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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 IP, 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 IP,-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 IP, analog, inositol 1,4,5- 
trisphosphorothioate (IP3S ) (1 5). In the ab- 
sence of extracellular ca2+, the waves in- 
duced by IP,S, (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 (IP,R) 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 IP,S, (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 IP,-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 +- 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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recruitment of initiation foci was, in part, 
responsible for the increase in frequency. 
Strong hyperpolarization in some oocytes 
arrested the IP,S,-induced waves (Fig. 4, I 
to L), which demonstrates that increases in 
cytosolic CaZ+ concentration over a critical 
level reversibly inhibit waves (1 8). 

Calcium waves depend on the regenera- 
tive production of a diffusible molecule that 
triggers CaZ+ release from adjacent IP3- 
sensitive stores. Because both IPS and cyto- 
solic CaZ+ influence Ca2+ release at the 
oocyte IP,R channel (19), either could 

function as this propagating signal. IP, 
diffuses more rapidly than CaZ+ in cytosolic 
extracts from Xempus oocytes (ZO), but our 
experiments with high concentrations of 
IP,S, (100 pM) indicate that oscillations in 
the amounts of IP, are not required for 
CaZ+ waves (21). Rather, these data sug- 
gest that activation of m3AChRs leads to a 
steady increase in IP, and that Ca2+ re- 
leased from one store propagates through 
the cytoplasm and triggers release from 
neighboring stores. Here, we have demon- 
strated that Ca2+ entry from the extracel- 

lular space can modulate the frequency and 
propagation rates of this dynamic process. 
The modulatorv role for Ca2+ influx vro- 
vides control and allows diversity of signal- 
ing end points for the otherwise convergent 
phosphoinositide cascade. The spatial and 
temporal regulation of intracellular Ca2+ 
waves bv Ca2+ influx means that the com- 
bination of membrane voltage and recep- 
tor-activated CaZ+ influx pathways greatly 
expands the range of signal transduction 
control for Caz+-dependent events ranging 
from transcription to secretion. 

Fig. 1. Demonstration of m3AChR-activated Ca2+ influx. In (A) to (D), a Xenopus oocyte A 2.5 
that expressed m3AChRs and was injected with Calcium Green (12 pM) (22) 20 min ( ~ ] d n M ]  7 before study was stimulated with ACh (50 pM) 20 s into the experiment and then treated 0 
with atropine (200 pM) at 200 s. The concentration of extracellular Ca2+ and the B 
membrane potential were manipulated to study Ca2+ influx after the application of (, I 
antagonist. To follow the spatioternporal transients of intracellular Ca2+, we scanned a ~AChrMOpMAtropine  
single 628 by 41 9 pm optical section (1 Hz) for 1000 s and the digital images (1 92 by 128 C 
pixels) were stored with 256 gray scale values. The confocal section covered -8% of the 
oocyte's surface area. (A) Extracellular Ca2+ concentration ([Ca2+]J. (B) Membrane 

I 1  
potential (Vd was clamped at -70,0, -100,0, and -100 mV. (C) ANALYZE software (8) 
was used to stack the confocal images into a volume (192 by 128 by 1000 pixels) of 

m- - - 
digital data. This panel (1 92 by 1000 pixels) represents a two-dimensional projection 
(view) of this volume, shown with time increasing to the right. The gray scale values of this 
panel represent the fluorescence intensity along the reader's line of sight into the volume. 
A pseudocolor scale bar for fluorescence intensity is next to (C); gray scales of 0 are 
blue, and gray scales of 255 are yellow-green (22). (D) The average Calcium Green 
signal of the 24,576 pixels in each confocal image (192 by 128 pixels) was calculated, Tkm (a) 
and this average was displayed with increasing time. In (E) to (G), an m3AChR- 
expressing oocyte was stimulated with ACh (1 pM) -1 min before imaging. The E O 

