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Increased Frequency of Calcium Waves in Xenopus 
laevis Oocytes That Express a Calcium-ATPase 

Patricia Camacho and James D. Lechleiter 
When inositol 1,4,5-trisphosphate (IP,) receptors are activated, calcium is released from 
intracellular stores in excitatory propagating waves that annihilate each other upon col- 
lision. The annihilation phenomenon'suggests the presence of an underlying refractory 
period that controls excitability. Enhanced calcium-adenosine triphosphatase (ATPase) 
activity might alter the refractory period of calcium release. Expression of messenger RNA 
encoding the avian calcium-ATPase (SERCAI) in Xenopus laevis oocytes increased the 
frequency of IPS-induced calcium waves and narrowed the width of individual calcium 
waves. The effect of SERCAI expression on calcium wave frequency was dependent on 
the concentration of IP, and was larger at higher (1 kM) than at !ewer (0.1 kM) concen- 
trations of IP,. The results demonstrate that calcium pump activity can control IPS-mediated 
calcium signaling. $.  

M a n y  hormones and neurotransmitters ac- 
tivate pathways leading to elevations in the 
intracellular concentration of IP, and the 
subsequent release of Ca2+ from intracellu- 
lar stores (I ) . Cellular signaling informa- 
tion may be encoded in periodic Ca2+ 
os'cillations. and much work has focused on 
defining the underlying basis of these oscil- 
lations (2). In the spatial domain, Ca2+ 
signaling exhibits a complex variety of pat- 
terns. In Xenopus oocytes, for example, 
Ca2+ release is initiated at multiple focal 
sites that generate broken, circular, and 
spiral waves of Ca2+ (3, 4). These observa- 
tions suggest that the Ca2+-mobilizing ma- 
chinery acts as an excitable medium (3) as 
it does in other systems such as the classical 
Belousov-Zhabotinsky reaction, aggrega- 
tion in the slime mold Dictyostelium discoi- 
deum, and electrical activity in neuronal 
and cardiac cells (5).  

In this theoretical framework of Ca2+ 
signaling, activation of the IP, receptor 
(IP,R) constitutes the elementary excitato- 
ry event (3). An important feature of Ca2+ 
release as an excitable medium is the con- 
cept of a refractory period, defined as a 
collection of states in which Ca2+ release is 
inhibited to different degrees, depending on 
the time elapsed since the preceding wave 
of excitation (3, 6). Two factors acting 
singly or in concert may set refractory states 
of Ca2+ release: high cytoplasmic Ca2+ 
concentrations, which inhibit IP,R activa- 
tion (7), or depletion of Ca2+ in the intra- 
cellular stores, which inhibits release (8). 
Calcium-ATPases remove Ca2+ from the 
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cytoplasm either across the plasma mem- 
brane (PMCA family) or into the sarcoplas- 
mic reticulum or endoplasmic reticulum 
(SERCA family) (9). After a Ca2+ wave, 
increased pump activity should reduce cy- 
toplasmic Ca2+ concentrations more effi- 
ciently and should increase the net uptake 
of Ca2+ into the luminal stores. Increased 
Ca2+-ATPase expression, however, should 
not greatly affect the basal concentration of 
cytosolic Ca2+ because in unstimulated 
cells the Ca2+ concentration is too low to 
activate much pumping activity (1 0). 

Oocytes from albino Xenopu~ laevis were 
injected with SERCAl mRNA encoding the 
avian fast twitch Ca2+ -ATPase (I I) and as- 
sayed for IP3-induced Ca2+ wave activity 48 
to 72 hours later (I 2 ) .  To visualize changes in 
intracellular Ca2+, we injected oocytes with 
the Ca2+ dye indicator Calcium Green I. 
Individual oocytes were then injected with 
IP, and immediately imaged with confocal 
microscopy (1 3). A single optical slice near 
the plasma membrane surface was recorded at 
1-s intervals. IP, (- 1 kM) initiated a wave of 
Ca2+ release across the oocyre (Fig. lB), 
which produced an elevated cytoplasmic 
Ca2+ concentration in its wake (3; 14). As 
the cytoplasmic concentration of Ca2+ de- 
creased, pulsatile Ca2+ wave activity devel- 
oped (Fig. 1A). A spatial-temporal stack of 
400 consecutive images (Fig. 1C) shows the 
Ca2+ waves generated in response to applica- 
tion of IP,. In these stacks, time is represented 
by the z axis (3). This oocyte exhibited one of 
the largest amounts of Ca2+ wave activity 
observed for control oocytes. The average 
number of Ca2+ waves per 400-s temporal 
stack was 25 + 14 (mean + SD, n = 17). 

