
about fourfold greater in fast- compared to 
slow-twitch muscle (13). If the steady myo- 
plasmic Ca2+ is 3 to 7 FM during tetanus 
(3), then the fastislow ratios of kt, that we 
measured at similar concentrations of ca2+  
are comparable to those obtained in living 
fast- and slow-twitch muscles. Our results, 
however, do not exclude the possibility that 
the Ca2+ transient or subsequent thin fila- 
ment activation steps are slower in slow- 
than in fast-twitch muscles. 
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channels that is hc t iona l  only at the time 
of embryonic cell divisions. iarge oscilla- 
tions in the functional density of these chan- 
nels persist when cytokinesis is blocked, 
demonstrating that the cell cycle clock can 
exert a direct influence on the electrical 
properties of the plasma membrane. 

Our experiments were done on cells from 
earlv embrvos of the ascidian Boltenia villosa. 
Ascidians are primitive marine chordates 
(subphylum Urochordata) that have been 
used extensively in embryological and elec- 
trophysiological studies (7-9). Three major 
voltage-dependent currents are recorded 
from voltage-clamped Boltenia oocytes be- 
fore fertilization (8): inward Na+ and ca2+ 
currents, activated by depolarizing voltage 
pulses from holding potentials more nega- 
tive than -60 mV, and an inwardly rectify- 
ing K+ current, activated at voltages more 
negative than -60 mV (Fig. 1). When the 
inwardly rectifying K+ current was blocked 
by external Ba2+ (10 mA4) (lo), another 
inwardly rectifying current was revealed that A Voltage-Dependent Chloride Current Linked to the had slower activation hetics than the K+  

Cell Cycle in Ascidian Embryos inward rectifier and was present at much 
lower density (Fig. 1). This Ba2+-' ~nsensitive 
inward rectifier began to increase dramati- 

MELODYE L. BLOCK* AND WILLIAM J. MOODY cally in amplitude about 100 min after fertil- 
ization (about 20 min before first c1eavag.e at 

D 

A voltage-dependent chloride current has been found in early ascidian embryos that is 12°C) (Fig. 2, A and B); by the time of 
a minor conductance in the oocyte and in interphase blastomeres but that increases cleavage the current density had increased 
transiently in amplitude by more than tenfold during each cell division. Repeated by a factor of 12. In other cells, the current 
cycles in the density of this chloride current could be recorded for up to 6 hours (four increased by factors of 10 to 30 as first 
cycles) in cleavage-arrested embryos, whether they were activated by sperm or calcium cleavage approached. 
ionophore. These data suggest that there is a direct link between the cell cycle clock and Ion substitution experiments done near 
the properties of this channel, a link that results in pronounced cyclical changes in the the time of cleavage, when the current was 
electrical properties of early blastomeres. large enough to measure accurately, showed 

that the current was carried by C1- ions. Tail 
HE RAPID CELL CYCLE OF EARLY ma membrane that are unique to the time of currents recorded in normal external C1- 

1 embryos is driven by an endogenous cell division, but independent of the actual (530 rnM) reversed at about -25 mV (Fig. 
clock that involves the synthesis and process of cytokinesis. We describe in this 2C), a value significantly different from the 

degradation of the protein cyclin, activation report a class of voltage-dependent C1- equilibrium potentials of either K+ (-70 
and inactivation of the kinase maturation- 
promoting factor, and release and reuptake 
of calcium ions from intracellular stores (1, 
2). Changes in ion fluxes across the plasma 
membrane or in membrane electrical prop- 
erties during embryonic cell divisions have 
been demonstrated in several preparations 
(3-6). In most cases, these are either perma- 
nent changes that are caused by the addition 
of new cleavage-furrow membrane to the 
cell (4, 5) or transient changes linked to 
cytokinesis that are caused, for example, by 
the mechanical strain of cleavage-furrow for- 
mation (6). It is not known whether the cell 
cycle oscillator can drive transient changes in 
the electrical or ionic properties of the plas- 

Department of Zoology, University of Washington, 
Seattle, WA 98195. 

*Present address: Department of Physiology, University 
of California, San Francisco, CA 94143. 