membrane potential was manipulated in the presence of 2.5 mM extracellular Ca2+ to V, (mV) 
study the effect of influx before and after the application of atropine (200 pM) at 550 s 
[denoted by the arrow on (F)]. (E) Membrane potential (V,) was pulsed from the holding 
potential of -20 mV to -80, -95, -95, (-60, -100, -115), and -1 15 mV. (F) Volume 
projection of the 1000 images displayed with time increasing to the right. Propagating 
Ca2+ waves appear as arcs of increased signal above a base line fluorescence. 
Preliminary experiments with indo-1 suggest that the amplitude of a typical Ca2+ wave is 
greater than 300 nM. (G) Average Calcium Green signal in the confocal section. 

Fig. 2. Periodic Ca2+ waves triggered by 
IP3S3 propagate at a steady velocity in the k l m $ 1 7  

E 

absence of extracellular Ca2+. This oocyte -' 0P (1) 

was injected with IP3S3 (5 pM) -8 min before 
imaging under voltage clamp in the absence 
of extracellular Ca2+. (A) Membrane potential 
(V,) was pulsed to -100 mV from a holding 
potential of 0 mV. (B) Volume projection of the 

3 
1000 images displayed with time increasing to 
the right. (C) Velocities of Ca2+ waves + SD. 
Planar Ca2+ waves were studied if they sus- s 
tained propagation for more than 4 s in a 
given direction and if they did not interact with D 210 8 

other waves. A vector in the direction of prop ~~~d -150 -100 -50 0 
agation was constructed by eye with ANA- sirmnnl 
LYZE software (B), and the position of the 
wave front along this line was recorded for 
successive images. The slope of a linear best 0 Time (s) lo00 

fit of the wave front position expressed as a function of time gave the wave wave velocities (mean of data at each voltage + SD) measured in ten 
velocity and an error of this estimate. (D) Average Calcium Green signal in oocytes at various holding potentials in the absence of extracellular Ca2+. 
a 33-pm square region centered in the confocal section. (E) Summary of 97 The number of waves observed at each voltage is given in parentheses. 
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t ~ g .  3. Increased frequency and velocity of IP3S3-induced Ca2+ waves after Ca2+ influx. The oocyte 
was injected with IP3S3 (5 pM) -10 min before imaging. (A) Extracellular Ca2+ concentration 
([Ca2+]J. (B) Membrane potential (V,) was clamped at -10, -80, -5, -70, -15, -70, and -15 
mV. (C) Volume projection of the 1000 images displayed with time increasing to the right. (D) 
Velocities of Ca2+ waves & SEM. Where error bars are not shown, the least squares estimate had 
a standard error less than the width of the symbol. (E) Average Calcium Green signal in a 33-pm 
square region centered in the confocal section. (F) Wave velocity as a function of the local resting 
signal averaged for the 4 s immediately before the initiation of each wave (r = 0.8). 

Fig. 4. Recruitment of new initiation 
foci and increased frequency of IPS- 
induced Ca2+ waves after hyperpo- 
larization. In (A) to (H), an oocyte 
was injected with IP3S3 (5 pM) -15 
min before imaging in the presence 
of 2.5 mM extracellular Ca2+. (A to 
D) Confocal images of active Ca2+ 
waves at 1, 179, 570, and 828 s, 
respectively. Nine local (33-pm 
square) regions are shown in (A). 
(E) Volume projection of the 1000 
images displayed with time increas- 
ing to the right. (F) Membrane po- 
tential (V,) was clamped at -50, 0, 
-10, -20, -30, and -40 mV. (G) 
Average Calcium Green signal in a 
33-pm square region [right square 
of the middle row in (A)]. (H) Aver- 
age Calcium Green signal in the 
confocal section. In (I) to (L), an 
oocyte was injected with IP3S3 (5 
pM) -8 min before experimenta- 
tion. (I) Extracellular Ca2+ concen- 
tration ([Ca2+],). (J) Membrane po- 
tential (V,) was clamped at -40, 
-7, -20, -30, -50, -60, -80, and 
-10 mV. (K) Volume projection of 
the 1000 images displayed with 
time increasing to the right. (L) Av- 
erage Calcium Green signal in a 
33-pm square region centered in 
the confocal section. 
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Force of Single Kinesin Molecules Measured with 
Optical Tweezers 