In contrast, the same concentration of 
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IP, (-1 FM) produced markedly different 
Ca2+ wave activity in oocytes that ex- 
pressed SERCAl mRNA. First, the initial 
wave of uniform Ca2+ release that enve- 
lopes the oocyte was absent (Fig. 1, B and 
F). Instead, pulsatile Ca2+ release occurred 
immediately after IP, injection. Second, 
the number of Ca2+ waves at peak activity 

was much higher in oocytes that expressed 
SERCAl than in control oocytes (Fig. 1, A 
and E). A similar temporal stack of 400 
consecutive images shows the total number 
of Ca2+ waves generated during this period 
(Fig. ID). The average number of Ca2+ 
waves per 400-s temporal stack was 64 2 20 
(mean 2 SD, n = 17) for oocytes injected 

Fig. 1. Spatial temporal pat- 
terns of Ca2+ release in- 
duced by high concentra- 
tions of IP, (-1 pM) In a 
control oocyte [(A) through 
(C)] and in an oocyte inject- 
ed with SERCAl mRNA [(D) 
through (F)]. In (A) and (6). 
s~ngle optical slices were re- 
corded at 330 and 40 s, 
respectively. The frequency 
of pulsatile Ca2* wave ac- 
tivity peaked between 200 
and 300 s after ~njection of 
IP,. Regenerative wave ac- 
t~vity across the entire 
oocyte was not observed until -300 s. (C) A G , 

I spatial-temporal stack of Ca2+ wave activity Fl4O 

(control) with sequential images taken at 1-s 
intervals. Within this 400-s stack, 49 Ca2+ waves Elo0 

are visible. (D) The spatial-temporal stack of 2 
Ca2+ wave activity for an oocyte that expressed 0 

SERCAl rnRNA. Eighty-one Ca2+ waves are 
visible within this 400-s stack. (E and F) Single 
optical slices of CaZ+ release at 128 and 42 s, - 
respectively. (G and H) Change in the Calcium 90 

Green fluorescence with respect to time plotted 
for a fixed 2 x 2 pixel area in the SERCA1 (G) 210 220 230 240 250 260 270 
and control (H) images at peak wave activity. Wme (s) 
Individual data points from each image are plotted at 1-s intervals and are connected by continuous 
line segments. 

0.1 W IP, SERCAl 

135 145 155 165 175 185 195 
Time (s) 

SCIENCE VOL. 260 9 APRIL 1993 

with SERCAl mRNA, 2.6 times that in 
control oocytes (P < 0.005). As another 
estimate of wave activity, a single 2 x 2 
pixel area was monitored for 60 to 120 s 
during peak Ca2+ wave activity (Fig. 1, G 
and H). This measurement shows the tem- 
poral changes of individual Ca2+ waves. As 
observed in the temporal stacks, the aver- 
age wave period was much longer in control 
oocytes than in oocytes that expressed 
SERCAl (Table 1). Additionally, the 
width of individual Ca2+ waves, estimated 
as the half-decay time (time required for the 
peak Ca2+ concentration to be reduced by 
one-half), was shortened in oocytes that 
expressed SERCAl transcripts (Table 1). 
Finally, the IP,-induced wave activity for 
both control and SERCAl-expressing 
oocytes was completely blocked by thapsi- 
gargin (1 FM for 1 hour), a specific inhib- 
itor of SERCA-type Ca2+-ATPases (1 5). 
However, at intermediate concentrations of 
thapsigargin (100 nM for 1 hour), CaZ+ 
wave activity was decreased but not blocked 
in four out of five control oocytes. The 
mean number of Ca2+ waves per 400-s 
temporal stack was 10 & 9. Thus, as thap- 
sigargin lowers the pumping rate, the fre- 
quency of CaZ+ waves is correspondingly 
decreased in comparison to control values. 

