
sured for skeletal muscle, which gave the 
lowest signal. In addition, differences in the 
relative amounts of individual SR proteins 
correlated with tissue type. For example, 
SRp30ah was most abundant in thymus 
extracts, whereas this band was nearly un- 
detectable in extracts of either skeletal or 
cardiac muscle. In brain as well as in both 
muscle types, SRp75 accounted for about 
50% of the total mAblO4 signal per lane, as 
compared with 20% of the total in the 
thymus. SRp55 is only faintly detectable in 
brain extract in which SRp40 and 
SRp30ah are also only minor components. 
In view of the heterogeneity of cell types in 
each tissue, it is possible that variations in 
the relative abundance of distinct SR pro- 
teins may be much greater in single cells. 
These results show that the differentiated 
state of cells is associated with the exures- 
sion of a particular set of SR proteins. 

Other results have shown that many 
different SR proteins isolated from calf thy- 
mus, HeLa cells, and cultured Drosophila 
cells have the same effect on the splicing of 
introns from pre-mRNAs in vitro (1, 4, 5, 
8). The high degree of size and sequence 
conservation of the different SR proteins 
among species, however, suggests that indi- 
vidual SR proteins have distinct and essen- 
tial functions in vivo. The findings de- 
scribed here show that particular members 
of the SR family have distinct functions in 
vitro. The observation that particular SR 
proteins are associated with the preferential 
use of different 5' splice sites suggests that 
SR proteins may function in alternative 
sulicine in vivo. The absolute and relative . " 
amounts of SR protein family members 
expressed by a given cell may determine the 
preferred splice site usage and therefore 
contribute to the regulation of gene expres- 
sion. 
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Spatially Resolved Dynamics of cAMP and Protein 
Kinase A Subunits in Aplysia Sensory Neurons 

Brian J. Bacskai, Binyamin Hochner, Martyn Mahaut-Smith, 
Stephen R. Adams, Bong-Kiun Kaang, Eric R. Kandel, 

Roger Y. Tsien* 
CyClic adenosine monophosphate (CAMP)-dependent protein kinase, labeled with fluo- 
rescein and rhodamine on the catalytic and regulatory subunits, respectively, was injected 
into Aplysia sensory neurons either in culture or in intact cell clusters. Energy transfer 
between the subunits, a measure of cytosolic cAMP concentration ([CAMP]), and com- 
partmentation of the dissociated subunits were monitored by confocal fluorescence mi- 
croscopy. Bath application of serotonin produced a much greater elevation of [CAMP] in 
the processes than in the central bodies of the neurons. The resulting gradients must drive 
a sizable centripetal flux of cAMP because direct microinjection of cAMP showed that it 
diffused readily. Perinuclear increases in [CAMP] slowly caused the translocation of the 
freed catalytic subunit into the nucleus to an extent proportional to the percentage of its 
dissociation from the regulatory subunit. 

Serotonin leads to an increase in [CAMP] 
and can elicit both short- and long-term 
synaptic changes in the monosynaptic con- 
nection between sensory and motor neu- 
rons of the gill-withdrawal reflex in the 
marine snail Aplysia (1, 2). The distinction 
between short- and long-term processes in 
sensory neurons seems to derive in part 
from the ability of the modulatory transmit- 
ter to select between a program involving 
only a cytoplasmic mechanism of regulation 
by cAMP or the induction of additional 

mechanisms that alter cell state through the 
activation of transcriptional regulatory pro- 
teins in the nucleus, such as CREB (3). To 
determine where transmitter generates 
CAMP, what concentrations are attained, 
and how the cAMP signal. reaches the 
nucleus, we injected and imzged CAMP- 
dependent protein kinase labeled with-both 
fluorescein and rhodamine (FlCRhR) (4). 
This labeled enzyme allows both the dy- 
namic measurement of free cAMP and the 
tracking of the regulatory (R) and the 
catalytic (C) subunits in single cells. 

