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Cytoplasmic Calcium Fluctuations in Calcium Overloaded
Xenopus laevis Oocytes
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Abstract. Cytoplasmic calcium fluctuations were studied in calcium overloaded
Xenopus oocytes. Calcium sensitive chloride currents were recorded using the two-
electrode voltage clamp technique. Fluctuations of chloride currents measured
under the voltage clamp were elicited by injection of calcium into the cytoplasm.
Contrary to infrequent injections of smmall calcium amounts which evoke smooth
transient respouses, the fluctuating chloride currents are due to overloading of
intracellular calcium stores which then release calcium repeatedly. Chloride current
fluctuations in calcium overloaded oocvtes can be reversibly suppressed by caffeine.
This effect is concentration dependent, and the amplitude decrease of fluctuations
is already apparent at 2 mmol/l caffeine. Power spectra density of fluctuations have
been analyzed; they exhibited this pronounced effect of caffeine. Other effective
inhibitors were tetracaine and heparin. The results of the present work suggest
that at least a part of the endoplasmic reticulum in Xenopus oocytes is a calcium
releasing calcium store which can be activated by calcium at the resting inositol
trisphosphate concentration.
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Introduction

In a cell, many signalling processes are mediated by repeated transient changes
of the cytoplasmic calcium concentration. Therefore, mechanisms of generating
temporary elevations of intracellular calcium concentration are subject of perma-
nent attention. The essential components of the cytoplasmic calcium concentration
changes are calcium flows through the surface membrane and the membranes of
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specialized parts of the endoplasmic reticulum. These include both passive fluxes
through calcium channels and active transport by calcium pumps. To analyze this
complicated system, it is useful to study it in a special situation. Such a use-
ful preparations can be a calcium overloaded oocyte exhibiting sustained calcium
oscillations.

The calcium-dependent chloride channel is a native (endogenous) iounic channel
of the Xenopus laewns oocyte surface membrane (Barish 1983). Chloride currents
can be used to monitor changes of the sub-plasmalemma calcium concentration
(Osipchuk et al. 1990). When injected, calciwmn activates the slow chloride cou-
ductaunce only (Miledi and Parker 1984). Injections of as little as 0.5 pmol/l of
calcium produce measurable responses (Oron and Dascal 1992). This can be 1e-
peated several times without either desensitization or potentiation. A number of
consecutive threshold injections result in a delayed small depolarizing current with
pronounced fluctuations (Gillo et al. 1987).

Under physiological conditions, inositol 1.4,5 trisphosphate (InsP3;) is a mes-
senger which transfers information from the membrane challenged by exogenous
ligands to internal calcium stores, which are specialized parts of the endoplasmic
reticulum (ER). InsP; is believed to act through a specific receptor which functions
as an intracellular ligand-gated ('a channel. This glycoprotein of 260 kDa appeared
to be structurally similar to {but functionally distinct from) the ryvanodine recep-
tor in skeletal muscle (Berridge 1993). In contrast to the InsP j-sensitive store. the
calcium sensitive store is affected by both rvanodine and caffeine (Fewtrell 1993).

Parys et al. (1992) studied the distribution of calcium release channels in
Xenopus laems oocytes. Immunofluorescence experiments indicated the presence of
the InsPj receptors in the cortical laver and the perinuclear endoplasmic reticulum
of the oocyte. However, immunological and biochemical experiments did not reveal
the presence of the ryanodine receptor.

When overloaded with calcium, Xenopus oocytes show spontaneous oscillations
of cytoplasmic calcium (Poledna et al. 1993). InsP; concentration should be very
low under resting conditions due to rapid degradation. This experimental situation
is advantageous for analyzing calcium transport, because calciun oscillations are
a sensitive indicator for external intervention into this svstem. The aim of the
present experiments was to study mechanisms of calcium release from interual
stores of Xenopus oocvtes and to determine which of the proposed mechanismis of
calcium transients is effective under particular phyvsiological conditions (Poledna

1991, 1993).

Materials and Methods

Immature oocytes removed from Xenopus laevis were maintained in modified Baith so-
lution as described previously (Kristian et al. 1991). The cocyte diameters ranged from
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1.2 to 1.3 mm. For electrical recordings. single oocytes were held in a Perspex chamber
constantly perfused with physiological saline (in mmol/1): 116 NaCl; 2 KC1; 1.8 CaCls;
1.0 MgCly; 5 Tris-HC1 (pH 7.2). The experiments were performed at room temperature
(20-22°C).

