inhibit any 
further release until the influxed Ca2+ is 
transported out of the cytoplasm. Now, caffeine is 

allowed to initiate another transient. In diverse 
animal cells oscillations in intracellular Ca2+ levels 
have been found, resulting from the periodic 
release of Ca2+ from internal stores [19]. In this 
context Ueda et al. [20] monitored periodically 
Ca2+ release which oscillate in phase with the ac- 
tivation of Ca’+-dependent K+ channels. These 
results indicate that the mobilization of Ca2+ from 
intracellular stores may be of crucial significance 
for the releasing mechanism of TPs in 
Eremosphaera. For instance the role of the vacuole 
as a reservoir for second messenger was recently 
pointed out by Ranjeva et al. [21]. 

A considerable advance for the explanation of 
the periodical stimulation of K+ channels in the 
plasmalemma of Eremosphaera will be achieved by 
the use of Ca2+-selective microelectrodes. 
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