B. J. Bacskai M. Mahaut-Smith, S. R. Adams, R. Y F ~ ~ ~ ~ R  was introduced by pressure 
Tsien, Howard Hughes Medical Institute, University of microinjection into the cell bodies of sen- 
California, San Diego, La Jolla, CA 92093-0647. sory neurons that were either isolated in 
B. Hochner, B.-K. Kaang, E. R. Kandel, College of 
Physicians and Surgeons of Columbia University, (5) Or in excised pleura' ganglia. 
Center for Neurobiology and Behavior, New York, NY Fluorescence imaging was ~erformed with a 
10032. laser-scanning confocal microscope specifi- 
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tioing (6) ,  which permitted the simultane- 
ous acquisition and ratioing of pairs of 

1 . .  1 .  ,"I 1 accurately reglsterea Images. we acqulrea 
the images at fluorescein and rhodamine 
emission wavelengths while exciting fluo- 
rescein with an Ar laser at 488 nm. The 
optical sectioning capability of the confocal 
microscope was used to image either the 
cell body and processes at a plane just above 
the glass substratum or the nucleus and 
perinuclear cytoplasm several tens of mi- 
crometers higher. 

The concentration of free cAMP in 
unstimulated neurons was ~ 5 0  nM (7) 
because coinjection of FlCRhR with Rp- 
cyclic adenosine monophosphorothioate 
(Rp-CAMPS) , a nonhydrolyzable cAMP an- 
tagonist (8), did not reduce the apparent 
resting levels of CAMP. The R,-CAMPS did 
inhibit increases in the kinas; activity in- 
duced by serotonin, isob~tylmeth~lxan- 
thine (IBMX), and forskolin. The low con- 
centrations of free cAMP in unstimulated 
sensory neurons contrasts with radioimmu- 
noassays that indicate several micromolar 
or more total CAMP in sensory neuron 
clusters, which could be elevated two- to 
threefold after stimulation (9, 10). A large 
difference in concentration between free 
and total CAMP is typical for second mes- 
sengers and may reflect static binding or 
sequestration. Bath application of serotonin 
produced rapid increases and large spatial 
gradients in the concentration of free 
cAMP (Fig. 1). The [CAMP] increased 
monotonically as a function of distance 
along the processes away from the cell 
body. In the finer parts of the processes, 
elevations in [CAMP] were detectable at 
serotonin doses of 0.5 to 1 (LM, although 
these responses required several minutes to 
reach their peaks. Higher transmitter con- 
centrations produced faster and larger in- 
creases in [CAMP], which reached maximal 
values at doses of 50 to 100 (LM serotonin 
and showed some depression despite the 
continuous presence of transmitter. These 
latter doses produced emission ratio changes 
that correspond to over 100-fold increases 
in the concentration of free cAMP and 
com~lete dissociation of the kinase in the 
more distal portions of the processes but 
only slight activation in the main body of 
the neuron. Spatial gradients in [CAMP] 
produced by serotonin were observed in 13 
of 15 cells. 

The gradients could be caused by (i) 
localization of serotonin recevtors or ade- 
nylyl cyclase to the distal processes, (ii) 
restricted diffusion of CAMP, (iii) differen- 
tial effectiveness of phosphodiesterases, (iv) 
perturbation of the injected kinase in one 
part of the cell, (v) differences in surface- 
to-volume ratio, or various combinations of 
these factors. Localization of serotonin re- 
ceptors to the distal processes in Aplysia 

Fig. 1. Gradient in [CAMP] in Aplysia sensory neurons after uniform application of serotonin (5-HT). 
A single, cultured Aplysia sensory neuron was microinjected with FlCRhR (23). Digital fluorescence 
images are the result of simultaneous acquisition of two confocal single-wavelength emission 
images (500 to 530 nm and >560 nm) at a plane just above the glass substratum. After subtraction 
of background, a ratio was calculated (short over long wavelength), and the image was pseudocol- 
ored from blues to reds, which correspond to low to high ratios and low to high concentrations of 
free CAMP (scale on right in pM CAMP). After uniform bath application of 50 pM 5-HT (B), a striking 
gradient of [CAMP] develops between the cell body and the distal processes. The increase in 
[CAMP] persisted with some habituation while 5-HT remained in the bath (C through E), but after 
5-HT was washed away (F), [CAMP] returned to close to control levels (A). 

sensory neurons might be expected because 
synaptic connections in vivo occur at the 
presynaptic terminals, but no direct confir- 
mation is available. However, receptor lo- 
calization cannot be the onlv ex~lanation , . 
because forskolin, a direct activator of the 
cyclase, produced roughly similar gradients 
in seven of seven cells (data not shown). 