Fig. 1. Baz+-sensitive and insensitive A 
components of the inward rectifier in 
the unfertilized Boltenia oocyte. (A) 
Current' records during voltage- 
clamp pulses to -70, -90, - 120, 
-150, -180, and -200 mV from a 
holding potential of -60 mV. Top 
records taken in ASW (9) ,  bottom 
records in 10 Ba ASW. Top traces 
represent primarily the K+ inward 
rectifier; the decline in current at the 
two most negative voltages is caused 
by a voltage-dependent block of the 
current by Nat ions (20). The bot- 
tom records represent the small in- 
wardly rectifying C1- current. (B) 
Steady-state current-voltage (I- V) re- 
lations for the two currents in (A). 
Closed circles represent currents in 100 ms 
ASW, predominantly the K+ inward 
rectifier; open circles are currents in 10 Ba ASW, showing the CI- inward rectifier. In this cell the K+ 
inward rectifier density was 5 pNpF at - 130 mV, and the Baz+-insensitive inward rectifier density was 
0.2 pA/pF at -200 mV, values that were typical. 
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Fig. 2. Increase in the am- 
plitude of the inwardly 
rectifying C I  current as 
the fertilized egg ap- 
proaches first cleavage. (A 
and B) Voltage clamp rec- 
ords and steady-state I-V 
relations from a single fer- 
tilized egg at 18, 11, and 2 
min before first cleavage 
(2 min before cleavage is 
approximately 120 min af- 
ter fertilization). Same 
pulse paradgm as in Fig. 
1. All records were taken 
in 10 Ba ASW to block the 
K+ inward rectifier. (C 
and D) Identification of 
the Baz+-insensitive in- 
ward rectifier as a C I  cur- 
rent. (C) Tail currents tak- 
en at -70, -50, -30, 
- 10, and +20 mV after a 

A 
18 min 

,-. -10 
log [CI-] 

-30 

400-ms prepulse to - 170 
mV in Na+-free 10 Ba ASW. (D) Plot of tail current reversal potential as a function of external CI- 
concentration [CI-] taken from several cells, including the one in (C). Solid line is the least-squares best 
fit to the data; dashed line is a Nernst relation. Experiments in (C) and (D) were done near time of 
cleavage so currents were large enough to measure accurately. 

mV; measured from K+ inward rectifier tail 
currents) or Na+ (+40 mV; measured from 
the Na+ current reversal potential). When 
the external concentration of C1- was 
changed, the tail current reversal potential 
changed with an almost ideal Nernst slope 
(Fig. 2D). Variations in external Na+, K+, 
or Ca2+ concentrations had minimal effects. 

Although the C1- current increased dra- 
matically in the egg just before cleavage, it 
was seldom seen at significant levels in inter- 
phase blastomeres from the two-cell stage or 
later embryos. Large C 1  currents did, how- 
ever, reappear in two- or four-cell stage 
blastomeres as they approached cleavage. 
We conclude that the C1- current increases 
abruptly as each blastomere approaches 
cleavage and then decreases again in both 
daughter cells after cleavage. It was difficult 
to record this decrease in C1- current after 

cleavage because we could not be certain of 
adequate space clamp in cell pairs, given the 
voltage- and time-dependence of gap junc- 
tional conductance (1 1). 

To circumvent this problem and to deter- 
mine whether the oscillations in C 1  current 
were a direct result of cytokinesis, we made 
continuous voltage-clamp recordings from 
fertilized eggs that had been cleavage arrest- 
ed with cytochalasin B (12). Figure 3 shows 
the results of one such recording that 
spanned the time during which the first 
three cleavages occurred in control embryos. 
Near the time of each predicted cleavage, the 
C 1  current increased abruptly and then 
immediately began to decrease, reaching al- 
most its original low level before beginning 
the next cycle. Simultaneous measurements 
of cell capacitance as an indication of surface 
area showed periodic increases of about 20 

Fig. 3. Oscillations of B -rd- 77 min 
CI- current and mem- 
brane capacitance in a 2- 
fertilized, cleavage-ar- $ { 30 
rested egg. Continuous 20 ,\- i- 
whole-cell voltage-clamp $ -r-L- 197 
recording from a single 5 E. 
egg. After fertilization, O 

the chorion was re- 0 100 200 300 
moved and the egg 
placed in cytochalasin B 
(2 ~ g l m l ) ;  10 Ba ASW 
was used to block the 
K+ inward rectifier. Re- 
cording was begun 55 
min after fertilization. 
(A) Current density at 
-160 mV and capaci- 

0 100 200 300 
Time after fertilization (min) 

tance both norm&d to their values at 55 min after fertilization. The first three cleavages of control 
embryos began at 120, 200, and 270 min after fertilization. (B) Current record from the same 
experiment at various times after fertilization. Holding potential was -60 mV; pulses to -70, -90, 
-120, -150, -180, and -190 mV. 

