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Modeling Buffered Ca2' Diffusion Near the Membrane: Implications for
Secretion in Neuroendocrine Cells

Jurgen Klingauf and Erwin Neher
Department of Membrane Biophysics, Max-Planck-Institute for Biophysical Chemistry, Am Fassberg, D-37077 Gottingen, Germany

ABSTRACT Secretion of catecholamines from neuroendocrine cells is relatively slow and it is likely that redistribution and
buffering of Ca2+ is a major factor for delaying the response after a stimulus. In fact, in a recent study (Chow, R. H., J. Klingauf,
and E. Neher. 1994. Time course of Ca2+ concentration triggering exocytosis in neuroendocrine cells. Proc. Natl. Acad. Sci.
U.S.A. 91:12765-12769) Chow et al. concluded that the concentration of free calcium ([Ca2+]i) at a release site peaks at <10
,uM during short-step depolarizations, and then decays to baseline over tens of milliseconds. To check whether such a time
course is consistent with diffusion theory, we modeled buffered diffusion in the vicinity of a Ca2+ channel pore. Peak [Ca2+]i
and the slow decay were well simulated when release-ready granules were randomly distributed within a regular grid of Ca2-
channels with mean interchannel distances of 300-600 nm. For such large spacings, however, the initial rise in [Ca2+]i was
underestimated, suggesting that a small fraction of the release-ready pool (-10%) experiences much higher [Ca2+]i, and thus
might be collocalized with Ca2+ channels. A model that accommodates these findings then correctly predicts many recent
observations, including the result that single action potentials evoke near-synchronous transmitter release with low quantal
yield, whereas trains of action potentials lead to desynchronized release, but with severalfold increased quantal yield. The
simulations emphasize the role of Ca2+ not only in triggering, but also in modulating the secretory response: buffers are locally
depleted by residual Ca2+ of a preceding stimulus, so that a second pulse leads to a larger peak [Ca2+]i at the fusion sites.

INTRODUCTION

In synapses, Ca2+-triggered secretion of neurotransmitters
is fast, i.e., most release events occur within a millisecond
after arrival of an action potential (Augustine et al., 1985).
The delay between the entrance of Ca2+ through voltage-
activated Ca2+ channels and the onset of a postsynaptic
response has been measured to -200 ,us (Llinas et al.,
1981), which sets an upper bound for the time required by
Ca2+ ions to diffuse to the fusogenic receptor. Thus, inves-
tigators have speculated that Ca2+ channels and fusion sites
are in close proximity, being only some tens of nanometers
apart. Theoretical considerations led to the view that regions
of elevated [Ca2+]i, so-called microdomains, which are
formed around an open Ca2+ channel, are responsible for
the synchronization of vesicle fusion with an action poten-
tial. Several modeling studies showed that the [Ca2+]i dy-
namics of these microdomains meet the requirements for
triggering fast secretion (Chad and Eckert, 1984; Simon and
Llinas, 1985; Fogelson and Zucker, 1985; Parnas et al.,
1989; Yamada and Zucker, 1992). Microdomains build up
within microseconds, which can account for the speed of the
secretory response. Within microdomains [Ca2+]i reaches
steady state concentrations of several tens of micromoles
per liter, a prerequisite for the activation of the high-thresh-
old receptor (von Gersdorff and Matthews, 1994; Heidel-
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berger et al., 1994). Finally, the fast dissipation of microdo-
mains after channel closing assures a fast cessation of most
of the secretory response, i.e., it guarantees synchronization.

In chromaffin cells, in contrast, Chow et al. (1992), using
carbon fibers to monitor secretion electrochemically, could
show that secretion continues for tens of milliseconds after
the end of short-step depolarizations. This is surprising, if
[Ca2+]i domains around channels trigger secretion, since
they dissipate in <100 ,us (Roberts, 1994; Yamada and
Zucker, 1992). A small proportion of transmitter, however,
is released more asynchronously, and with long latencies at
the neuromuscular junction (Rahamimoff and Yaari, 1973)
and hippocampal synapses (Goda and Stevens, 1994); dis-
playing release kinetics similar to those found in neuroen-
docrine cells. Two explanations have been given for these
findings: the existence of two types of Ca2+-triggered se-
cretion, fast and slow, mediated by different types of Ca2+
receptors and fusogenic proteins (Goda and Stevens, 1994);
or else slow cessation of the "residual" [Ca2+]i signal dur-
ing delayed release after collapse of microdomains (Raha-
mimoff and Yaari, 1973). By extrapolation one could spec-
ulate that in neuroendocrine cells either the Ca2+ receptor
and fusion machinery are of the "slow" type, or that the
[Ca2+]i signal is different from that in synapses, i.e., that
microdomains are not relevant for triggering secretion.