Scot C. Kuo* and Michael P. Sheetz 
Isometric forces generated by single molecules of the mechanochemical enzyme kinesin 
were measured with a laser-induced, single-beam optical gradient trap, also known as 
optical tweezers. For the microspheres used in this study, the optical tweezers was 
spring-like for a radius of 100 nanometers and had a maximum force region at a radius 
of -150 nanometers. With the use of biotinylated microtubules andspecial streptavidin- 
coated latex microspheres as handles, microtubule translocation by single squid kinesin 
molecules was reversibly stalled. The stalled microtubules escaped optical trapping 
forces of 1.9 ? 0.4 piconewtons. The ability to measure force parameters of single 
macromolecules now allows direct testing of molecular models for contractility. 

Biological forces in motile systems, such 
as those involving ciliary dynein and ac- 
tomyosin, are usually studied as the sum of 
contributions from many force-generating 
units (1). However, the mechanochemical 
enzyme kinesin can function as an indi- 
vidual molecule. Kinesin that is adsorbed 
to glass moves microtubules so that they 
pivot around a single attachment point 
(2). The concentration dependence of the 
motility, cakulated as an effective Hill 
coefficient of 1 for kinesin adsorbed to 
glass cover slips (2) or as a Poisson distri- 
bution for kinesin adsorbed to glass beads 
(3), indicates that one molecule alone can 
generate force and move microtubules. 
We have directly measured the force gen- 
erated by an individual kinesin molecule 
using the single-beam optical gradient 
trap, also known as optical tweezers (4). 

To characterize the optical trap, we 
used viscous drag to displace trapped mi- 
crospheres that were 0.55 p,m in diameter. 
All calibration experiments were per- 
formed at least 2 pm from the cover slip 
surface to minimize viscous coupling to 
the glass surface, so deviations from Stokes 
drag were < 7 %  (5). For all biological 
force measurements, we calibrated the es- 
cape force (F,,,) from the optical tweezers 
by using a laminar flow cell (6). However, 
optical forces during escape from the op- 
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tical tweezers are spatially complex, re- 
quiring nanometer-level characterization 
of the optical trap to interpret subsequent 
experiments. Such characterization would 
be biased by the shear gradient of the flow 
cell. 60 we used viscous forces that were 
generated by moving the microscope spec- 
imen with a piezoceramic-driven stage 
(7). The stage had a maximal usable 
velocity of -150 pm s-' (-0.8 pN of 
viscous drag), making it less appropriate 
for direct calibration of biological force - 
measurements. Trapped particles were al- 
ternately displaced by the piezoceramic 
stage moving at constant velocity, and 
their positions were monitored while laser 
irradiation was reduced (Fig. 1A). Nor- 
malized to the laser irradiation at the 
specimen, a force and displacement profile 
can be constructed (Fig. 1B). Force is 
proportional to the displacement for the 
first - 100 nm. This force-displacement 
profile qualitatively agrees with theoreti- 
cal models of the optical trap.(.$). Because 
of video limitations, the region of- maxi- 
mum force has not been precisely deter- 
mined, but it appears to be located at a 
radius of 150 2 26 nm (SD) (Fig. 1C). 

Optical forces were applied to streptavi- 
din-coated latex microspheres that were 
attached as handles to biotinylated micro- 
tubules. The biotinvlation ~rocedure. both 
with and without the attachment of micro- 
spheres, did not alter kinesin-driven gliding 
velocities of the microtubules. After evalu- 
ating different procedures for constructing 
biotin-specific beads (9), we covalently at- 
tached bovine serum albumin to carbodiim- 

SCIENCE VOL. 260 9 APRIL 1993 