Electrophysiological recordings were made with a conventional two-microelectrode
voltage clamp amplifier at constant membrane potential. The voltage microelectrode was
simultaneously used as a pressure injecting electrode, and it was filled with 50 mmol/l
CaClz and 500 mmol/l KC1. The microelectrode for membrane potential measurement
had a resistance in the range of 2-5 M{, the tip of the other one, filled with 3 mol/l
KCIL. had resistance in the range of 0.5-1 M. Pressure pulses of 0.2 MPa were applied
for 5-30 s. The amount of injected calcium was estimated before oocyte impalement by
measuring a drop size at the microelectrode tip immersed in paraffine oil. The volume of
the injected solution did not exceed 0.15% of the oocyte volume.

Membrane current records were filtered at 5 Hz by a low-pass filter (—3 dB. 4-pole
Bessel type). then digitized at a 25 Hz sampling rate. Records of 2048 samples were
divided into four sections of 512 samples each. From each section the DC level was
subtracted, the spectral densities were calculated and subsequently averaged to obtain
the mean power spectrum.

Results

Oocvtes were Voltage clamped at —60 1V and injected with calcium. An increase of
intracellular calcium concentration upon a calcium injection evokes the transient
Cl™ current. Amplitudes of currents are dependent on the amount of calcium
injected as already described by Miledi and Parker (1984). We have shown (Poledna
et al. 1993) that a calcium injection exceeding 50 pmol elicits a large transient
negative chloride current that declines to the resting level upon the end of injection.
This current is followed by frequent negative chloride current fluctuations, lasting
for tens of minutes. This is a result of calcium stores overloading, and a repeated
spontaneous calcium release takes place. This may indicate the presence of calcium
stores with the rvanodine receptor/calcium channel, since there is only resting
InsPy3 concentration. To test this hypothesis, caffeine was used. Caffeine is known
to increase the sensitivity of the ryanodine receptor/calcium channel for calciuin
(Xu et al. 1989).

Caffeine in the external solution reduced the amplitudes of fluctuations
(Fig. 1a). This effect was reversible, and its characteristics did not change upon
repeated application of caffeine. Experiments were performed with 14 oocytes from
5 donors. Ten mmol/! caffeine suppressed chloride current oscillations in less than
30 s. Power density spectra of the chloride current fluctuations (Fig. 1b) showed
substantial decrease upon caffeine application. For 10 mmol/] concentration, this
decline was more than one order in the frequency range up to 1 Hz.

The effect of caffeine was very specific. Low concentrations of caffeine (such as
2 mmol/1) also had reducing effect (Fig. 2). This caffeine concentration is close to
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Figure 1. Chloride current fluctuations in calcium overloaded Xenopus laevis oocyte.
Fluctuations are markedly decreased when 10 mmol/] caffeine is applied extracellularly
(a). The effect of caffeine is clearly apparent from the power spectra (b) of the record
shown in (a). The spectra (in pA”s units) correspond to the control 1ecord and to that
in the presence of caffeine.

its effective level in a skeletal muscle cell. A possible mechanism for the suppression
of calcium fluctuations could be the opening of calcium release channels and the
resulting disbalance between calcium release and uptake necessarv for sustained
oscillations. However, caffeine induced calcium release from intracellular stores in
Xenopus oocytes has not heen observed under physiological conditions.
Tetracaine is recognized as very effective in blocking calcium release from sar-
coplasmic reticulum (Caputo 1976; Gyorke and Palade 1992) where ryanodin re-
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Figure 2. The effect of 2 mmol/! caffeine on the chloride curtent fluctuations in calcium
ovetloaded Xenopus laewis oocyte. Caffeine was applied extiacellularly (a). Its effect is
clearly apparent from the power spectia (b) of the record shown in (a). The spectra (in
pAZs units) correspond to the control record and to that on the presence of caffeine.

ceptor/calcium release channels are present. Also, tetracaine abolishes chloride
current fluctuations in calcium overloaded oocytes. Application of tetracaine into
oocyte external solution is shown in Fig. 3.