Because the frequency of CaZ+ oscilla- 
tions has been correlated with ligand con- 
centrations (2, 16), we also examined the 
effects of low concentrations of IP, (-0.1 
p,M) on CaZ+ wave activity both in control 
oocytes and oocytes that expressed 
SERCAl. At low concentrations of IP,, 
the frequency of CaZ+ waves was lower and 
the length of time during which CaZ+ 
waves were observed was also shortened. 
However, even at lower IP, concentrations, 
the greatest amount of Ca2+ wave activity 
was still observed in oocytes that expressed 
SERCAl Ca2+-ATPase (Fig. 2). In control 
oocytes, IP, initially induced a large Ca2+ 
wave, which left cytoplasmic Ca2+ tempo- 
rarily elevated (Fig. 2B); pulsatile wave 
activity developed only after 20 to 30 s (Fig. 
2, A through C). In oocytes that expressed 
SERCAl, pulsatile wave activity was im- 
mediately induced by IP, injection (Fig. 2, 
D through F). The increased pumping ac- 
tivity was observed as a narrowing in the 
width of single CaZ+ waves, as seen in 
individual confocal images (Fig. 2, A and 
E) and in the intensity plots from a single 
oocyte location (Fig. 2, G and H). Table 1 
shows a comparison of the characteristics of 
waves induced by high and low concentra- 
tions of IP,. 

A monoclonal antibody (rnAb) to the 
avian Ca2+ pump (1 7) reacted with a single 
band at -100 kD in immunoblots of mem- 
brane-bound proteins prepared from oocytes 
injected with mRNA (Fig. 3A). Control 
oocytes did not react with the SERCAl 
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Fig. 3. Protein immunoblot analysis of SERCA1 A - a - 
and the IP3R in Xenopus oocytes. (A) A single g 

B = 
protein band (arrowhead) was recognized by a u g X F 

w 0 %  

mAb to SERCA1 in oocytes injected with SERCA1 -"_*-u7 * o r  
= --- - - 

mRNA. The antibody did not recognize an endog- '05- 

enous SERCA1 product in control oocytes inject- 116- > < < 205- 
ed with water. An equal amount of protein (10 kg) BQ 
was loaded in each lane. M, prestained molecular 
size standards (Bio-Rad. Melville, New York). (B) 116- 

A polyclonal antibody to the IP3R recognized a SERCAl MAb IP3R Ab 
single band in oocytes injected with eitherwater or 
SERCA1 mRNA (left arrowhead). The same IP3R antibody recognized a doublet (right arrowhead) 
in membrane extracts prepared from rat brain (18). Markers (M) are as in (A) but run on a 4% gel. 
Molecular size markers are indicated to the left of (A) and (B) in kilodaltons. 

Table 1. Calcium wave parameters at peak activ- 
ity with treatment with 1 pM or 0.1 kM IP,. The 
wave period, half-decay time, and velocity were 
first averaged for each oocyte during peak wave 
activity. Each number represents the mean 2 SD 
of these individual oocyte averages. 

Wave Half-decay Velocity 
Owe period time 

(n) (s) ( )  (clmls) 

1 pM If, 
SERCA1 (5) 3.9 + 0.4 1.0 2 0.2 21.1 2 2.7 
Control (6) 7.9 2 0.6 1.8 2 0.1 19.5 + 4.6 

0.1 pM If, 
SERCA1 (5) 7.9 + 0.9 1.6 2 0.2 20.0 2 3.0 
Control (5) 10.2 + 2.5 2.4 + 0.6 21.4 2 1.4 

mAb. To exclude the possibility that the 
amount of IP3R was increased by overex- 
pression of the SERCAl Ca2+-ATPase, 
we measured the amount of the IP,R with a 
polyclonal antibody to the rabbit IP,R in 
immunoblots of the same protein fractions 
(18). The amount of IP3R did not change 
in SERCAl-expressing oocytes (Fig. 3B). 
The endogenous IP3R product from the 
oocyte appears as a single band of smaller 
molecular size (-256 kD) than that from 
rodent brain (which migrates characteristi- 
cally as a doublet at -260 to 273 kD and is 
shown as a positive control) (19). These 
data suggest that the enhanced frequency of 
Ca2+ waves is a result of the enhanced 
Ca2+-ATPase activity and not a change in 
the number of IP,Rs. 

