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Local Positive Feedback by Calcium in the Propagation of Intracellular
Calcium Waves*

Samuel S.-H. Wang and Stuart H. Thompson
Neurosciences Program and Hopkins Marine Station of Stanford University, Pacific Grove, California 93950 USA

ABSTRACT In many types of eukaryotic cells, the activation of surface receptors leads to the production of inositol
1,4,5-trisphosphate and calcium release from intracellular stores. Calcium release can occur in complex spatial patterns,
including waves of release that traverse the cytoplasm. Fluorescence video microscopy was used to view calcium waves in
single mouse neuroblastoma cells. The propagation of calcium waves was slowed by buffers that bind calcium quickly, such
as BAPTA, but not by a buffer with slower on-rate, EGTA. This shows that a key feedback event in wave propagation is rapid
diffusion of calcium occurring locally on a scale of <1 um. The length-speed product of wavefronts was used to determine
that calcium acting in feedback diffuses at nearly the rate expected for free diffusion in aqueous solution. In cytoplasm, which
contains immobile Ca®* buffers, this rate of diffusion occurs only in the first 0.2 ms after release, within 0.4 um of a Ca?*
release channel mouth. Calcium diffusion from an open channel to neighboring release sites is, therefore, a rate-determining

regenerative step in calcium wave propagation. The theoretical limitations of the wave front analysis are discussed.

INTRODUCTION

The stimulation of surface receptors leads to release of
jonized calcium, Ca?*, from internal stores in many cell
types (Berridge, 1993). Ca®>" release, which comes from
stores in the endoplasmic reticulum, is a signal that often
takes the form of a wave that crosses the cell and spreads to
every region (Gilkey et al., 1978). These propagating cal-
cium signals are thought to have functional significance in
establishing polarity in eggs at fertilization (Gilkey et al.,
1978), coordinating ciliary beating in airway epithelia
(Boitano et al., 1992), and directing fluid secretion across
epithelial cells (Kasai and Augustine, 1990).

Calcium waves propagate quickly and without slowing,
ruling out purely passive diffusion of calcium as the under-
lying cause. The mechanism is instead an active one involv-
ing local re-excitation. This enables the signal to travel
much farther than it could by diffusion alone, and waves of
second messenger generation have been suggested to be a
means of carrying chemical signals over long distances
(Winfree, 1987).

Active wave propagation requires a positive feedback
step in which newly generated messenger diffuses to a
neighboring region and causes the generation of more mes-
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senger. The speed of a spreading wave in such a reaction-
diffusion system is limited in part by the rate of diffusion of
the feedback messenger. Knowing the identity of the feed-
back messenger is therefore essential to a full understanding
of wave propagation. In the case of agonist-evoked calcium
waves, there are two candidates for the rate-limiting factor:
the second messenger that binds to receptors to cause cal-
cium release, inositol-1,4,5-trisphosphate (IP;), and calcium
itself. .

IP, is formed by receptor-activated phospholipase C and
stimulates receptors in the endoplasmic reticulum to release
Ca®*. The activity of phospholipase C is enhanced by the
action of micromolar Ca?* (Renard et al., 1987; Rhee et al.,
1989). If production of IP; were stimulated locally by the
release of calcium, diffusion of IP; to neighboring release
sites could cause further release and, therefore, wave prop-
agation. Because the dose-response curve of IP; action on
its receptor has a steep rising phase, with at least threefold
positive apparent cooperativity (Meyer et al., 1988; Parker
and Ivorra, 1990), even a shallow wave of IP; might be
rate-limiting in the generation of a calcium wave.

On the other hand, it has been suggested that released
calcium is the rate-limiting diffusible factor (Jaffe, 1983;
Backx et al., 1989; Lechleiter et al., 1991; DeLisle and Welsh,
1992). This is suggested by the observation that Ca*>* acts
positively on the IP; receptor to increase opening probability
and cause further Ca®* release. This occurs rapidly, within a
fraction of a second, when calcium rises to micromolar con-
centrations (lino, 1990; Bezprozvanny et al., 1991; Finch et al.,
1991). Local feedback could therefore take place in the domain
surrounding an open IP; channel mouth, where calcium rises to
micromolar levels (Smith and Augustine, 1988; Stern, 1992).

To investigate the positive feedback role of Ca®* in wave
propagation, we tested the idea that Ca?* ions emanating from
open IP; receptor channels provide the necessary re-excitation
by diffusing to other channels. If this mechanism applies, it
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should be possible to modify parameters of wave propagation
by adding exogenous Ca®* buffers. We show that exogenous
Ca*" buffers slow wave propagation provided that the buffer
has a rapid on-rate. This establishes the fact that locally dif-
fusing Ca®* plays a role in wave propagation.

Based on theoretical considerations, measurements of
wave properties were then used to estimate the spatial and
temporal range over which Ca®>* works in feedback. Images
of waves were analyzed to obtain values of the length-speed
product (L - v) of the advancing wave front. Reaction-
diffusion theory states that L - v, which has the units of a
diffusion constant, gives the diffusion constant of the feed-
back messenger. However, Ca®>* does not diffuse at a con-
stant rate in cytoplasm. After Ca*>* ions emerge from an IP,
receptor channel, their movement in the cytosol is slowed
by binding to less mobile buffer molecules, and the diffu-
sion “constant” of Ca®" ions is therefore time dependent.

We defined an apparent diffusion constant, D, in terms
of the mean-squared displacement of the total population of
Ca** ions and calculated its time dependence under phys-
iological buffering conditions. We then assumed that L - v
gave the D,,, of Ca** during the diffusion step preceding
positive feedback. Given the properties of cytoplasmic
Ca** buffers, this observed D, is consistent with a step in
which Ca?* diffuses for less than 0.2 ms on average before
causing further Ca®* release. The average distance tra-
versed by Ca®" in that time is less than 0.4 um. These
calculations appear in the Appendix and in the Electronic
Supplement.

This wave front analysis assumes an extension of existing
theory to buffered systems. In an unbuffered calcium release
system, the diffusion constant of the feedback messenger is
D > L - v. In the case of a buffer that is in constant
equilibrium with the messenger, a simplified model with
only one messenger suggests that this relation becomes
D,,, > L - v, where D, is the apparent diffusion constant
of the messenger (Sneyd and Kalachev, 1994). However,
our buffer-loading results show that feedback occurs before
binding equilibrium takes place. Final interpretation of our
wavefront observations awaits a rigorous theoretical analy-
sis of this case.

We used the mouse neuroblastoma cell line N1E-115,
which is well suited for the study of IP;-mediated Ca®*
release waves. Like many eukaryotic cells, they have IP,
production and Ca>* release machinery (Surichamorn et al.,
1990), and in these cells activation of muscarinic acetylcho-
line or histamine receptors leads to Ca®>" release (Oakes
et al., 1988; Surichamorn et al., 1990; Wang and Thompson,
1994). During the first 30 s of agonist-evoked Ca>* signal-
ing, the increase in [Ca®*]; is caused entirely by release
from intracellular Ca®>* stores with no measurable contri-
bution from influx (Mathes and Thompson, 1994). Also,
N1E-115 cells do not exhibit calcium-induced calcium re-
lease (CICR) involving ryanodine receptors, because Ca’*
release is insensitive to ryanodine receptor blockers (Wang
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et al., 1995). Positive calcium feedback in these cells there-
fore takes place at IP; receptors.