Experimentally, these issues are difficult to resolve, since
the limited spatial and temporal resolution of ratiometric
imaging methods still prevents direct measurement of the
submembrane [Ca2+]i at the sites of secretion. Thus, exper-
imental evidence is rather indirect. In synapses exogenous
Ca2+ buffers have little effect on the size and shape of the
secretory response (Adler et al., 1991), in agreement with
theoretical predictions based on the microdomain hypothe-
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sis. In contrast, Ca2+ chelators interfere with the time
course of secretion in bovine chromaffin cells (Chow et al.,
1996), which suggests, that the "slowness" of secretion in
these cells is determined by a slow [Ca2+]i transient. In
previous work we addressed these issues experimentally in
neuroendocrine cells using flash photolysis: the secretion
response was analyzed upon perturbation of the steady-state
[Ca2+]i in a step-like fashion by photolysing Ca2+-loaded
DM-nitrophen (Neher and Zucker, 1993; Thomas et al.,
1993; Heinemann et al., 1994). By using these methods we
suggested a kinetic model for the final steps in secretion and
determined the rate constants for Ca2+ binding and unbind-
ing (Heinemann et al., 1994). It was concluded that in
chromaffin cells the relaxation of the Ca2+-binding and
fusion reaction should contribute only 1-2 ms to the slow
decay of secretion upon short depolarizations. In another
study we addressed the contribution of the release process
after fusion of a vesicle and found that release of cat-
echolamines follows fusion within a few milliseconds and,
thus, does not contribute significantly to the slowness of
secretion in neuroendocrine cells (Chow et al., 1996). The
kinetic model derived from flash data was used to infer the
time dependency of [Ca2+]i at the release sites from rates of
release measured during short step depolarizations (Chow et
al., 1994). This "back-calculated" time course resembled
[Ca2+]i transients as predicted by conventional shell models
(Sala and Hermnndez-Cruz, 1990; Nowycky and Pinter,
1993), which is in agreement with the hypothesis that slow
[Ca2+]i dynamics are responsible for the long secretory
latencies in these cells.

In this study we further investigate the role of Ca2+
diffusion and redistribution in the secretion process in the
context of the above findings. We model buffered Ca2+
diffusion in the vicinity of channels and release sites based
on experimental estimates of cellular Ca2+ buffers (Zhou
and Neher, 1993), and we find that our experimental data
are most compatible with the assumption that the majority
of vesicles is docked at a distance of -200-300 nm from the
nearest Ca2+ channel.

METHODS

Buffered diffusion

Complexation of Ca2' by a buffer species X is modeled by a simple
second-order process with the apparent rate constants k' and k- for the
forward and the backward reaction, respectively:

kx+
BX + Ca2+ Ca2+Bx (1)

The apparent rate constants account for the fact that part of the buffer
molecules may be protonated or bound to Mg2+ (cf. Neher, 1986, for a
detailed discussion).

If second-order kinetics for Ca2' buffer interaction, and Fickian diffu-

cytoplasm is described by the following system of transport equations:

~j[Ca2+] = DcaA[Ca2+] (2)

- >{k+[Ca2W][BmJ -km -Btota]-[BrJ)}m

- 1{k Ca2][Bf]- k([BtiBoa] -[Bf])-4 [Bm]
f

DB.AIBm] - km+[Ca2+][Bm] + km([Bt0a1

-[Bm])J [Ca2Bf]

= kf+[Ca2+][Bf] - -([Btoal -[Bf])

where square brackets denote concentration, Dx the diffusion constants of
species X. Several species of mobile buffers, Bi, and fixed buffers, Bf,
respectively, are considered. The Laplacian operator is A. For simplicity,
the same diffusion constant is assumed for both the free and the complexed
form of a given buffer species.

Microdomain model

For what follows, we have to define some boundary and initial conditions
for the case of depolarization-induced calcium signals. Since there are no
signs of "calcium-induced calcium release" from internal stores in response
to single depolarizations up to 2 s (Neher and Augustine, 1992), Ca2+ is
assumed to enter the cytosol only through voltage-activated Ca2+ channels.

Although studied intensively (Carmichael, 1987) no correlate to synap-
tic active zones was found in chromaffin cells. Hence, for simplicity we
assume uniform distribution of NCh Ca2+ channels at the surface of the
spherical chromaffin cell (O'Sullivan et al., 1989; Neher and Augustine,
1992; but see Monck et al., 1994, and Schroeder et al., 1994, for discussion
of the possibility of channel clustering).