Calcium pump activity has been associ- 
ated primarily with Ca2+ homeostasis (20). 
The frequency modulation of Ca2+ waves 
by SERCAl expression points toward an 
expanded role for Ca2+-ATPases in Ca2+ 
signaling. The concentration of Ca2+ is 
important in the regulation of IP,-induced 
Ca2+ release. At low concentrations, Ca2+ 
acts as agonist with IP,, whereas at high 
concentrations Ca2+ inhibits IP3R channel 
activity (7). Calcium release may also be 
inhibited indirectly by depletion of the 
Ca2+ stores (8, 21). SERCAl activity is 
likely to modulate the frequency of IP,- 
induced Ca2+ wave activity by controlling 
one of these Ca2+-dependent mechanisms 

of inhibition. In terms of an excitable 
medium, increased pumping shortens the 
refractory period for Ca2+ release. This 
effect should be most apparent at wave 
frequencies where activity is normally so 
high that consecutive waves impinge on 
areas that are refractory because a preceding 
wave has recently passed through them (6). 
In ameement with this. SERCAl exDres- 
sionuproduced the strongest effect at 'high 
IP, concentrations where Ca2+ waves prop- 
agated in closer proximity without wave 
velocity being affected (Table 1). Because 
Ca2+-ATPase activitv and ex~ression are 
known to be regulated (22), our data sug- 
gest Ca2+ pump modulation may be a crit- 
ical factor in controlling IP3-mediated Ca2+ 
signaling. 
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Acceleration of lntracellular Calcium Waves in 
Xenopus Oocytes by Calcium Influx 

Steven Girard and .David Clapham* 
Many cell membrane receptors stimulate the phosphoinositide (PI) cycle, which produces 
complex intracellular calcium signals that regulate diverse processes such as secretion and 
transcription. A major messenger of this cycle, inositol 1,4,5-trisphosphate (IP,), stimulates its 
receptor channel on the endoplasmic reticulum to release calcium into the cytosol. Activation 
of the PI cycle also induces calcium influx, which refills the intracellular calcium stores. Confocal 
microscopy was used to show that receptor-activated calcium influx, enhanced by hyperpo- 
larization, modulates the frequency and velocity of IPS-dependent calcium waves in Xenopus 
laevis oocytes. These results demonstrate that transmembrane voltage and calcium influx 
pathways may regulate spatial and temporal patterns of IPS-dependent calcium release. 

Propagating waves of elevated intracellular 
Ca2+ may be triggered in Xenopus oocytes by 
the activation of muscarinic receptors or by 
the microinjection of either guanosine-5'-0- 
(3-triphosphate) or IP3 isomers (I -4). Calci- 
um release from IP3-sensitive intracellular 
stores (5) is necessary for both initiation and 
propagation of these waves (2-4). IP3-depen- 
dent Ca2+ waves persist in the oocyte for up 
to 30 min in the absence of extracellular Ca2+ 
(2. 3). We used confocal fluorescence micros- . ,  , 
copy with conventional two-electrode voltage 
clamp to study Ca2+ influx and its influence 
on IP3-dependent Ca2+ waves (6-9). Fluores- 
cence from Calcium Green was recorded from 
superficial optical sections (628 by 419 pm) 
within -30 pm of the plasma membrane 
(10). 

To investigate the effects of Ca2+ influx on 
receptor-induced Ca2+ transients, we applied 
acetylcholine (ACh) to oocytes that ex- 
pressed human m3 muscarinic acetylcholine 
receptors (m3AChRs) (Fig. 1). Saturating 
concentrations of ACh (50 pM) triggered 
Ca2+ release from intracellular stores, which 
resulted in an increased concentration of 
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Ca2+ that slowly decayed to base line over - 10 min (Fig. 1, A to D) (I I). Hyperpolar- 
ization in the presence of 2.5 rnM extracellu- 
lar Ca2+ induced Ca2+ influx up to -13 min 
,after the application of atropine (200 pM) 
(12). In contrast to the generalized Ca2+ 
transient induced by high concentrations of 
ACh, submaximal stimulation (0.2 to 1 pM 
ACh) triggered regenerative Ca2+ waves (Fig. 
1, E to G) that appear as streaks of increased 
fluorescence in a volume projection (Fig. IF). 
The Ca2+ waves and Ca2+-activated C1- 
current (I,,,,,) oscillations stopped within 
seconds after the application of atropine (200 
pM at 550 s), whereas the hyperpolarization- 
induced influx of extracellular Ca2+ persisted 
for more than 7 min (Fig. IF) (1 3). Unstim- 
ulated cells showed no Ca2+ influx with hy- 
perpolarization (n = 5). Because Ca2+ influx 
persisted for minutes after the Ca2+ waves 
were abolished, we speculate that other sec- 
ond messenger mechanisms triggered Ca2+ 
entry or that the concentrations of IP, were 
sufficient to bind to a receptor site that caused 
Ca2+ influx (1 4). These results also show that 
Ca2+ influx caused a generalized increase in 
Ca2+ but did not itself cause regenerative 
waves. 