MATERIALS AND METHODS
Cell culture

N1E-115 neuroblastoma cells were prepared as described previously
(Wang and Thompson, 1994). For experiments, cells were plated on
coverslips and grown to 60—80% confluence; at this time the medium was
replaced with differentiation medium containing 2% dimethylsulfoxide
(Kimhi et al., 1976). Cells were used 7-21 days after differentiation.

Drug applications

Carbachol and histamine solutions were applied by total, vigorous replace-
ment of the chamber saline using a computer-controlled perfusion device.
Six successive exchanges with normal saline at the end of the drug
application ensured that no drug remained in the chamber, thus preventing
receptor desensitization (Wang and Thompson, 1994). The external saline
contained (mM): NaCl 137, KCl 5.4, CaCl, 1.8, MgSO, 0.8, KH,PO, 0.4,
Na,HPO, 0.3, glucose 23, and NaHEPES 20 (pH 7.4, T = 27-30°C). A
15-30-min recovery period between agonist applications ensured the re-
producibility of the response. High-potassium saline contained (mM):
NaCl 5, KCl 140, CaCl, 1.8, MgSO, 0.8, glucose 23, and NaHEPES 20
(pH 7.4, T = 27-30°C).

Calcium imaging

Cells were loaded with the calcium indicator fura-2 (Grynkiewicz et al.,
1985) by incubation in saline containing 5 uM fura-2/AM (Molecular
Probes, Eugene, OR) and 0.025% Pluronic acid F-127 (Molecular Probes)
for 60 min at 22°C. In wave-slowing experiments, loading with additional
chelators was achieved by incubating cells with AM ester while they were
on the microscope stage. After each loading, at least 15 min was allowed
for the cell to re-equilibrate Ca* levels.

Fluorescence imaging was performed on a Nikon Diaphot epifluores-
cence microscope with 20X Fluor objective (Nikon), Hamamatsu C2400
silicon-intensified target camera, and a Sony VHS video tape recorder.
Wave analysis was done off-line on a MegaVision 1024XM image pro-
cessor (MegaVision, Santa Barbara, CA) frame by frame from data trans-
ferred from tape to a Panasonic TQ-2028F optical disk recorder. In this
microscope and image-processing system, 1 pixel = 0.86 um.

Ca®* kinetics were resolved by monitoring the cells continuously for up
to 60 s at 380 nm excitation after first obtaining Fj,o/Fsg, Based on
previous ratiometric calibrations, we established that from a resting [Ca®*];
level of 30 to 110 nM (68 * 39 nM, 182 cells), a 25% change in Fsg,
corresponds to a change in [Ca®*]; of 126 = 15 nM (Wang and Thompson,
1994).

Fura-2 dextran, 70,000 MW, was dissolved at a concentration of 1 mM
in saline containing (mM) NaCl 5, KCl 140, MgCl, 2, HEPES 10, pH 7.2,
at 20°C and injected using an Eppendorf microinjector. Assuming that
injection volumes are no more than 5% of the cell volume, the concentra-
tion of dextran in cells is 50 uM or less.

Wave analysis

Calcium waves were usually evoked by bath application of 1 mM carba-
chol. In cell passages with low responsiveness to carbachol, 10 or 20 uM
histamine was used instead. Calcium waves were identified by eye by
reviewing data played back at 1-5 times normal speed. For quantitative
analysis, a line segment passing through the cell in the direction of wave
propagation was selected. Fluorescence was averaged over one to four
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pixels on both sides of the line segment (Fig. 1 B, black bar), at a rate of
30 frames/s. Baseline fluorescence, F,,, was defined as the background-
subtracted fluorescence along the segment averaged over 10 frames im-
mediately preceding agonist exposure. The fluorescence signal was con-
verted to units of % AF/F,. For display, red, green, and blue pseudocolor
mapping tables were based on CIF standard color-mixture curves for pure
spectral color appearance (Inoué, 1986, p. 87) and were defined so that
apparent pseudocolor wavelength was linear with AF. Normalized lines of
AF were stacked to generate images in which the abscissa represents time
and the ordinate represents location along the scanned line segment. These
images were filtered to display a range of AF between 40 and 60% of the
peak AF of the wave, yielding a graph of wave position against time. The
speed of the wave was measured by monitoring two points in the cell Ax
apart, measuring the lag in time, At, for the wave to cross the 50% peak AF
points in the two regions, and calculating the speed v = Ax/At (Fig. 1 C).
In the example shown, the ends of the wave front were chosen for
monitoring. This gave results that were in agreement with taking the slope
of the wave front position graph. After buffer loading, waves were only
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accepted for analysis if the wave could still be seen and was unbroken in

" profile. For accurate determination of wave speed it was necessary for a

wave to traverse at least 10 pm.

Estimation of effective buffering by AM-loaded
calcium chelators

A functional measure of the degree of calcium-buffering ability of a cell is
the parameter k, the amount of Ca®>* bound per unit change in free
cytoplasmic Ca®*. This parameter is the sum of the endogenous Ca>*
buffering and the buffering by fura-2 introduced by the initial loading
procedure (Tank et al., 1991; Neher and Augustine, 1992). As free Ca**
increases buffers may saturate and k may decrease.

If exogenous buffer is added to cytoplasm, the buffer strength « will be
increased by an amount Ak that depends on the amount and physical
properties of the exogenous buffer. For a Ca®* buffer B with known
affinity Ky, for Ca®*, the concentration of bound B is a simple function of
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FIGURE 1 Calcium release waves in N1E-115 cells. (A) An example of spatially complex Ca®* release. The left-hand panel shows a gray-scale image
of fluorescence at 380 nm excitation. In color panels, fura-2 fluorescence is shown as AF/F, at 380 nm excitation (see Materials and Methods). Images
(10-frame averages) were taken at 0.67-s intervals starting 1 s after applying 1 mM carbachol. The Ca2* release starting in the lower left region of the cell
was accepted for wave analysis; the Ca®* release starting in the upper right was not. (B) Wave front length determination. The image shows AF/F, 3.4
s after applying 10 M histamine to a cell injected with fura-2 dextran, 70,000 MW. AF was averaged in a 9 pixel-wide region of interest indicated by
the black bar superimposed on the image of the cell. The length of the wave front is defined as the distance between 10% and 90% maximum AF/F, (vertical
lines). In this example L = 14 pm. (C) Uniformity of wave speed. Points along the bar in B with 30% < AF/F, < 50% (yellow and yellow-green) are
plotted against time. The x = 0 um point corresponds to the right edge of the cell. The speed of the wave remains constant until it is annihilated in a collision
with another wave (arrow). (D) Wave speed determination. The graph shows fluorescence at two points Ax = 13 um apart. The wave front location, defined
as the point where AF is 50% of maximum, arrived At = 0.57 s later at the second point. The speed of this wave was v = Ax/At = 23 pm/s.
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[Ca?*};: [Bloound = [Bliotar [Ca**1/([Ca®*); + Kp). The buffer capacity of
B is then

d[B]bound [B]totalKD

R TG (e S

where [B],q.a is the total amount of added buffer. For this relation to hold,
it is necessary for [Ca*]; to be the same before and after loading with B.
This is the same as Zhou and Neher’s expression for kg (Zhou and Neher,
1993, eq. 9). This expression for Ak reaches a maximum as a function of
Ky, when K, = [Ca];.