The modeling of buffered diffusion for the case of Ca2+ entry through
channel pores is severely complicated by two properties of the steep
[Ca2+]i gradients (microdomains) in the vicinity of a channel's mouth:
firstly, microdomains build up and dissipate within microseconds (Roberts,
1994), so that the [Ca2+]i time course near the pore follows closely the
opening and closing ("flickering") of the channel; secondly, these events
are stochastic such that microdomains from adjacent channels will overlap
in a complicated fashion depending on the distance in-between and the
duration of openings (Roberts, 1994). Because we are interested here only
in those aspects of submembrane [Ca2+]i time course that determine
secretion, we first investigate the impact of flickering microdomains on the
latter. This will be helpful later to simplify the model representation of
buffered diffusion.

Low-pass properties of the Ca2+sensor

Based on the analysis of secretion responses in bovine chromaffin cells
after flash photolysis of caged Ca2+, Heinemann et al. (1994) suggested a
kinetic model, which faithfully predicts the time course of secretion in
response to step changes in [Ca2+]i over three orders of magnitude. Given
the rate constants of this model, one can explore the impact of Ca21
channel flickering on the probability of release for the case that the release
sites are located next to channel pores. In this case the Ca2+ concentration
profile should be approximately rectangular with a peak concentration of
several tens of micromolar (Roberts, 1994). Fig. 1 shows the predicted
secretory responses to a rectangular [Ca2+]i signal with varying frequency,
but constant total time integral. The amount of secretion is maximal at
small frequencies and decreases with higher frequencies. It reaches a
plateau at -200 Hz, which is -97.3% of the maximum for a [Ca21]i
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FIGURE 1 Secretion as a low-pass filter of Ca2" channel flickering.
Plotted are simulated relative responses of secretion for an idealized
[Ca2+]i time course close to a flickering Ca21 channel. For each data point,
secretion during a total of 50 ms of channel opening was calculated. This
50 ms of influx was subdivided into a pulse train with a frequency as given
by the abscissa. For simplicity the channel is assumed to flicker with
constant frequency during that period. The [Ca2+]J around the channel pore
follows instantly, resulting in a rectangular wave 30 ,uM in amplitude. The
hypothetical chromaffin cell response is calculated according to Eq. 12; the
response of a bipolar cell terminal was calculated using the kinetic scheme
suggested by Heidelberger et al. (1994). In brief, four sequential cooper-
ative Ca2+-binding steps were assumed, with a binding rate constant of
14 X 106 M- 's- ' for all steps. Cooperativity was introduced by scaling the
dissociation rate of 2000 s-' for the first step with a factor of 0.4 for the
next step, and 0.42 and 0.43 for subsequent steps, respectively. The final
secretion rate was set to 3000 s- ', and the initial vesicle pool to 77 fF. To
avoid depletion, the pool of docked vesicles was held constant in the
simulations.

amplitude of 30 ,uM, and is identical to the secretory response elicited by
a constant [Ca21]i of mean magnitude. The mean open time of a single
Ca2' channel in chromaffin cells is only -1 ms (Fenwick et al., 1982).
Thus, for studying the [Ca2+]i dynamics underlying secretion, we can
neglect the channel flickering during longer depolarizations and model a
channel simply as flux with an amplitude given by the mean single channel
current averaged over the pulse duration. Fig. 1 also shows the results of
the same calculation performed with kinetic parameters as measured in a
neuronal terminal. In this case secretion is quite strongly dependent on the
frequency of stimulation. Nevertheless, in the frequency range relevant in
channel gating the relationship is flat.

Radial symmetry in microdomains

If we regard a channel in a small patch surrounded by, for simplicity, eight
immediate neighbors in a rectangular manner, the above finding introduces
a fourfold radial symmetry, because all channels can be thought to open
with the same mean amplitude and stay open during a depolarization. Two
different neighbors can be distinguished in this arrangement: those that
make up the corners of the patch and those in-between being the nearest
neighbors. We examined the gradients between the center channel and
adjacent channels, asking whether gradients differ from each other, espe-
cially at the midpoints between channels. For testing this special case we
adopted as closely as possible the models of Parnas et al. (1989) and
Yamada and Zucker (1992), respectively. In brief, assuming channels
forming a regular grid at a density of 9/p.m2 (Fenwick et al., 1982), the
interchannel spacing is 360 nm. Because of the fourfold symmetry the
calculation can be restricted to a volume element with one 180 nm X 180
nm quadrant as outer surface. We restricted the depth of the element to
1080 nm, because this should be sufflcient for short openings of channels,
for which the elevation of [Ca21]i is restricted to a narrow region under-

a2 2 a I a2 a 1 a2
Ar=rarr2 802 cotF0LU+F2>d,o2r-2 +arL ao sinoa2 (3)

In this approximation the width of such a sector is given by one half of
the angle subtended by the cone, 6O = hch/rO, where hCh is the half-distance
between two channels, and ro is the cell radius. We choose hCh such that the
area of a disk of membrane with radius hCh is equal to the area per channel.
Ca2+ enters each sector through a point source at the center of the outer
surface (cell membrane), and diffuses radially along the longitudinal axis
of the cone and laterally to adjacent cones. Between adjacent open Ca21
channels (near hCh) the lateral gradients a[Ca2+]Ia6 are expected to ap-
proach zero because of microdomain overlap.