We tested the diffusibility of cAMP by 
directly microinjecting it into the cell body. 
Within 1 to 2 s after injection, the ratio 
chanee was obvious within a radius of -50 - 
p,m of the site of injection, and, by 7 to 8 s, 
even the most distal processes (up to 100 
p,m away) showed saturation of the kinase 
(Fig. 2). The spatial spread of cAMP as a 
function of time conformed quantitatively 
to simple diffusion with an apparent diffu- 
sion constant, D, of (0.78 + 0.18) x 
cm2 s-', which is similar to estimates for 
aqueous solutions (I I). These experiments 
suggest that there is no obvious diffusion 
barrier in these cells and that injected 
kinase can be dissociated throughout the 
cell. Also arguing against unidirectional 
restriction of diffusion is the finding that 
cAMP injected into an axon diffuses both 
toward and away from the cell body. 

After the injected cAMP had diffused 
throughout the cell, its concentration de- 
cayed in a spatially uniform manner over 
the next few minutes (Fig. 2, G and H), 

which suggests that local variations in sen- 
sitivity of FlCRhR to cAMP and activity of 
phosphodiesterases are insufficient to gener- 
ate apparent gradients. Also, 0.5 mM 
IBMX, a broad-spectrum phosphodiesterase 
inhibitor, had little effect on the spatial 
gradients produced by bath serotonin and 
the diffusibility of injected CAMP, although 
the peak concentrations of cAMP achieved 
throughout the cell were increased and the 
rate of decline of [CAMP] was decreased 
(data not shown). These experiments con- 
firmed that the [CAMP] gradients did not 
depend on the activity of IBMX-sensitive 
phosphodiesterases. 

Nor were the gradients artifacts of iso- 
lated cells in culture. They were also ob- 
served in sensory neurons in freshly excised 
cell clusters bathed in serotonin, although 
the images were less sharp because of the 
ereater thickness of the tissue and the more ... 
complicated geometry of the neurons in 
situ. 

The simplest explanation for the gradi- 
ents is the greater surface-to-volume ratio of 
the fine processes compared with the cell 
body. The cAMP is generated by adenylyl 
cyclase at the plasma membrane, whereas it 
is measured by FlCRhR and destroyed by 
phosphodiesterases in the interior volume 
of the cell. Some contribution from recep- 
tor and cyclase localization cannot be ex- 
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cluded. Whatever the cause, the functional 
compartmentation of [CAMP] at the distal 
processes puts the second messenger where 
it is most needed for short-term plastic 
changes. 

To test whether the injection of 
FlCRhR at concentrations that probably 
equal or exceed the concentration of en- 
dogenous kinase (9, 12) disrupted the nor- 
mal cell physiology of these neurons, we 
used the injection pipette as an intracellular 
recording electrode to monitor the excit- 
ability of the cells during kinase injections 
and during the addition of serotonin. Injec- 
tion of FlCRhR neither raised the excitabil- 
ity of the cells on its own nor buffered the 
normal increases in excitability induced by 
serotonin (2). Injection of free C subunits 
did lead to increases in excitability, as 
expected. 

Optical sections through the cell body 
showed the nucleus as a zone that tended to 
exclude the holoenzyme (injected into the 
cytoplasm) as long as [CAMP] was not 
increased. As in previous work on mamma- 
lian cells (3, 4), prolonged elevation of 
[CAMP] and dissociation of the holoenzyme 
caused the gradual translocation of the C 
subunit into the nucleus. Strong pharmaco- 
logical stimulation led to an immediate 
increase in perinuclear [CAMP], followed 
over the next 2 hours by entry of the C 
subunit into the nucleus (Fig. 3, A through 
F). These images show the maximum ex- 
tent of translocation observed; the bright- 
ness of the C subunit in the nucleus never 
exceeded that of the cvto~lasm. even in 

8 .  

experiments in which fluorescein-labeled C 
subunits were injected instead of R2C2 ho- 
loenzyme. Translocation of the C subunit 
in the same cell was reversible if cAMP was 
removed (Fig. 3G). Because the holoen- 
zyme could be stimulated to undergo a 
second round of dissociation (Fig. 3H) and 
nuclear translocation (Fig. 31), a large frac- 
tion of the protein remained intact and 
functional for many hours. 