According to these definitions of k and Ak, a calcium flux J will cause
[Ca®*]; to increase at an initial rate of d[Ca®*];/dr = J/(1 + ) and at rate
J/(1 + k + Ax) after the additional buffer load. The response to a given
flux of calcium will therefore be attenuated by a factor A = (1 + k)/(1 +
k + Ak). Rearranging, this gives Ak = (1/A — 1)(k + 1). Substitution of
this into the left-hand side of Eq. 1 and solving gives

[Blow (1/A— 1)([C32+]i + KD)Z
K+1 Ko : @

This equation allows the relative total added buffer concentration, [B],q./
(k + 1), to be estimated from measurements of the cellular response to a
fixed flux of Ca®*.

We used [B],,./(k + 1) as a measure of the relative degree to which
various AM-esterified buffers could be loaded into cells. A flux of Ca®*
was induced by depolarizing cells with high-potassium saline. Depolariza-
tion opens both transient and long-lasting voltage-gated calcium current. At
these buffer loads, which are much lower than that required to block
calcium-dependent inactivation (Stern, 1992), the fluxes before and after
loading will be the same. The calcium influx was taken by measuring
steady-state d[Ca®*];/dt after 1-5 s of high K stimulation (Fig. 2 A). We did
not undertake an independent measurement of «, which has been estimated
to be 50-200 in other preparations (Hodgkin and Keynes, 1957; Baker and
Crawford, 1972; Neher and Augustine, 1992; Zhou and Neher, 1993;
Guerrero et al., 1994; Tse et al., 1994).

RESULTS

The activation of M1 muscarinic receptors or histamine
receptors by agonist elicits calcium waves in N1E-115
neuroblastoma cells loaded with fura-2/AM. Calcium waves
propagate rapidly to invade all parts of the cell, including
the processes, and the peak change in [Ca®*]; occurs as
much as 2 s apart in distant regions of the same cell. The
Ca®" rise begins with a delay of 1 to 20 s after agonist
application, and this delay can be explained by a model in
which IP; must accumulate to a threshold concentration
before activating Ca>" release (Wang et al., 1995). Calcium
waves were observed in 11 * 6% SD of the cells (71 of 723
cells in 19 experiments). Oscillations in [Ca**]; were rare,
and in most cases only a single calcium wave was observed
to cross-the cell. In two experiments on cells microinjected
with fura-2 dextran, 8 of 16 cells generated calcium waves.
This shows that wave propagation does not require the
presence of a mobile Ca®* indicator.

In many cases, the spread of calcium release could be
observed as a well-defined wave front crossing the cell. An
example is shown in Fig. 1 A. The cell was stimulated by
rapid bath application of carbachol (1 mM) which elicited a
calcium wave starting at the lower left region of the cell
body and spreading to the upper right. This calcium wave

Biophysical Journal

Volume 69 November 1995

[ ]

v a

A o T T '(—,‘
£ 8Of {80 8,

g s

] Y -

® 80 | ,_f /'L {60 ”

] .'l g

5 40 | .’ 149

10% ° ‘ R
AF/F = 20 e, {20 ¢
g )4 1 1 z

high K 100 1000 ~

BAPTA K, (nM)

FIGURE 2 Changes in [Ca®*); buffering due to AM ester loading. (A)
The initial rate of rise in [Ca>*]; was measured in response to depolariza-
tion by high K. After returning to normal saline and after three intervening
agonist applications, a second challenge with high K 60 min later gave the
same rate of rise in [Ca); (solid traces). After additional loading with 2 uM
fura-2/AM for 30 min the slope of the response was markedly lower
(dashed trace). This change in slope was used to calculate the relative
increase in Ca®* buffering contributed by the second fura-2/AM load (see
Materials and Methods). (B) Attenuation factor, A, of whole-cell elevations
in [Ca®*]; as a function of buffer affinity (Kp). A was measured for high
K-induced Ca®* entry (circles, dashed curve) and agonist-induced Ca®*
release (triangles, solid curve). In both cases, attenuation of the response
increase with Ca2* affinity of the buffer.

was accepted for analysis (see Materials and Methods). In
contrast, the pattern of calcium release in the upper right
region of the cell was not unidirectional and did not prop-
agate for a sufficient distance for wave speed to be mea-
sured, and so was rejected from the analysis. When two
points in the direction of wave propagation were monitored,
the peak change in fluorescence attained at the two points
was the same (Fig. 1 D), showing that the Ca** wave does
not diminish in amplitude as it travels.

A wave was defined as passing a point when AF reached
50% of its maximum change at that point. Wave speed was
determined by measuring the time difference as the wave
front passed two points in the cell (see Fig. 1 D and
Materials and Methods). A plot of wave front position
against time shows that the front can travel for many mi-
crons at roughly constant speed (Fig. 1 C). In cells that were
accepted for analysis, the wave front traveled in an unin-
terrupted fashion for at least 10 wm. In some cases the wave
disappeared after colliding with another wave (Fig. 1 C,
arrow). This is consistent with a reaction-diffusion process
in which Ca®* release is inactivated or depleted by the
passing of a wave (Lechleiter et al., 1991).

The length of the wave front L was measured by taking an
image of the propagating wave and measuring the distance,
in the direction of propagation, between the points where
the fluorescence signal equals 10% and 90% of the maxi-
mum AF/F (Fig. 1 B). Wave front length was measured only
when the entire front was visible at one time and noise in the
signal was low enough for the 10% and 90% crossing points
to be located by eye. Wave speeds ranged from 12 to 146
pm/s (43 = 28 um/s, SD, 22 cells), and calcium wave
fronts were 3.5 to 22 um in length (13.3 *+ 5.5 um, SD, 14
cells).
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TABLE 1 Efficacy of AM-loading with EGTA and
BAPTA-family Ca®* chelators

Attenuation Kp

[Bliowar/(x + 1)

Chelator/loading conditions factor, A (nM) (M)
30 min, 2 uM, 23°C
EGTA/AM 0.73 £ 0.11 70 0.10
5,5'-dimethyl-BAPTA/AM  0.20 = 0.04 150 1.29
fura-2/AM 0.35 = 0.04 170 0.63
BAPTA/AM 0.43 £ 0.02 440 0.78
5,5'-Br,-BAPTA/AM 0.69 £0.03 1580 0.77
30 min, 5 uM, 23°C
EGTA/AM 0.43 = 0.03 70 0.37
60 min, 5 uM, 31°C
EGTA/AM 0.16 = 0.01 70 1.47

K, values are for saline of mammalian ionic strength at pH 7.4, 30°C, and
are taken or extrapolated from Pethig et al. (1989) and Pozzan and Tsien
(1989).