Because microdomains show spherical symmetry, the gradients
a[Ca2+]/lap also should be close to zero at any location (r, S, 0). This
allows us to reduce the systems dimension by setting

1 a2
sin2oa,p2 (4)

in the Laplace operator, and we are left now with a two-dimensional
diffusion problem.

Boundary conditions

At the boundaries r = 0 and r = ro we define for Ca2' diffusion:

a 2+ = {(O)JCa(t) + PCa(t) at r =rO
ar 0 atr (5)

Here, S(O) is a delta-distribution centered on the channel's mouth, and
defines the point source for Ca2+ at (r = 0, 6 = 0). Jca(t) is the
Ca2'-influx, given by

JCa(t) = isc(t)/2FA(ro, Oo) (6)
where isc(t) is the single channel current, which is nonzero only during a
depolarization, F is Faraday's constant, and A(ro,60) is the area of the
membrane patch defined by the sector. PCa(t) describes the active efflux by
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neath the membrane. We used the numerical approximation given in
Yamada and Zucker (1992) to solve the simple (unbuffered) diffusion
equation for [Ca21]i in three dimensions. This requires the 180 X 180 x
1080 nm volume element be subdivided into small compartments. We have
chosen to divide it into 6000 18-nm cubes. For short channel openings
pumps and other extrusion or sequestration mechanisms should be negli-
gible. They are therefore not included in this model. At all boundaries of
the model element a zero-flux is assumed.

With this model we found gradients between the two classes of neigh-
bors mentioned above to be nearly identical, having about the same
amplitude even at the midpoints between channels. Thus, the gradients at
any position along an orbit around a channel pore are zero or close to zero.
We exploited this simple symmetry property of microdomains to reduce
the three-dimensional diffusion problem to two dimensions. This simpli-
fication reduces computation time for a typical simulation on a workstation
from -70 to 5 min. All calculations presented below are making use of this
simplification.

The simplified model

A spherical cell with NCh regularly spaced identical channels can be
subdivided into NCh conical prisms that represent the areas of iifluence of
a given channel. The symmetry arguments given above guarantee that there
is no flux across the boundaries of such conical prisms in the case that
channels are activated uniformly. Based on our simulations of diffusion in
three dimensions (see above) we approximate a conical prism by an ideal
cone for which the Laplacian should be given in spherical coordinates r, Sp,
0 by
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the action of Na+-Ca2'-exchangers and Ca2+-ATPases. These extrusion
mechanisms were modeled as a single lumped process with Michaelis-
Menten kinetics (Sala and Hernandez-Cruz, 1990). To assure stability of
the model for JCa(t) = 0 at a basal calcium level [Ca21](I) =[Ca2+],, the
pump term has to be counterbalanced by a constant "leak." Thus, the efflux
term is given by

A
radius
7.5 .tm

Ca-channels

B
for ca. 10,000 channels
half distance = 150 nm
I I

Pca(t) = - vmax[Ca2]/(KM + [Ca ])
+ Vmax[Ca2+1/(KM + [Ca ]O)

Inasmuch as all removal mechanisms for Ca-+ in chromaffin cells act on
a time scale much slower than diffusional exchange, sequestration into
internal stores can be neglected or mimicked by the above lumped process,
respectively.

Because of the symmetry of diffusion for a uniform distribution of open
channels, Ca2+ diffusion across the boundaries to neighboring domains is
zero, resulting in

D [Ca2+] = 0 at 0= 0 and H = hChrO. (8)

Assuming mass action balance for all mobile buffers, we arrive at the
following boundary conditions for buffer diffusion:

D -[Bm.]0 atr0= andr= ro,a3r
(9)

D ,[BJ] =O atO 0 and 0= h,h/rO

Initial conditions

During the time preceding a stimulus we assume [Ca2}]i equilibrium. This
implies the absence of gradients, and equilibrium of all buffer species with
their Ca2+-complexed forms:

KD[Bta]
[B]° =[Ca2l]initial + KD

(10)

Here [Ca2 Iii,i'l usually is given by the resting concentration [Ca2+]0.