The major redistribution of the C sub- 
unit was obtained with pharmacological 
rather than physiological stimulants. A ma- 
jor question was whether serotonin alone, 
which gave only small increases in [CAMP] 
in the cytoplasm surrounding the nucleus 
(Fig. l), could cause detectable shifts of the 
C subunit into the nucleus. Such relocation 
would be of obvious physiological utility for 
CAMP-dependent phosphorylation of tran- 
scri~tion factors. such as CREB. which is 
kndwn to be localized to the nucleus (3). 

We quantitatively analyzed such trans- 
location by measuring, at fluorescein wave- 
lengths, the ratio of the average pixel in- 
tensity of the nucleus to that of the cyto- 
plasm, which provided a measure of the 
concentration of the fluorescein-labeled C 
subunit in each of the two compartments. 

A prolonged exposure to serotonin alone 
was sufficient to stimulate a small madual - 
increase in the nucleus/cytoplasm intensity 
ratio in four of nine cells (1 3). A single 
5-min application of serotonin elicited a 
transient increase in [CAMP], but translo- 
cation was undetectable in each of five 
cells. A training protocol of five short-term 
applications of serotonin, which produces 
long-term facilitation in vitro (14) in 50 to 
70% of experiments (15), gave transloca- 
tion in 3 of 1 1 cells (1 3). The addition of 
forskolin, plus IBMX to produce a much 
larger increase in perinuclear [CAMP], elic- 
ited a correspondingly faster rate and larger 
extent of translocation, which was easily 
measured (22 of 23 cells). The serotonin 
treatments alone are sufficient to cause the 

expression of lac2 reporter genes driven by 
cAMP response elements in only 50% of 
the sensory neurons of the pleural ganglion 
(16). Thus, the fraction of cells with mea- 
surable translocation elicited by serotonin is 
less than but still comparable with literature 
measures of gene expression and long-term 
facilitation. A reasonable interpretation 
might be that the amount of translocation 
necessary to turn on gene transcription is a 
small fraction of the maximum possible and 
may coincide with the minimum change 
detectable by the current optical technique. 
The correlation between peak kinase-activ- 
ity ratio in the cytoplasm surrounding the 
nucleus with the eventual translocation 
achieved for various modes of stimulation is 
summarized in Fig. 4. Although there is a 

Flg. 2. Diffusion of CAMP within the processes of a 20o 
cell. After acquisition of (A) and before (B), CAMP 
was microinjected into the cell body (upper left. 
just out of the field of view) with a 10-ms pressure 
pulse. The images (C through H) capture the - 
diffusion of cAMP along the p 
up to 170 pm from the injection pipette. Each * 
image is the average of eight frames (0.267 s of 
acquisition). In the first 0.5 rnin, 60 images were 
acquired, 6 of which are shown here (A through F). 
(I) Calculation of the intracellular diision coeffi- 
cient, 0, of CAMP. This plot was constructed from 
the experiment shown in (A) through (H). Each 
point represents the time T at which [CAMP] was 
increasing most steeply (#[cAMP]lat2 = 0) at the respective distance xfrom the injection pi 
[CAMP] was averaged in each of eight circular spots, -5 prn in diameter, for each of the 60 
The time of steepest increase 
to minimize dependency on t 
squares linear regression of x versus iffusion coefficient 
calculated with the relation x = (6D7)ln 
a value of = (0.78 e 0.18) x 1 
D, and T from the diffusional profile 
derivative to zero. This profile shoul 
neuronal process from a source (the 
neglecting phosphodiesterase a c t i i  
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Fig. 3. Translocation of C subunit of CAMP-dependent protein kinase into and out of the nucleus. A 
single neuron was microinjected with FlCRhR and imaged at a plane 20 to 30 pm above the cover 
slip. (A) The nucleus excluded the labeled protein and was therefore not fluorescent; the cytoplasm, 
however, was very bright and exhibited negligible concentrations of CAMP. (B) Soon after 
application of 25 pM forskolin, 0.5 mM isobutylmethylxanthine (IBMX), and 20 pM 5-HT to raise 
[CAMP], the fluorescence ratio increased in the cytoplasm, although the nucleus remained dim. (C) 
The nucleus became brightly fluorescent 2 hours later. This apparent high [CAMP] in the nucleus is 
an artifact generated by entry of C subunits and exclusion of R subunits, causing a fluorescein/ 
rhodamine ratio higher than that caused by dissociated holoenzyme. (D through F) Single- 
wavelength images of fluorescein fluorescence (distribution of C subunit) from the corresponding 
images of (A) through (C). Confocal sections at different planes of focus (not shown) confirmed that 
the C subunit entered the nucleus and was not just concentrated around its periphery. The R 
subunits stayed mostly or completely within the cytoplasm, as determined by excitation of 
rhodamine alone (not shown) or by red pseudocolor of nucleus in C. (G) The same cell was washed 
and allowed to recover overnight. The emission ratio in the cytoplasm fell to low levels, indicating 
reconstitution of holoenzyme, and the nucleus was again relatively devoid of fluorescence. Blue 
patches probably represent degradation of protein still labeled with rhodamine. (H) After treatment 
with 25 pM forskolin and 0.5 mM IBMX, the fluorescence ratio increased, showing that, after more 
than 12 hours in a cell, much of the FlCRhR was still responsive to changes in [CAMP]. (1) Nuclear 
translocation could be observed again after an additional 1.5 hours of stimulation. 