Effects of exogenous buffers on Ca2* signals

Ca®" influx was evoked by rapidly depolarizing cells with
a high-potassium saline to activate both transient and long-
lasting voltage-dependent Ca®* currents, a procedure that
elevates free [Ca®*]; (Fig. 2 A). The steady-state slope of
the initial rise in [Ca®*]; was measured before and after
loading cells with additional Ca®>* buffers, and changes in
this slope were used to infer the amount of added buffer.
After measuring the response to high-potassium saline un-
der control conditions, one of four BAPTA-series buffers,

A

control

%

FIGURE 3 5,5'-dimethyl-BAPTA/

AM loading slows calcium waves. (A)
Images (six-frame averages) of a Ca®*
wave in response to 1 mM carbachol
in control conditions (upper row of
images; range of AF is 0-100%). Af-
ter loading with 2 uM 5,5’-dimethyl-
BAPTA/AM for 30 min and waiting
45 min for equilibration, a second
wave was evoked (lower row; range
of AF is 0-40%). (B) Progression of
the wave was monitored along the
white bar shown in the first frame in
A. Wave speeds are indicated by the
slopes of the lines in the twp graphs
shown in B. The wave speed was 24
pm/s in the control and 4 um/s after
5,5'-dimethyl-BAPTA/AM loading.
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with K, for Ca** ranging from 70 to 1580 nM, was AM-
loaded into cells. After loading, the change in [Ca**]; on
perfusion with high K saline was measured again, and in
each case the rate of rise in [Ca®*]; was lower after loading
with additional exogenous buffer (Fig. 2 A, dashed trace).
The ratio of the second, lower slope to the first defines an
attenuation factor A.

A was lowest for BAPTA-series buffers with K, nearest
to the resting [Ca®*]; (Table 1). The degree of loading could
be calculated from A given the affinity of the buffer (see
Materials and Methods) using values of K, taken from the
literature (Pethig et al., 1989). Under our loading conditions
(2-5 uM AM ester, 30 min at 23°C), the BAPTA deriva-
tives 5,5'-Br,-BAPTA/AM, 5,5'-Me,-BAPTA/AM, and
BAPTA/AM loaded equally well, approximately 1.2 times
as well as fura-2/AM (Fig. 2 B, circles and broken curve).
Loading with these compounds increased the exogenous
buffer concentration by a factor [BAPTA], ../(k + 1) =
0.8 £ 0.3 uM. Assuming « = 100, this corresponds to
80 * 30 uM total added chelator. Under the same condi-
tions, EGTA/AM loaded poorly, about 0.2 times as well as
fura-2/AM. Buffer loading was increased approximately
fourfold when the EGTA/AM concentration was raised to
5-10 uM and cells were incubated for 1 h at 31°C. The
latter EGTA/AM loading protocol was used in all of the
Ca®>* wave experiments to allow comparison with results
from BAPTA-family chelators.

Loading cells with exogenous Ca®* buffers also re-
duced the amplitude of agonist-evoked Ca>* release, and

%AF/IF,
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2.5 sec 3 sec 3.5 sec !-75 30
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this effect was more pronounced for buffers with K, near
resting [Ca®*]; (Fig. 2 B, triangles). Added buffer atten-
uated the Ca®* increase in response to agonist to the
same extent that it attenuated the Ca’* increases due to
depolarization with high-potassium saline. This is con-
sistent with the idea that the total amount of releasable
Ca’* is not changed when additional Ca®* buffer is
introduced into the cell, but that Ca?* entering the cy-
tosol is chelated to a greater extent.

Testing for Ca?* feedback with buffers:
effects on wave profile and speed

We tested the hypothesis that positive feedback by Ca**
represents a rate-limiting step in the propagation of Ca**
waves, reasoning that if calcium acts in positive feedback,
then the addition of an exogenous calcium buffer should

A control

position (pum)
~NO

3 4 5
time after carbachol (sec)
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slow the wave. Calcium waves were measured before and
after incubating cells for 30 min in a loading solution
containing a high-affinity BAPTA-like Ca>" buffer (2 uM
5,5'-dimethyl-BAPTA/AM; K, = 150 nM). The calcium
wave in Fig. 3 A was slowed by this treatment. This is
shown more clearly in the series of stacked wave front
profiles (Fig. 3 B), in which points of equal AF are shown
as a diagonal band of a single color. The slopes of the bands
show a slowing of the wave from 24 pum/s to 4 um/s. Wave
speed decreased in three of four cells (average change in
speed in paired comparisons, —32 * 18%, mean = SEM).
The same buffer load also increased the rise time of Ca®*
release, from 1.4 + 0.1 s to 7.0 = 1.4 s (nine cells in three
experiments; Wang et al., 1995), which provides another
indication of Ca®* feedback during release.

Is the calcium-dependent regenerative step in wave prop-
agation global or local in nature? If the feedback step is

%AF/F,
100

N 75

50

25

0

FIGURE 4 5,5'-Br,-BAPTA/AM loading slows calcium waves. (4) Calcium waves in response to 1 mM carbachol before and after loading with 5 uM
5,5'-Br,-BAPTA/AM for 25 min. Forty minutes was allowed for equilibration after rinsing the chamber with saline. Each image represents the average of
four frames, and the interval between images is 0.13 s. (B) Wave front profiles. The wave speed was 29 um/s in the control and 20 um/s after

5,5'-Br,-BAPTA/AM loading.
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global, then BAPTA and EGTA will slow waves in accor-
dance with their ability to buffer whole-cell Ca** levels. On
the other hand, if the feedback step is local, then exogenous
buffers will slow waves in accordance with their ability to
capture Ca®>" ions emanating from a pore. In this case,
BAPTA-series compounds such as 5,5’'-dimethyl-BAPTA
or fura-2, which bind Ca** rapidly (108 M~! s7%) at a rate
that is limited by diffusion (Kao and Tsien, 1988; Baylor
and Hollingworth, 1988), will be much more effective in
slowing waves than equal amounts of EGTA, which has an
on-rate of 10° M~! s™* (Tsien, 1980; Neher, 1986).

We found that calcium waves were not slowed by
EGTA/AM (K, = 70 nM). In the cell shown in Fig. 5 the
wave speed was 30 um/s under control conditions and 25
pm/s after EGTA/AM loading. The average speed of waves
before EGTA/AM loading was 44.1 + 6.3 um/s, and 41.0

#

control

t=2 sec 2.4 sec

+EGTA

t=3.3 sec 3.8 sec

B

0

1 2
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* 6.9 um/s after (SEM,; six cells). The average change in
wave speed in paired comparisons was +3.5 * 11.9%.
Because the principal difference between EGTA/AM and
BAPTA-family buffers is that EGTA has a 100 times slower
on-rate for Ca®>" binding, we conclude that the feedback
role of Ca?* in wave propagation is primarily a local one.

Ca®" buffers may affect wave propagation in other ways.
In addition to interrupting local feedback by released Ca®™,
added buffer may also influence the Ca®* release mecha-
nism by decreasing the resting Ca®* level in the cell. It has
been shown that resting [Ca**]; influences Ca?* wave
speed (Girard and Clapham, 1992). In the present experi-
ments, resting [Ca®*]); was not changed significantly by
loading with BAPTA-family AM esters (Table 2). This
shows that changes in resting [Ca>"]; are not responsible for
the slowing of Ca>* waves that we observe.