Numerical integration

The transport equations were solved numerically with standard finite
difference methods. In space we discretized the sector into a series of
convex shells for radial diffusion and subdivided those disks into a number
of annular elements for lateral diffusion (Fig. 2 B). The midpoints of all
volume elements Vj, generate a grid, where each rim-distant gridpoint Pj,
has two neighbors Pj-l , Pi+,, in radial direction separated by straight
lines of length Arjil and Arj +, and two lateral neighbors PJ - , Pj + in a
distance rj2A0j2l and rj2A0oj,, respectively. The rj,l are the radii of the Pi .
Because steep gradients are expected near the membrane, the mesh-width
was selected to be smaller there, resulting in geometrical parameters as
listed in Table 1.

While diffusional exchange between adjacent volume elements (T x
Ar2/D; -1 ,us for Ar = 10 nm) and buffer reaction (k+[B]) happens in
microseconds, we were interested in modeling evolution of buffered dif-
fusion with spatial scales l >> Ar and on the seconds time scale. Thus, we
preferred an implicit method for the solution of the equations. Unfortu-
nately, the equations are nonlinear due to the kinetic terms, but if the
concentrations of free buffers are held fixed, the equation for [Ca2+]i
becomes linear. This way, we could use a modified Crank-Nicolson ap-
proximation with staggered time grids for [Ca2+]i and all the buffers,
respectively. Given [Ca2+]i at the time step n we advanced all buffer
concentrations Bx from n -1/2 to n + 1/2 with a first trapezoidal rule step.

FIGURE 2 Schematic of the 2D microdomain model of buffered Ca2
diffusion. (A) Ca2+ enters the spherical cell through equally spaced discrete
points, from where it diffuses radially toward the cell center and laterally
to adjacent channels. Because of this symmetry the calculation of diffusion
can be restricted to a conical section of the sphere representing the range
of influence of a given channel. At the boundary of this conical prism Ca2+
efflux and influx (coming from all other channels) are equal if injected
currents at all point sources are the same. This condition holds, since Ca21
channel flickering is reasonably fast compared to secretion (Fig. 1). (B)
Schematic of a cone element illustrating the two-dimensional discretization.

TABLE 1 Number and size of compartments

Compartments Ar (nm)

Vi, to V,, 10
Vj to Vi'20 30
Vj21to 90
Vj 3 to Vi 40 270
Vj 4 to Vj 45 700

We then used the Bx"+ 2 to advance [Ca2]i from n to n + 1 with another
trapezoidal rule step. I'his trick was used first by Hines ( 1984) to efficiently
solve the full nonlinear Hodgkin-Huxley cable equations. If we disregard
for the moment the 0 space dimension, the mathematical problem involves
inversion of an m by m matrix, with m being the number of compartments
in radial direction for each species at each time step. This can be performed
easily, as these matrices are sparse and tridiagonal.

If this scheme is simply extended for the 0 dimension, the resulting
matrices will still be sparse, but no longer tridiagonal. Thus, its solution
would be very time-consuming. For this reason we preferred the alternat-
ing-direction implicit method (see, e.g., Ames, 1977): each time step was
divided into two steps of size h, =- h/2, and a different dimension was
implicitly treated in each substep. The system maintained its tridiagonal
structure and remained second-order correct in time like the Crank-Nicol-
son scheme for one dimension.

The validity of the model was tested for conditions where analytical
solutions were available. For one mobile buffer and a large distance
between channels (1.3 ELm) a pseudosteady state is obtained in <1 Ims.
Such simulated profiles of [Ca2+]i versus distance were compared with the
predictions of an analytical steady-state solution for a single point source
in an infinite plane (Neher, 1986; Stern, 1992). For the borderline case of
one discrete element in 0 direction the two-dimensional model must give,
for geometrical reasons, the same solution as a shell model (Connor and
Nikolakopoulou, 1982; Sala and Hermnndez-Cruz, 1990). This was ex-
ploited to check the model's time evolution for agreement with the data of
Nowycky and Pinter (1993).

(7)
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The numerical routines were written in C language, compiled and run
on a Sun workstation (Sun Microsystems, Inc., Mountain View, CA).
Simulated data were further processed and analyzed using IGOR (Wave-
Metrics, Inc., Lake Oswego, OR) and MATLAB (MathWorks, Inc.,
Natick, MA) on a Macintosh Quadra Computer.

Choice of parameters
Calcium channels, calcium, and calcium extrusion

For a cell with a diameter of 15 ,um the depolarization-induced whole-cell
Ca2+ current (i,c) typically is 500 pA. From noise analysis the single
channel current isc was estimated to -30 fA at + 10 mV for 1 mM external
[Ca2+]i (Fenwick et al., 1982). The half-activation potential is -3 mV.
Thus, the open probability p0 must be well above 50% at + 10 mV.
Assuming, for 2 mM external [Ca2+]j, 50 fA for the single channel current
and an open probability of 90%, we arrive at NCh 11,000 channels. Based
on noise analysis Fenwick et al. (1982) estimated the channel density at
5-15 channels per tkm2. This gives 4,000-11,000 channels for the model
cell (in contrast -20,000 channels were estimated by Artalejo et al., 1992).
The relevant parameter in the model is the half-distance between two
channels, which amounts to 150 nm for 10,000 channels. The single
channel current is derived from the half-distance and the whole cell current.