pressure microinjection of I 1  I 

cAMP (1 mM in pipette) into the 
0 20 40 80 80 100 

cell body repeatedly for 20 to CAMP fluorescence ntio change (% of maximum) 

Flg. 4. Correlation between ki- m 
nase activity and nuclear trans- 
location of C subunit; summary 
of several experiments. (a) Ad- 5 200 

dition of 5-HT (20 to 100 pM) for 
1 to 1.5 hours; (V) 5-HT (20 to $ 150 
100 pM) and IBMX (0.5 mM) for 3 1 to 1.5 hours; (A) five applica- loo tions of 5-HT (20 pM, 5 min - 
each) and a wash (15 min) in I 
between each addition; (V) for- 3 50 
skolin (25 pM) with IBMX (0.5 ; mM) and 5-HT (20 to 100 pM) 0 -  
for 30 min to 2 hours; (0) direct 

30 min; (W) direct pressure microinjection of fluorescein-labeled free C subunits of protein kinase 
into the cell body. The x-axis is the maximum increase in FlCRhR ratio in the cytoplasm surrounding 
the nucleus as a percentage of the increase in ratio obtainable with saturating [CAMP]. The 
percentage change in the translocation ratio at the end of each experiment is plotted along the 
y-axis. Injection of free C subunits was considered equivalent to a maximal change in CAMP ratio. 
A least squares linear regression describes a line with positive slope significantly different than zero 
(P c 0.001, two-tailed t test) with correlation coefficient r = 0.77. 

- 

- 

- 

- 

- 

A 

considerable amount o f  scatter, a fairly 
strong positive correlation is observed (r = 
0.77). There is no obvious s i g n  o f  any 
nonlinear or threshold relation between 
[CAMP] and translocation. 

The steep spatial gradient in the re- 
sponse o f  [CAMP] to a uniformly applied 
agonist is direct evidence for functional 
compartmentation o f  this second messen- 
ger. Analogous compartmentation o f  CaZ+ 
has long been directly observable (17), 
whereas CAMP compartmentation has only 
been suspected (18). Also, cAMP has re- 
cently been shown to participate in mam- 
malian models o f  learning and memory 
(19). In the present sensory neurons, the 
observed gradient puts the cAMP where it 
is most needed for short-term plasticity, at 
the tips o f  the processes where most o f  the 
presynaptic terminals are in vivo. The at- 
tenuation o f  the cAMP signal as it ap- 
 roaches the nucleus could serve as a filter- 
ing or integrating mechanism to ensure that 
only strong or repeated stimulations man- 
age to  release the C subunit to  diffuse into 
the nucleus, phosphorylate transcription 
factors, and thereby affect gene expression. 
Current results on translocation o f  the C 
subunit are com~atible wi th a s im~ le  model 
in which the R subunit and the intact 
holoenzvme are unable to enter the nucle- 
us, wheieas the free C subunit can gradually 
traverse nuclear pores in either direction. 
These results also demonstrate the spatial 
and temporal intricacies o f  CAMP-based 
signaling and the value o f  fluorescence im- 
aging o f  live cells for the determination o f  
the concentrations o f  free messengers with 
appropriate probe molecules. 
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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 pM) 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 pM) 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 

226 SCIENCE VOL. 260 9 APRIL 1993 