%AF/F,
100

3.2 sec N-75
20 pm 20

-25
-0

4.6 sec

control

+EGTA

4 5 6

time after carbachol (sec)

FIGURE 5 EGTA/AM loading does not slow calcium waves. (A) Calcium waves in response to 1 mM carbachol before (six-frame averages) and after
loading with 5 uM EGTA/AM for 60 min at 31°C and after a 55-min equilibration period. The white line in the first panel shows the region of interest
in the direction of wave propagation. (B) Wave front profiles before buffer loading (upper trace) and after loading (lower trace). The wave speed was 30

pmy/s in the control and 25 um/s after EGTA/AM loading.
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TABLE 2 Effects of buffer loading on Ca?* wave parameters in N1E-115 cells

BAPTA-family buffers (16 cells)

EGTA (6 cells)

Control After loading Control After loading
Resting [Ca®*]; 98 + 21 nM 118 = 20 sM N/D N/D
AF/F at15 s 454 +3.3% 35.2 + 4.3%* 55.1 = 3.6% 40.8 * 3.7%*
Wave speed (pnm/s) 425+ 8.0 26.5 £ 5.2* 441 *6.3 41.0 £ 6.9
Change in wave speed (%) —26.9 + 9.3%* +3.5*11.9%

*Significantly less than control by Student’s one-tailed r-test, 0.01 < p =< 0.05.
*Significant less than control by Student’s one-tailed #-test, 0.001 < p < 0.01.

As a control for the introduction of AM ester hydro-
lysis products, cells were loaded with the nonbuffering
compound half-BAPTA/AM (10 uM, 30-50 min). This
compound, which is smaller and more hydrophobic than
the calcium buffers, is expected to load at least as well as
the BAPTA/AM compounds. Half-BAPTA/AM had no
effect on wave speed or amplitude, showing that AM
ester loading alone could not account for changes in wave
speed.

Chelators such as BAPTA and EGTA also alter the
diffusion of Ca** in cytoplasm. Because endogenous, cel-
lular buffers are predominantly immobile, one effect of
adding the mobile BAPTA or EGTA would be to speed
movement of Ca’* by competing with the endogenous
buffers for Ca®* binding. For example, the wave front
appeared to be blurred by EGTA/AM loading (Fig. 5). This
could be a measurement artifact associated with the reduced
signal-to-noise ratio of the signal. Alternatively, blurring of
the wave front could be a result of facilitated diffusion,
because EGTA would compete for released Ca’* that
would otherwise be slowed by immobile buffers.

We considered the possibility that such a facilitated dif-
fusion effect is necessary for the generation of Ca>* waves
and that waves are, therefore, an artifact caused by the
presence of mobile indicator dyes. Fig. 6 shows two cells
initially injected with the poorly mobile indicator fura-2
dextran (70,000 MW). Both cells exhibited spatially com-
plex patterns of calcium release when stimulated with car-
bachol. We conclude that these cells produce Ca®>" waves
without the need for added mobile dye. These cells were
next loaded with 6 uM fura-2/AM for 40 min. After this
treatment the calcium wave was slowed in the top cell from
10 pum/s to 6 wm/s, and in the bottom cell from 13 um/s to
9 um/s. Because the estimated diffusion constant of this
fura-2 dextran is about 50 wm?/s (Callaghan and Pinder,
1983; Pusch and Neher, 1988), as compared to 500 um?/s
for fura-2 (Timmerman and Ashley, 1986), the wave slow-
ing caused by introducing exogenous buffer is independent
of the mobility of the initial reporting dye.

Dependence on K,

We sought to determine whether the ability of BAPTA
compounds to slow waves is related to their dissociation
constant for Ca®>" binding. Four BAPTA-series buffers,

with K, for Ca?* ranging from 70 to 1580 nM, were
AM-loaded into cells. Calcium waves were elicited by
bath application of carbachol (1 mM), and wave speeds
were measured before and after loading with additional
buffer.

Fig. 4 A shows the results of an experiment using 5,5'-
Br,-BAPTA/AM (Kp, = 1580 nM), a compound of approx-
imately ten times lower affinity for Ca®* than 5,5'-dimeth-
yl-BAPTA. Once again, Ca®>" waves were measured before
and after incubating cells with 5 uM buffer for 30 min. The
calcium wave was slowed from 29 pum/s to 20 um/s by this
treatment (Fig. 4 B). Wave speed decreased in four of five
cells loaded with 5,5'-Br,-BAPTA/AM (average change in
speed, —13.3 * 9.9%, mean *+ SEM). This buffer load also
increased the rise time of Ca®>" release from 2.0 = 0.2 s to
4.1 * 0.6 s (14 cells in five experiments).

All of the BAPTA compounds were approximately
equally effective in slowing the propagation of Ca>* waves
(Fig. 7). The average wave speed was 42.5 * 8.0 um/s
(SEM, 16 cells) before buffer loading and 26.5 = 5.2
pm/s after loading, corresponding to an average change in
wave speed of —26.9 = 9.3%. All of the BAPTA-family
buffers have similar on-rates for Ca®>* binding but different
Ky, because the off-rates of the buffers differ. The fact that
all of the BAPTA compounds were effective in slowing
waves shows that this effect is independent of the K, or
off-rate but depends critically on rapid Ca?* binding.

This series of experiments shows that the critical buffer
parameter in slowing wave propagation is its on-rate for
Ca®*. In combination with the buffer concentration, the
on-rate determines the time between the release of a calcium
ion into the cytosol and the capture of that ion by a buffer
molecule. The mean distance traveled by a free calcium ion
before binding to exogenous buffer is d = (6 D¢, freo/k+
[BAPTA])'?, where Dg, g, is the diffusion constant of
unbound calcium in cytoplasm and k., is the on-rate for
calcium binding by BAPTA family buffers. Assuming val-
ues of D¢, gee = 300 um? s™!, k, = 108 M™! 571, and
[BAPTA] = 80 uM, then d = 0.5 um. In comparison, for
the endogenous buffer, d = 0.4-1.3 um (k. = 107-108 M~!
s”%, 100 uM); and for a comparable load of EGTA, d = 5
pm (k, = 10° M~! s7%, 100 uM). BAPTA therefore is
comparable with endogenous buffer in capturing calcium
ions emerging from a pore, but EGTA is not. The average
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control

FIGURE 6 Effect of fura-2/AM
loading on calcium waves in cells in-
jected with fura-2 dextran, 70,000
MW. (A) Calcium waves in response
to 10 M histamine (six-frame aver-
ages) measured in two cells before
and after loading with 6 uM fura-
2/AM for 40 min. The regions of in-
terest are shown by the white lines in
the first frame. (B) Wave front pro-
files. In the top cell, the wave speed
was 10 pum/s in the control and 6
pm/s after fura-2/AM loading. In the
bottom cell, the wave speed was 13
pm/s in the control and 9 wm/s after
fura-2/AM loading.
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distance of Ca®* action in wave propagation is, therefore,
less than 1 pum.

Quantitative analysis of wave fronts

In the theory of reaction-diffusion systems, the free diffu-
sion constant of the feedback messenger is thought to con-
strain the length, L, and speed, v, of an advancing wave
front to obey the relation Dg,. = L v + C (Luther, 1906;
Jaffe, 1991; Sneyd and Kalachev, 1994), where C is a
positive correction term that depends on the specific exci-
tatory mechanism and buffer parameters, so that D¢, >
L - v. We explored this relationship using values of L and v
determined from Ca®>* wave fronts.