I 
I I I I I I I I 
0 100 200 300 

Time after activation (min) 

Fig. 4. Oscillations in CI- current and capacitance 
in an unfertilized egg activated with the CaZ+ 
ionophore A23187. Egg was dechorionated and 
then treated for 5 min at time 0 with A23187 as 
described (9) .  Data from a continuous recording 
in a single oocyte. Normalized currents and capac- 
itance were measured as in Fig. 3. 

to 25%, approximately in phase with the 
oscillations of C1- current density (Fig. 3A). 
Similar results were obtained in nine other 
cells. 

Like the embryonic cell cycle oscillator, 
the oscillations in C1- current density could 
be set in motion by artificial activation of 
eggs, without sperm penetration (1). Figure 
4 shows four complete oscillations in C1- 
current density, each representing a greater 
than tenfold change, recorded from an un- 
fertilized oocyte that was activated by a 5- 
min exposure to a Ca2+ ionophore (at t = 

0). Membrane capacitance showed oscilla- 
tions of 15 to 20% at the times of expected 
cleavage (ionophore-activated eggs seldom 
cleave), approximately in phase with the 
changes in C1- current density. Similar re- 
sults were obtained in six other cells (13). ~, 
For both the cleavage-arrested fertilized 
eggs (Fig. 3) and the artificially activated 
eggs (Fig. 4), the times of minimum capaci- 
tance and C 1  current density in each oscilla- 
tion were identical (the difference was 2.2 +- 
2.5 min; n = 8). The time of maximum C1- 
current density preceded the capacitance 
maximum somewhat (by 12.2 +- 4.9 min; 
n = 14). 

The changes in C 1  current density do not 
seem to be caused directly bv a rise in , , 
intracellular ca2+  activity with each cleavage 
(2). Application of the Ca2+ ionophore did 
not cause an immediate increase in C1- 
current in unfertilized oocytes, and exposure 
of fertilized eggs to ionophore well before 
first cleavage prevented, rather than acceler- 
ated, subsequent oscillations. The C1- chan- 
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riels could be made available for activation B (Sigma) was dissolved in ethanol at 1 mglml and K. Takahashi, J. Physiol. (London) 386, 113 
diluted for use at a final concentration of 2 to 4 (1987)l. The small oscillations in membrane capaci- 

by phosph0~lation during the pginll. A23187 (Sigma) stock solution (4.5 nlM in tance are superimposed on a large ramplike increase 
in kinase activity that are an integral part of dimethyl sulfoxide) was diluted to a final concentra- as cleavage approaches. With cytochalasin treat- 

the cell cycle (1, 14). ~ l ~ ~ ~ ~ ~ ~ i ~ ~ l ~ ,  the oscil- don of 2.7 x 10-'M in ASW for activation. Pipette ment, the ramp increase disappears, leavins the small 
(internal) solution contained 400 mM KCI, 10 nlM oscillation. The ramplike increase may be responsi- 

lations in C1- current density could result Nacl, 10 nuM EGTA, and 20 nuM Hepes, pH 7.3. ble for the continuous addition of functional Ca2+ 
from insertion and removal of channels from All experiments were performed at 10" to 12°C. and inwardly rectifying K+ channels to the early 

the plasma membrane with each cell cycle, 10. S. Hagiwara, S. Mipazaki, W. J. Moody, J. Paflak, J. embryo, so that the density of these currents remains 
Physiol. (Londo~i)  279, 167 (1978); N. B. Standen constant through the eight-cell stage, despite a 

This mechanism is consistent with the small and P. R. Stanfield, ibid. 280, 169 (1978). threefold increase in total embryo membrane area 
changes in surface area we recorded (Figs, 3 11. F. Serras, C. Baud, M. Moreau, P. Guerrier, J. A. M. (8). Scanning electron micrographs of ascidian em- 

van den Biggelaar, Develop~nertt 102, 55 (1988). bryos show a cyclical extension and retraction of 
and 4, (''1 16), it not account 12. J. R. Whittaker, in Determi~lants oqfSpatia1 O g a ~ l i z a -  microvilli with each cleavage cycle, which may repre- 
for the time lag between the maximum C 1  tion, S. Subtelny and I. Konigsberg, Ed. (Academic sent the ultrastructural correlate of our cytochalasin- 

current and maximum capacitance. Press, New York, 1979), pp. 29-51; N. Satoh, J. resistant capacitance oscillations. The timing of 
Errrbryol. Exp. Morphol. 54, 131 (1979); R. J. these cannot be explained by a model based on the 