The diffusion coefficient of Ca2+ ions in water is 600 ,.m2/s (Robinson
and Stokes, 1955). Because of tortuosity and viscosity the values for small
ions in the cytoplasm are actually smaller by a factor of 2 to 3 (Kushmerick
and Podolsky, 1969). In buffer-free oocyte cytoplasm the diffusion coef-
ficient for Ca2+ ions was measured to 220 ,um2/s (Allbritton et al., 1992).
This figure was chosen in all simulations.

Ca2+ extrusion was modeled as one lumped process according to Sala
and Hernandez-Cruz (1990). Their value of 2 pmolls for the maximal
velocity Vmax did not fit our Fura-2 measurements, thus a slightly higher
value (5 pmollcm2/s) was chosen.

Endogenous buffers

The total Ca2+ binding ratio K of endogenous buffers (the ratio of bound
to free [Ca2+]i changes) in chromaffin cells is, on average, 41 (Zhou and
Neher, 1993). Often the ratio decreased during the course of an experiment
by up to 25%. Thus in the present study the endogenous buffers were

lumped into an immobile buffer with K = 31, and a slowly mobile buffer
with K = 10 and a diffusion constant of 15 ,um2/s. The latter was estimated
according to the washout time constant. Both mobile and immobile buffers
have low Ca2+ affinity, so their KD appears to be >5 ,uM. A value of 10
,^M was chosen throughout all simulations.

Calbindin is a Ca2+ binding protein in neurons that is believed to play
a role in Ca2' buffering (Heizmann and Braun, 1992). Calbindin-D9k has
two binding sites with on-rates of -kf = 2 X 109 M-ls- (Forsen et al.,
1988). The affinities for Ca2+ are highly pH-sensitive and are reduced 5-
to 10-fold in the presence of 2 mM [Mg2+] (Cox et al., 1990). Thus under
physiological conditions the apparent on-rate should be of the order of 5 X
108 M-'s-', a value also chosen in many other simulations (Gamble and
Koch, 1987, Gold and Bear, 1994). We used this value for all endogenous
buffers.

Exogenous buffers

MgATP typically is added to the internal solution in an experiment at a

concentration of 2 mM. Most of the ATP is bound to Mg2+ due to its high
affinity. Given a pK value of 4.06 (Martell and Smith, 1977) and -1 mM
free [Mg2+] (total concentration in the pipette solution being 3 mM), the
actual free [ATP] should be only 0.17 mM. Thus, the on-rate for Ca2+ and
the KD should be scaled by a factor of - 11.8 to yield the effective kinetic
constants for Ca2+ complexation in the presence of 3 mM total [Mg2+].

The parameters for all other exogenous buffers used in some experi-
ments are taken from the literature as indicated in Table 2.

Secretion model

Secretion is described by means of the kinetic model from Heinemann et
al. (1994), which is based on caged-Ca2' experiments. The slower steps in
that model (A and A1), which serve to refill a pool of docked and
release-ready granules (pool B), are neglected, since we restrict our anal-
ysis here to the subsecond time window. Secretion, then, is described as a
series of three independent Ca2+ binding events to a postulated receptor as
shown in the scheme below. Upon binding of the third Ca21 ion the vesicle
fuses with an intrinsic velocity represented by a single rate constant y. The
change in the size of the fused state C can be directly measured as cell
capacitance (Marty and Neher, 1982). Combining capacitance measure-
ments and amperometry to monitor secretion, Chow et al. (1996) recog-
nized that release of catecholamines is delayed relative to fusion by -3 ms.
This finding is accommodated by introduction of an additional step in the
kinetic scheme with rate S.

Ca2+ Ca2+ Ca2+
C<3a ^k*2a ~ a

Bo BI B2 N~1_ 'at B3 al C R

Pool Bo varies in size between 200 and 500 fF in flash experiments
(Heinemann et al., 1994) as well as for rapid trains of depolarizations (von
Ruden and Neher, 1994). If not stated otherwise, a value of 250 fF was
used for all simulations. The dynamics of the different states in the above
scheme are described in matrix notation by

db
dt

I; -3aX
3aX
0

-P -2aX
2aX

0 0
0
0

0
0

0
-21

-2 -aX
aX
0
0

o o0o
o o0o

31 0 0
-3:3-e 0 0

y -6 0
o 80

(1 1)

where X denotes [Ca2+]i, a, 3, y, and 8 are the rate constants of the kinetic
scheme, and b = (Bo B1 B2 B3 C R)T is the vector of the pool sizes of
vesicles that have bound zero, one, two, or three Ca21 ions (as denoted by
the subscripts), have fused with the membrane, or have released their
content (a = 8 ,uM-'s-'; , = 105s-s; y = 1000 s-'; 8 = 330 s-'). This
set of coupled ordinary differential equations was solved numerically using
a four-step Runge-Kutta routine written in IGOR macro language.