To asses firmly the type of the calcium release channel participating in os-
cillations in calcium overloaded oocytes, we also used heparin, which competes
with InsP; in binding to InsPj; receptors. Heparin injected into the cytoplasm de-
creased oscillations substantially (Fig. 4). This may indicate that in calcium over-
loaded oocytes, InsPs-receptor/calcium channel is involved in cytoplasmic calcium
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Figure 3. The effect of 0.3 mmol/l tetracaine ou the chlotide current fluctuations in
calcium overloaded Xenopus laevis oocvte. Tetracaine application is marked by the line.
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Figure 4. The effect of heparin on the chloride current fluctuations in calcinm overloaded
Xenopus laems oocyte. Heparin injection was accompanied by the current artifact which
rapidly returned to the baseline.

fluctuations and that cyvtoplasmic calcium can open the channel even at resting
intracellular concentrations of InsP .

Discussion

We studied repeated calcium transients in calcium overloaded Xenopus oocytes by
measuring chloride currents under voltage clamp conditions. This was justified by
the results of Parker and Ivorra (1992) who showed that chloride current amplitudes
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were linearly dependent on the amount of both calcium and InsPj released by
photolysis flashes.

When a larger amount of calcium is injected into the cytoplasm of an oocyte,
it is being seguestered by endoplasmic reticulum. Increased cytoplasmic calcium
concentrations can activate the calcium release channel. This activation can be
promoted by increased intraluminal calcium concentration in the endoplasmic reti-
culum either via increased calcium gradient or via another mechanism. In calcium
overloaded oocyvtes, the mutual relation between calciun release and sequestra-
tion maintains repeated calcium transients. The question arises which type of the
calcium releasing channels participate in this mechanism. Ryanodine and InsPj;
receptors may be considered. Caffeine and heparin have been widely used to study
these channels. A number of our results presented herein. including caffeine and
tetracaine effects suggest a possible role for rvanodine receptor/calcium releas-
ing channel. This behavior agrees with the hypothesis of InsP;-insensitive cal-
cium stores with calcium-induced caleium release proposed hy Berridge (1991h).
Berridge (1991a) studied InsP;-induced membrane potential oscillations in Xeno-
pus oocytes. (Caffeine had no effect on the early InsP ;-induced spike but it sup-
pressed the subsequent oscillations. )

The ryanodine receptor/calcium release channel has characteristics that fit this
type of activity. On the other hand, Parys et al. (1992) have been unable to find
any rvanodine receptors in Xenopus oocytes by sensitive antibody tests.

Parker and Ivorra (1991) reported that caffeine did not appreciably reduce cur-
rents evoked by injection of calcium into Xenopus oocytes, whereas measurements
using the Ca indicator Rhod-2 showed that it instead inhibited the liberation of
calcium by InsP3. Even at high (10 mumol/1) concentrations, caffeine did not itself
elicit any clear calcium activated current.

The suppression of calcium oscillation by heparin favors the substantial role
of InsPz-receptor/calcium channel in maintaining repeated cytoplasmic calcium
fluctuations. However. under the present experimental conditions, InsP3 is at its
low resting concentration. Linear dependence of chloride currents on photoreleased
calcium (Parker and Ivorra 1992) suggests that this increased intraluminal calcium
may he able to decrease the threshold of InsPy-receptor to the resting InsP3 level.

Missiaen et al. (1992) showed that in permeabilized hepatocytes caffeine antag-
onized the effect of low InsP3 concentrations and abolished calcium spikes, without
itself releasing calcium. Their results suggested that luminal calcium might sensi-
tize InsP-receptor/calcium channel leading to spontaneous calcium release. Sim-
ilar conclusions can be applied to calcium overloaded Xenopus oocytes. However,
the possibility that calcium overloaded InsPgs-sensitive compartments can be emp-
tied by the resting concentration of InsPjz is challenged by the results of Combettes
et al. (1993). Various manipulations in which the load of the calcium pools was
varied by a factor of two did not significantly affect the apparent relative efficiency
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of InsP; n releasing calcium Moireover Bezprozvanny and Ehrhich (1994) did not
observe any potentiation of InsP; gated channel activity by intialunminal calcium

Oscillations of cytoplasmic calcium are the result of an mteiplay between
calcium uptake to and calcium release from the endoplasmic reticulum  This
takes place only within a specific range of 1elease and sequestiation characteris
tics (Poledna 1993) Therefore calcum overloading mcreases intialununal calcium
concentiation mside the endoplasmatic 1eticulum as well as in the cvtoplasm These
effects together with the potential saturation of the calcium uptake create favorable
conditions for sustained calcium oscillations  Anv intervention that substantially
changes only some participating components can abolish oscillations