In cells loaded with fura-2/AM, the product L - v varied
from 140 to 700 um?/s (399 * 193 um?s, SD, 13 cells).
Measurements of L - v in cells injected with fura-2 dextran
(70,000 MW) gave similar values (234 and 554 um?/s, 2
cells), showing that L - v was not dependent on the mobility
of the indicator dye. These values are in the same range as
values for other Ca** wave systems (Jaffe, 1991; Meyer,

1991). The value of L - v is plotted in Fig. 8 A along with the
diffusion constants for IP; and Ca*>*. The product L - v is
near the diffusion constant of IP; (280 um?/s) (Allbritton
et al., 1992) and the diffusion constant of unbuffered cal-
cium in aqueous solution (200—600 wm?/s) (Robinson and
Stokes, 1955; Hodgkin and Keynes, 1957), but it is much
greater than the apparent diffusion constant for buffered
calcium in cytoplasm (10-20 wm?/s) (Baker and Crawford,
1972).

The results of buffer-loading experiments employing
BAPTA-family buffers and EGTA demonstrate that local
Ca®* diffusion is an important rate-limiting step in the
propagation of Ca®>* waves. Therefore, we interpret this
wave front analysis in terms of Ca®>* diffusion rather than
IP; diffusion and conclude that L - v gives the apparent
diffusion constant (D,;) of calcium acting in feedback.
Because the product L - v takes a range of values similar to
Dc,, free but much greater than D¢, pygferea» Calcium ions
must close the feedback loop before they are captured by
buffer and, therefore, before diffusion is drastically slowed
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FIGURE 7 The effect of calcium buffers on wave parameters. Calcium
waves were measured before and after loading with AM esters of various
Ca?* buffers. The change in Ca®* wave speed, expressed as a percentage,
is shown as a function of buffer K, for the BAPTA-series buffers
5,5'-dimethyl-BAPTA/AM, fura-2/AM, BAPTA/AM, and 5,5'-Br,-
BAPTA/AM (filled symbols) and for EGTA/AM (open symbol). The
numbers in parentheses indicate the number of experiments analyzed. All
of the BAPTA buffers slowed wave speed by approximately 30%, except
for BAPTA itself (one cell). The slow buffer EGTA had no effect on wave
speed.

by binding with poorly mobile buffer molecules (Hodgkin
and Keynes, 1957).

How far from an open channel can Ca* diffuse freely?
We calculated the apparent diffusion constant for Ca?™",
D, for the physiological case of ions emerging from a
channel into heavily buffered cytoplasm. D,,, was defined
in analogy with the conventional diffusion constant: D,,, =
(r?)/6t. The calculation assumed that there was 100 uM
cytoplasmic buffer with Ca*>* buffering capacity k = 100
(see Appendix and Electronic Supplement). The on-rate for
Ca®* binding, k.., was assumed to be either 10 or 10’ M~ !
s~ 1. The results are shown in Fig. 8 B, where the dotted line
at D,,, = 140 um?s indicates the lowest value of L « v
observed in experiments. D,,, drops to this level after 0.2
ms when k, = 10* M~! s and after 1.9 ms when k, =
10’ M~! s™! (Fig. 8 B). The spatial range of calcium
feedback action can be estimated by calculating the mean-
squared displacement of all the calcium ions during this
time (Fig. 8 C). At the time that D,, drops to 140 pum?/s
(dotted lines, Fig. 8 C), the root-mean-squared displacement
of calcium is 0.4 um for k, = 10* M~'s™ ! and 1.2 um for
k, =10" M ts71

DISCUSSION

Calcium waves in N1E-115 cells are regenerative and re-
quire fast, local diffusion of Ca*>* for propagation to occur.
This is demonstrated by the observation that progression of
the wave is slowed by the addition of BAPTA Ca** buffers
that have fast on-rates, but not by EGTA, which has a much
slower on-rate. We conclude that BAPTA compounds re-
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FIGURE 8 The diffusion constant of the feedback messenger predicted
from wave front analysis. (A) Comparison of the length-speed product, L -
v, with measured cytoplasmic diffusion constants. Wave fronts were mea-
sured in cells loaded with fura-2/AM (@) or injected with fura-2 dextran,
70,000 MW (). Bars indicate published diffusion constants for free Ca*
(Robinson and Stokes, 1955; Hodgkin and Keynes, 1957; Allbritton et al.,
1992), buffered Ca®* in cytoplasm (Baker and Crawford, 1972; Allbritton
et al., 1992), and IP; in cytoplasm (Allbritton et al., 1992). (B) Apparent
diffusion constant of Ca®>* as a function of time. This was calculated
assuming D, pouna = 7 pm*/s and D, g = 300 um?%s and for two
values of Ca®* on-rate of the buffer. (C) Root-mean squared displacement
of Ca®* as a function of time. Conversion to distance from the curves in B
was done by calculating (*) = 6 [ D,,(¢')dt’ (see Materials and Methods).
The dotted vertical lines indicate times at which D, reaches 140 um?/s,
the smallest value experimentally measured.

duce wave speed by interrupting a rapid Ca* feedback step
in the propagation mechanism. Furthermore, we used the
length-speed product of advancing wave fronts to show that
Ca®" acting in feedback diffuses at nearly the rate of free
diffusion during this step. Because cytoplasm contains a fast
and immobile endogenous buffer, this rate of diffusion can
only occur within 1 micron of the channel and for less than
1 ms after ions emerge from an open channel.

It has been shown that photolytically induced elevation of
IP; elicits Ca>* waves in Xenopus oocytes, demonstrating
that steps downstream of IP; production are sufficient for
wave propagation to occur (Lechleiter and Clapham, 1992).
Our experiments show that local Ca®* diffusion is a neces-
sary step in an agonist-evoked Ca?* wave. Together, these
lines of evidence confirm a proposed mechanism of wave
propagation that relies on calcium-induced calcium release
(Jaffe, 1983; Backx et al., 1989), specifically by Ca?*
feedback on IP; receptors (Lechleiter et al., 1991). We
showed that regenerative Ca*>* release follows a period in
which IP; builds to a threshold (Wang et al., 1995) and now
present a full model of the steps that produce a calcium
wave.
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Model for calcium wave propagation

Our data support a propagation mechanism in which recep-
tor-activated phospholipase C generates IP; until threshold
levels of IP; are reached (Fig. 9). At low [Ca®"];, IP5-bound
receptors are unlikely to open. When spontaneous openings
do occur, the nearest-neighbor IP;-bound receptor is on
average too far away for the released Ca®" to diffuse to it.
However, when IP; reaches threshold, bound receptors are
spaced closely enough that calcium release beginning at one
receptor can bring neighboring IP; receptors to threshold for
release. The resulting calcium release closes the feedback
loop, allowing further propagation of the calcium wave.
This feedback takes place between IP; receptors that are
less than 1 wm apart.