We examined the influence of Ca2+ influx 
on Ca2+ waves induced by injection of a 
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nonrnetabolizable IP3 analog, inositol 1,4,5- 
trisphosphorothioate (IP3S ) (1 5). In the ab- 
sence of extracellular ca2+, the waves in- 
duced by IP3S3 (5 pM) had a period, or 
interval between transients, that slowly in- 
creased over time (Fig. 2, A to D). The Ca2+ 
wave velocity was independent of membrane 
potential in ten experiments conducted in the 
absence of extracellular Ca2+ (Fig. 2E), 
which indicates that the kinetics of the IP, 
receptor (IP3R) channel are not directly al- 
tered by changes in membrane potential. 

In the presence of 2.5 mM extracellular 
Ca2+, hyperpolarization triggered Ca2+ in- 
flux in 35 of 46 oocytes injected with IP3S3 
(5 pM) (16), and no Ca2+ influx was 
observed in noninjected oocytes under sim- 
ilar conditions (n = 10). The entry of 
extracellular Ca2+ reversibly affected the 
frequency and velocity of Ca2+ waves trig- 
gered by IP3S3 (5 pM) (Fig. 3), an effect 
that was blocked by extracellular La3+ (1 
mM) (1 7). In one oocyte, the wave velocity 
varied with the holding potential after the 
concentration of extracellular Ca2+ was 
raised to 2.5 mM (Fig. 3D). The mean 
velocity increased from 25.1 k 0.8 pm s-' 
(n = 5) to 33 k 2 pm s-' (n = 3) during a 
second hyperpolarizing pulse from - 15 to 
-70 mV with 2.5 mM extracellular Ca2+, 
and after depolarization to -15 mV the 
velocity returned to 25.4 k 0.9 pm s-' (n = 
2). The wave velocity in this experiment 

.ranged from 19 to 37 pm s-' and was corre- 
lated with the local base line fluorescence 
before each wave (Fig. 3F). These data sug- 
gest that the influx of extracellular Ca2+ may 
alter the propagation of IP3-dependent Ca2+ 
waves by increasing the basal Ca2+ concen- 
tration. This modulation of the velocity of 
Ca2+ waves was best observed with large 
changes in the membrane potential (-70 
mV), which correlate to larger Ca2+ influxes. 

Depolarization, which reduces the driving 
force for Ca2+ entry into the cell, .decreased 
the resting concentration of Ca2+ and in- 
creased the period between successive wave 
fronts (Fig. 4, A to H). These alterations in 
wave frequency were reversible (Fig. 1, E and 
F, and Figs. 3 and 4). Calcium Green signals 
from 33-pm square regions (Fig. 4A) showed 
that the frequency of Ca2+ waves increased 
from 1.8 + 0.2 min-' at.0 m y  to 5.2 2- 1.4 
min-' at -50 mV (mean k SEM, n = 9). A 
comparison of the local Calcium Green signal 
from one region (Fig. 4G) and the signal 
averaged over the entire slice (Fig. 4H) 
showed that averaging over the entire section 
obscures the high frequency waves. Regions 
capable of initiating waves at -50 mV but 
not at more depolarized potentials appear as 
short segments of fluorescence in the volume 
projection (Fig. 4E), which suggests that 
different regions have unique threshold cy- 
tosolic Ca2+ concentrations that must be 
reached before waves are initiated. This 
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