Our experiments indicate a close associa- and J,  R, whittaker, Dev. Biol. 117, 114 advanced inserrion of membrane to be used later in 
tion between the electrical properties of the (1986); T.  Nishikata, I. Mita-Miyazawa, T. Deno, hlrrow formation [N. Satoh and T.  Deno, Dev.  Biol. 

K. Takamura, N. Satoh, ibid. 121, 408 (1987). 102, 488 1984)], and the function of this mem- plasma membrane and the endogenous 13. Several control experiments were done to ensure brane, which seems more closely associated with the 
cycle clock of the early embryo. It may also that the cyclical changes in CI- current were not due cell cycle oscillator, is not known. In Xmopus embry- 
be true of other embryos that electrical to prolonged whole-cell recording or exposure to os, permanent changes in Kt permeability occur 

Ba2+ ions. Prolonged whole-cell recordings from during early cleavages. These changes are cytochala- 
properties in a given blastomere unfertilized oocytes showed no significant change in sin resistant, but unlike the changes in ascidian 
depend critically on the state of the cell the C I  current; brief whole-cell recordings initiated embryos, the cytochalasin treatment does not appear 

relative to its cleavage cycle. ~h~~ in the at various times after fertilization or prolonged two- to block the addition of new membrane in Xertopus 
microelectrode recordings showed the same increase (4). 

such perma- in C l  current as cleavage approached. Similar re- 16. Several experiments indicate that newly added mem- 
nent developmental changes in ion channel sults were obtained without Ba2+ in standard artifi- brane in cleaving embryos can have different popula- 

properties should be distinguished from cial seawater, in which the C I  current could be tions of hnctional ion channels or pumps than the 
resolved as a slowly activating component superim- old membrane [P. J. Woodward, J. Gel!. Physiol. 

transient ones. The significance of the oscil- psed  on the K+ inward rectifier. The oscillatory 52, 509 (1968); (5 ) ;  A. Ohara, K. Murayama, Y. 
lations in functional C1- channel density in changes in current and capacitance did not result Doida, Y. Marunaka, Med. Sci. Res. 15, 1401 

from changes in access resistance. Series resistance (1987)l. 
the may their compensation was adjusted before each measure- 17. K. Kaila and J .  Voipio, Natrrre 330, 163 (1987). 
in promoting increased fluxes of H C 0 3  ment, and usually only small adjustments were need- 18. I. L. Cameron, K. E. Hunter, N. K. R. Smith, Cell 

(17) and water across the plasma membrane, ed to mzximize clamp speed. The small changes Biol. Irlt. Rep. 12, 951 (1988). 
observed were steady increases in access resistance 19. S. C. Lee and R. A. Steinhardt, J. Cell Biol. 91,414 

which contribute to changes in intra- during the experiment, probably caused by clogging (1981); D. J. Webb and R. Nuccitelli, ibid., p. 562. 
cellular p H  and the maintenance of osmotic of the pipette tip by yolk droplets in the cytoplasm. 20. H. Ohnlori, J. Physiol. (London) 281, 77 (1978). 

balance that occur at cleavage (18, 19), 14. M. Li et al., Nature 331, 358 (1988); R. A. Schou- 21. Supported by NIH postdoctoral fellowship NS 
macher et dl., ibid. 330, 752 (1987). 07775 to M.L.B., and by NIH grant HD17486 and 

These changes may be important to main- 15, ~ l though  many cell properties dilYerentiate in appar- a Research Career Development Award to W.J.M. 
tain the intracellular environment in a state ently normal fashion in cytochalasin-arrested ascidi- We thank M. Kyte for collecting animals, and M. 

an embryos (12), capacitance and illtrastructural Bosma and L. Bernheim for reading the manuscript. 
that permits the completion of mitosis. measurements indicate that the addition of new 

membrane is substantially disrupted [T. Hirano and 6 September 1989; accepted 11 December 1989 
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