RESULTS

Two types of submembrane [Ca2+]J gradients
during depolarizations

To demonstrate the influence of an exogenous mobile buffer
we calculated submembrane [Ca2+]i gradients at the end of
20 ms depolarizations for various Fura-2 concentrations.
These are graphically represented in Fig. 3 A for the case of
10,000 channels with interchannel spacings of 300 nm.
Close to the channel mouth the [Ca2+]i reaches, as ex-
pected, a high level of several tens of micromolar on aver-
age, irrespective of the concentration of exogenous buffers
present. Here, the Ca2+ clearance is dominated by Ca2+

678 Volume 72 February 1997



Ca2+ Diffusion and Catecholamine Release

TABLE 2 Parameters used for simulations

Symbol Definition Standard value Comment

Geometry
rO

hch
Calcium

iwc
[Ca2+]0
Dca

Calcium extrusion
V.

KM
Endogenous buffers

Fixed buffer
[Bf]
KD
kon

Poorly mobile buffer
[Bi]
KD
kon
Dm

Exogenous buffers
Fura-2

[Fura-2]
KD

kon
DFura

MgATP
[MgATP]
KD
kon
DATP

EGTA
[EGTA]
KD
kon
DEGTA

cell radius

half-distance between open channels

whole-cell current
basal calcium concentration
diffusion constant for free calcium in

cytoplasm

maximum velocity of transport

Michaelis-Menten constant

total concentration
dissociation constant
forward binding rate

total concentration
dissociation constant
forward binding rate
diffusion constant

total concentration
dissociation constant

forward binding rate
diffusion constant

total concentration
dissociation constant
forward binding rate
diffusion constant

total concentration
dissociation constant
forward binding rate
diffusion constant

7.5 ,um

0.15 ,um

500 pA
0.1 uM
220 .m2s- '

5 pmol cm-2S-'

0.83 ,uM

310 ,uM
10 ,uM
5 x 108 M- 's-

100 g.M
10 ,uM
5 X 108 M- 's-
15 p.m2s-

100 ,uM
0.24 ,uM

5 X 108 M- 's-
50 .m2s- 1

2 mM
2.3 mM
5 x 108 M-'s-'
200 gMm2s-

1 mM
0.15 ,uM
107 M-'s-'
200 p.m2s-

corresponds to 7 pF cell, also used by Nowycky and
Pinter, 1993

see text

-70 pA/pF, value used by Nowycky and Pinter, 1993

Allbritton et al., 1992

the value of 2 pmol/s used by Sala and Hermnndez-
Cruz (1990) was too small to fit our experimental
data of the decay of [Ca2+]i

Sala and Herndndez-Cruz, 1990
Zhou and Neher, 1993

conc. and affinity were chosen, so that K = 31

-2 x l09 for calbindin (Forsen et al. 1988), divided
by 4 to correct for Mg2+; value used in several
model studies: Gold and Bear, 1994; Gamble and
Koch, 1987

conc. and affinity were chosen, so that K = 10

see fixed buffer
Zhou and Neher, 1993

conc. used in experiments
apparent value, as determined routinely to calibrate

Fura-2
Jackson et al., 1987 Kao and Tsien, 1988
Timmerman and Ashley, 1986
Martell and Smith, 1977
conc. used in experiments
KD for ATP multiplied by 11.8 to correct for Mg2+
> 109, corrected for Mg2+
value in water of a 500-Da molecule, divided by 2 to

correct for viscosity

Neher, 1986
value in water of a 500-Da molecule, divided by 2 to

correct for viscosity

diffusion rather than buffering (Neher, 1986; Stem, 1992).
[Ca2+]i is falling off along steep gradients in all directions,
with their steepness reflecting the effectiveness of buffers at
competing with diffusion as radius increases. Between
channels, these microdomains of high [Ca2+]i overlap giv-
ing rise to a second type of gradient, pointing toward the
center of the cell. Subsequently, these will be called sub-
membrane domains, as opposed to microdomains. In con-
trast to microdomains, these gradients are rather shallow;
their amplitude, as well as their steepness, critically depend
on the buffer conditions. For standard buffering conditions
(i.e., with 100 ,uM Fura-2 included) the [Ca2+]i between
channels reaches - 1.9 ,uM, as opposed to 4.8 ,uM in the
absence of Fura-2 and 0.31 AM in the presence of 500 ,uM

Fura-2. Submembrane domains reach peak values at least an
order of magnitude smaller than those of microdomains, and
are much more sensitive to buffers both in amplitude and
steepness.