Acknowledgements. This work was partially supported by the Slovak Grant Agency
for Science (grant No 2/68/95)

References

Barish M E (1983) A transient calcium dependent chlotide carrent in the immature
Xenopus oocyte J Physiol (London) 342, 309 325

Berridge M J (1991a) Cytoplasmic caleium osaillations A two pool model Cell C alcium
12, 63—72

Bernidge M J (1991h) Caffemne inlubits mositol-trisphosphate-induced membiane poten
tial oscaillations in Aenopus oocvtes Proc Rov Soc London set B 244, 57 62

Bernidge M J (1993) Inositol trisphosphate and calcium signalling Natuie 361, 315
325

Bezprozvanny 1, Ehrlich B E (1994) Inositol (1 4 5)-trisphosphate (InsP(3)) gated Ca
channels from cerebellum Conduction properties for divalent cations and regula
tion by intraluminal calctum ] Gen Phvsiol 104, 821 856

Caputo C' (1976) The effect of cafleme and tetracamnc ou the tume course of potassium
contractures of single muscle ibies J Physiol (London) 255, 191 207

Combettes L Clatet M Champell P (1993) Calcium control on InsP(3) mduced dis
charge of calcium fiom permeabilised hepatocyvte pools Cclf Caleium 14, 279— 292

Fewtrell C (1993) Ca-*>* oscillations 1 non excitable cells Annu Rev Physiol 55.
427—451

Gillo B Lass Y Nadler E Oron Y (1987) The mvolvement of mositol 1 1 5-t1isphos
phate and calcium mn the two-component 1esponse to acetylcholime i Xenopus
oocytes J Physiol (London) 392, 319—3061

Gvorke S Palade P (1992) Calcium-mduced calcium rcdease i crayfish skeletal muscle
J Physiol (London) 457, 195— 210

Kristian T Kolaj M Poledna J (1991) Analvsis of calcium activated chloride current
fluctuations i Xenopus laetis oocytes Gen Phy<iol Biophys 10, 265 280

Miled:t R , Parker I (1984) Chloride current induced by mjection of calcium mnto Xenopus
oocytes J Physiol (London) 357, 173 183

Missiaen L Taylor ¢ W, Berridge M J (1992) Luminal Ca®' promoting spontaneous
Ca®" release from mositol trisphosphate-sensitive stores m rat hepatocytes J
Physiol (London) 455, 623 640


file:///toplasimc

Crtoplasmic Calcium Fluctuations in Calcium Overloaded Qocytes 347

OronY Dascal N (1992) Regulation of intracellular calaum activity in Xenopus oocytes
Ton Channdls 207, 381—390

Osipchuk ¥ V' Wakui M Yule D T Galachet D V. Petersen O H (1990) Cvytoplas-
mic Ca oscillations ¢voked hy receptor stimulation G protemn activation internal
application of mositol trisphosphate or Ca EMBO J 9, 697 704

Parker I Ivorral (1991) Caffeinc mhibits mositol trisphosphate mediated hiberation of
mtracellular calcium i Xenopus oocyvtes J Physiol (London) 433, 229—240

Patker I Tvorra I (1992) Characteristics of membirane currents evoked by photoreleased
mositol t1isphosphate in Xenopus oocytes Amer J Physiol 263, C154—C 165

Parys J B Sernett S W Dehsle S Snyder P M Welsh M J Campbell kK P (1992)
Isolation chatacterization and localization of the mositol 1 15 trisphosphate re
ceptor protemn 1n Xenopus laeris oocvtes J Biol Chem 267, 18776 18782

Poledna J (1991} Mechanism of mtracellular calcium transients Gen Physiol Biophvs
10, 475 484

Poledna J (1993) Model of intracellular calcium oscillations activated by nositol trispho
sphite Gen Physiol Biophys 12, 381 389

Polcdna J Nojzisovv o Packova V' (1993) Calcium dependent variance of chloiide
curtrent fluctuntions i Aenopus laeris oocvtes Gen Physiol Biophvs 12, 115
152

Xu L Jones RV Mewssuer G (1989) Activation of the skeletal muscle Ca 1elease
chnnel by the triazine dyes Cibacron Blue F3A G and Reactine Red 120 Aich
Biochcm Biophyvs 274, 609 616

Final version accepted August 28 1995


file:///ugust