The distance between IP; receptors can be estimated from
published binding data. Information for N1E-115 cells is
not available, but sufficient information can be found for
another preparation that exhibits regenerative Ca>* release:
guinea pig hepatocytes, which contain approximately 200
fmol IP; binding sites/mg protein (Spit et al., 1986). Based
on an estimate of 2.2 ul intracellular water/mg protein
(De Witt and Putney, 1984), a conversion to cell volume
gives 5.5 IP; binding sites/um> of hepatocyte. Using the
nearest-neighbor formula for randomly distributed particles

le—0.4 um—>]

FIGURE 9 Proposed mechanism of calcium wave propagation in N1E-
115 cells. After application of agonist, activation of PLC causes accumu-
lation of IP; to threshold levels for Ca** release (top). Release then
propagates across the cell, with local Ca>* diffusion as the rate-limiting
feedback step (bottom). This diffusion is local, and on average, cytoplasmic
Ca?* buffers (anchor-shaped symbols) are unable to slow the diffusion
before the positive feedback loop is closed.
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at density n, d = 0.55 n~'” (Chandrasekhar, 1943), this
gives an average distance between IP receptors of 0.3 wm
if the IP; receptor has one binding site for IP;, and 0.5 wm
if it has four. IP; receptors are not randomly distributed but
rather decorate the surface of the ER, and so on average they
may be closer together than indicated by this calculation.
These numbers are consistent with our proposed wave prop-
agation mechanism if feedback occurs between a channel
and its nearest neighbors.

Comparlson of L - v with the time-dependent D,,, sug-
gests that Ca®" has its feedback effect within no more than
2 ms of entering cytoplasm. This implies that released Ca>*
binds to the IP; receptor within that time. The speed of this
step is not well measured, but the most time-resolved stud-
ies so far indicate that the combined steps of binding to
Ca** and the resulting activation of Ca?" release can take
place in several tens of milliseconds (Finch et al., 1991; Iino
and Endo, 1992).

A potential complicating factor in interpreting the effect
of added BAPTA on calcium waves is the observation that
BAPTA may also block the IP; receptor directly. BAPTA
has been observed to bind to cerebellar IP; receptors and
inhibit their activity at low concentrations of IP; (Richard-
son and Taylor, 1993), but not at saturating levels of 1P,
(Finch and Goldin, 1994). Given that the observed ICs, of
BAPTA against IP;-induced Ca** release is 1.8 mM (Ri-
chardson and Taylor, 1993), our estimated BAPTA load of
80 uM would inhibit up to 4% of IP;-mediated Ca®*
release. This is much less than the attenuation of the Ca%*
signal that was actually observed (Fig. 2), and therefore we
conclude that BAPTA attenuates elevations of cytoplasmic
Ca** primarily by buffering Ca®*

Measurement of IP; receptor density in N1E-115 cells is
necessary to test our model of wave propagation. We predict
that N1E-115 cells will have at least as high a concentration
of IP; receptors as hepatocytes. This suggests that it may be
possible to alter wave parameters by partially blocking IP,
receptor function, which would increase the average dis-
tance that Ca®* has to travel to cause feedback.

Interpreting wave front parameters in a
buffered cytoplasm

Wave parameters have been used before in attempts to infer
the mobility of the factor that limits wave propagation.
Those analyses suggested that the diffusible factor has a
diffusion constant greater than 200 wm?/s, based on two
types of measurements: the relationship between wavefront
curvature and speed (Lechleiter et al., 1991), and the length-
speed product of wavefronts (Luther, 1906; Jaffe, 1991;
Meyer, 1991). In both cases the predicted diffusion con-
stant was found to be near both Dyp; and Dc, g, and
these measures have been variously interpreted as meaning
that the limiting messenger in wave propagation is IP,
(Allbritton et al., 1992) or Ca** (Jaffe, 1991; Lechleiter
et al., 1991).
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In the wavefront curvature analysis (Lechleiter et al.,
1991) identification of the feedback messenger was predi-
cated on comparing its diffusion constant with known dif-
fusion constants of IP; and Ca®*. This was based on a
two-species model of wave propagation (Keener and Tyson,
1986; Tyson and Keener, 1988). The feedback messenger
can be potentially identified by its diffusion constant if the
species diffuse at unequal rates. However, accurate diffu-
sion constants for IP; and Ca’>" were unavailable at the
time.

An issue overlooked in both kinds of analysis is that the
diffusion constant of Ca®* varies with time after it exits the
channel and enters the buffered environment of cytoplasm.
Because the range of D¢, ,,, overlaps Dyp;, inferences of the
diffusion constant of the feedback messenger cannot be
used to choose a priori between IP; and Ca®*. Our alterna-
tive approach to this problem was to study the effects of fast
and slow buffers to establish independently that Ca®* dif-
fusion is rate-limiting. L - v and the time dependence of the
diffusion “constant” of Ca®* were then used to calculate
the range of action of Ca®* feedback.

The theoretical basis for our work depends on several
assumptions. The interpretation of L + v as a diffusion
constant assumes that 1) D,,, > L * v, and 2) video fluo-
rescence measurements of the fura-2 fluorescence profile
give accurate determinations of L and v.

The interpretation of L - v as an apparent diffusion con-
stant is based on theoretical analyses of unbuffered chemi-
cal reaction-diffusion systems. The presence of buffers
means that only a fraction of the calcium ions entering
cytoplasm remain free. Also, the diffusion properties of the
ions are altered if the buffers are of different mobility than
free Ca**. Various aspects of buffering have been consid-
ered (Sneyd and Kalachev, 1994; Bezprozvanny, 1994;
Wagner and Keizer, 1994), but so far the finite binding
kinetics of buffers and the microscopic spacing of IP,
receptors have not been fully taken into account. Micro-
scopic modeling is essential because IP; receptor spacing is
in a range over which the time dependence of Ca** diffu-
sion is significant. Our approach here has been to calculate
a time-dependent D,,,. These problems must be addressed
by rigorous theoretical work before final judgment of this
type of wave front analysis can be made.

The front of increased Ca*>* is assumed to represent the
front of Ca®* release activity as it crosses the cell. This
would not necessarily be the case if fura-2 acted to facilitate
the diffusion of Ca®>* from its release site and thus flattened
the profile of a Ca>* wave compared with the distribution of
open channels. Two Ca®* indicators with markedly differ-
ent mobilities, AM-loaded fura-2 (which yields the free
acid, 768 MW), and fura-2 dextran, 70,000 MW, gave the
same range of values for L + v, suggesting that facilitated
diffusion does not distort the wavefront. However, the ob-
servation that waves were observed more often in fura-
dextran-injected cells (50%) than in AM-loaded cells (11%)
suggests that gradients are more difficult to observe with a
mobile indicator.
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Uncertainties in wave front measurements

Conventional fluorescence microscopy underestimates the true
wave speed if the wave travels at a vertical angle to the plane
of focus or at a horizontal angle to the direction monitored.
Assuming that waves propagating at more than 20° to the plane
of focus would travel out of the plane of view or be indistinct,
the front speed would be underestimated by no more than
100(1 — cos 20°) = 6%. The front length is also potentially
underestimated by the same amount, 6%.

Conversely, the wave front length could be overestimated
if advancing wave fronts are out of register with the in-focus
wave front. N1E-115 neuroblastoma cells are approxi-
mately hemispherical in shape, giving a 20 um cell thick-
ness for a 40 um cell. In epifluorescence imaging
conditions, fluorescent latex microspheres are nearly unde-
tectable as near as several microns out of the plane of focus
(Blumenfeld et al., 1992), and so large defocused contribu-
tions to the front signal are unlikely.

The length of the wave front may also be overestimated
because of camera lag. At levels of image intensity compa-
rable to fluorescence images, our SIT camera adapts to a
shutter opening or closing with a time constant of about 6
frames (0.17 s). If a wave front is traveling rapidly, the
image formed by the camera will be a composite of wave
fronts, averaged over a window of 0.17 s. A wave traveling
at 20 pwm/s moves 3.4 pwm during this time. If the wave front
is 10 wm long, the measured wave front would be 13.4 um
long, a 34% overestimate.

The principal error in measuring wave front parameters is
then the lag of the SIT camera, which may cause significant
overestimates of wave front length. We therefore took the
smallest observed value of L « v, 140 um?s, as D,y In
future experiments more accurate values of L and v can be
obtained by using a camera with faster response time, such
as a cooled CCD camera, or a confocal microscope.

The properties of cytoplasmic Ca®* buffers affect
the analysis

The predicted upper distance limit for the feedback action of
calcium depends on our theoretical analysis of calcium
diffusion from a channel mouth, which assumed that the
endogenous buffer is immobile and nonsaturable and has a
fast on-rate. The most sensitive parameter in this analysis
was the product of on-rate and free buffer concentration, k..
[Blgree- A slower on-rate would increase the range of free
calcium diffusion, as would the saturation of buffers near
the channel mouth. Experimental physiological evidence
suggests that the buffer is of lower affinity than 10° M ™!
(Kp > 1 uM; Neher and Augustine, 1992). Also, physical
chemistry shows that calcium binding to an unbound ligand
is diffusion-limited (>10% M~! s™!) (Seamon and Krets-
inger, 1983), although the binding of protons or Mg?* to
Ca®" buffers at resting conditions could slow the apparent
on-rate. More accurate measurements of endogenous Ca?*
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buffer binding kinetics need to be made to improve the
estimate of D, ,pp-

Possible roles for IP; in wave propagation

These experiments show that local Ca®" feedback assists in
generating traveling Ca®>" waves. However, there remain
two possible roles for IP5. First, local IP; production might,
in conjunction with Ca®>* release, also limit the speed of
wave propagation. In this case a wave of generated IP;
would accompany the Ca?* wave as it crosses the cell.
IP; might also contribute to shaping the Ca®>" wave
without acting as a feedback element. After agonist stimu-
lation, the initial gradient of IP; might set the direction or
speed of the Ca*>* wave. For instance, if IP, reaches thresh-
old for release at one point in a cell while nearby areas are
not yet at threshold, that point can serve as the locus for
initiation of a wave. This phenomenon has been induced in
Xenopus oocytes, in which IP; was photochemically gener-
ated in a confined line, and Ca®* release waves were seen
propagating from the site of IP; production (Lechleiter and
Clapham, 1992). Furthermore, we have observed that at low
agonist concentration, the delay preceding the Ca®* wave is
longer and the wave is slower (not shown). This would be
explained if the IP; gradient established before Ca?* wave
initiation is shallower when the latency is longer.

APPENDIX: CALCULATING THE APPARENT
DIFFUSION CONSTANT OF Ca

Calcium diffusion in cytoplasm is slowed by poorly mobile buffers that
bind Ca*>* (Hodgkin and Keynes, 1957). This can be expressed by defining
an apparent diffusion coefficient in analogy to the conventional diffusion
constant using (r*), the mean squared displacement of the total population
of Ca®* ions: D, = (r)/6t. In the absence of buffering, D,,, is equal to
the free diffusion constant. This quantity was calculated for Ca?* ions
entering the cytosol through a channel and coming into binding equilibrium
with a buffer of lower diffusion constant than free Ca2*.

We assume that calcium ions start in a free state and equilibrate with a
nonsaturating cytoplasmic Ca®* buffer of mobility Dy with binding and
unbinding rate constants k. and k_. Under the condition of nonsaturation,
the concentration of free buffer is constant everywhere. This assumption
means that the forward and backward binding rate constants are indepen-
dent of position. The buffer system can then be represented by the ordinary
differential equation

df/dt = _k+[B]freef+ k—(l _f)
= _(k+[B]free + k—)f+ k_,

©))

where f(t) is the fraction of ions that are free, takes values between 0 and
1, and begins at f(0) = 1. This has the solution f(f) = (e ™ ¢t + ¢)/(1 +
¢), where k' = k(1 + ¢), k = k,[Bl,.. and ¢ = Kp/[Blg... In the case of
a single nonsaturable buffer, ¢ is also the reciprocal of the buffer capacity,
k (Neher and Augustine, 1992). In this solution, f(f) begins at 1 and relaxes
toward binding equilibrium, f,, = ¢/(1 + ¢), with time constant 1/k’.

Growth in the mean squared displacement over time can then be calculated
given that at time ¢, fraction f(f) of the ions are diffusing freely at rate Dg, and
fraction 1 — f() are diffusing at rate Dg. This is described by

d(rP)om/dt = 6 Def+ 6 Dg(1 — f)
= 6(Dy — Dg)f + 6 Dg,

“
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with (#?) = 0 at t = 0. Then

Dg + D¢ (D — Dg)(1 — e—kl')
<r2>total = 6 1 + ¢ k!(l + ¢) (5)
and
(P ona
D app, total — Tl
(6)
_ Dy + Dy (Dp— Dp)(1 — e_k")
T o1+ ¢ K1+ ¢y

This calculation gives the same result as a full treatment of the partial
differential equations describing diffusion from a pore into a nonsaturating
buffer (see Electronic Supplement and Wang, 1994). After Ca>* comes
into binding equilibrium (k't >> 1), this result is also in agreement with the
results of Wagner and Keizer (1994) for very large K, (nonsaturability)
and of Irving et al. (1990).

The character of the time course of D, is strongly sensitive to the
on-rate and quantity of free buffer. To cover the likely range of known
physiological measurements, D,,, and (r?) were calculated as functions of
tfor ¢ = 0.01 and F = 100 uM, and buffer on-rates of 108 or 10’ M~ !s™ 1.
The mobilities of free and bound calcium were assumed to be 300 and 7
wm?/s, respectively, consistent with physiological (Zhou and Neher, 1993;
Neher and Augustine, 1992) and biochemical measurements (Hodgkin and
Keynes, 1957; Baker and Crawford, 1972; Allbritton et al., 1992).

Other significant assumptions are that the fura-2 indicator and other
heterogeneous mobile buffers are ignored, and that buffers do not saturate.
However, saturation of endogenous buffer would be potentially significant
only in regions where the free Ca®* is on the order of the buffer concen-
tration (Stern, 1992). Endogenous buffers are present at concentrations of
at least tens of micromoles per liter, and under physiological conditions,
calcium can only approach Dg.. within tens of nanometers of its entry
point from a single channel (Smith and Augustine, 1988). We conclude that
saturation does not occur in the distance range of 0.1 um or greater, the
range that concerns us here.
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