Dissipation of submembrane [Ca2+]J gradients

The right side of Fig. 3 represents the corresponding [Ca2+]i
transients underneath the membrane at various distances
from a channel pore. During a depolarization [Ca2+]i rises
within microseconds to steady-state levels of several tens of
micromolar; [Ca2+]i rises more slowly the further in dis-
tance from the channel. This reflects the increasing diffu-
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FIGURE 3 Two types of submembrane [Ca2+]i gradients during depolarizations. Simulations of submembrane [Ca2']i under various Fura-2 concen-
trations. 10,000 Ca21 channels have been assumed with an interchannel spacing of 300 nm. On the left-hand side submembrane gradients at the end of a
20-ms depolarization are shown. On the right-hand side the corresponding submembrane time courses are plotted. Submembrane domains reach peak values
at least an order of magnitude smaller than those of microdomains and are much more sensitive to buffers both in amplitude and steepness. (A) Standard
buffering conditions (i.e., with 100 AdLM Fura-2 included). (B) No added Fura-2. (C) 500 /.M Fura-2.
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A sional distance or mean displacement which is corre-
lated with time by x2x DT. During the depolarization no

350 stationary [Ca2+]i is reached. Near the channel [Ca2+]i
collapses extremely fast after channel closure, and reaches,

300 - 1 within a few tens of microseconds, the [Ca2+]ilevel that

250 Lprevails in between channels. The decay time course can beapproximated by a sum of many exponential terms having
e 200 i3 time constants of a few, up to several hundred, milliseconds.

A multiexponential decay is also found in the absence of
150 any buffers (data not shown). While the [Ca2+]i dynamics in

.6 the microdomains are mostly determined by diffusion, buff-
100 ers display a large effect on the decay characteristics of the

--5s.9--------------- ubmembrane domains, as exemplified in the simulations
50 4 . with varying Fura-2 concentrations in Fig. 3.

2.;3 / 2.3 ,----------- --t--- ,-- --r-X ---- ----e- -.------- ---------.----t--.--f--

100 50 0 50 100 150 200 250
nm Comparison of the microdomain model with the

shell model

B If Ca2+ entry is not restricted to discrete points, but allowed
to enter uniformly everywhere on the cell surface, the model

350 0.18 presented here becomes identical to so-called shell models
(Sala and Hermandez-Cruz, 1990; Nowycky and Pinter,

300 1993). The diffusion process is completely symmetrical in
-------- -Q t9 - all directions perpendicular to the radial direction, and con-

250 centration profiles need to be calculated only in that direc-

E200 ttion, which constitutes a large reduction in computation
----------------- time. Qualitatively, the concentration time courses as ob-

150 24
tained from microdomain models at many locations are

-------------------------------- -~~ quite similar to the time courses of the corresponding simple

100-----3 shell model if an appropriate shell is chosen (Fig. 4). We
7- -- mexplored this similarity quantitatively by simulating several

50 cases with the same buffer composition and the same total
------------------ -- Ca2+ current, but distributing the Ca2+ influx among a

100 50 0 50 100 150 200 250 varying number of channels. Fig. 5 A shows [Ca2+]i profiles
nm (concentration versus distance from the membrane) at mid-

points between channels at the end of a 500-pA Ca2+
current pulse. For a very large number of channels and

C correspondingly very small interchannel distance the profile
is identical with that of a shell model (uppermost curve in

350- Fig. 5 A). The other curves represent profiles obtained with
0.-=-------- - models assuming interchannel distances as indicated in the

300- -figure. We then asked the question, where in the profile of
=: ---------- 4---- ------

25Lthe shell model does the [Ca2+]i agree with the peak of a
/0 \ /given domain model profile (i.e., with the submembrane

------------
12 2+.----------- [Ca ]1 value at a midpoint between two channels)? We

plotted this "equivalent depth" as a function of interchannel
150 /- --------15----------- half-distance in Fig. SD. It is seen that for a relatively large

\2 uniformly everywhere on the cell surface, the microdomain model pre-
50 ------ ----- t---------------fi- sented here becomes a so-called shell model. Plotted are contour lines

connecting points of equal concentration for a shell model (dashed) and a
200 100 0 100 200 300 400 500 microdomain model (solid) for different buffering conditions at the end of

nm a 20 ms depolarization. The abscissa is the distance along a line connecting
two channels; the ordinate is the radial distance from the membrane. The
concentration of the contour lines is indicated in j,M. (A) 100 ,uM Fura-2

FIGURE 4 Comparison of the microdomain model with the shell model. added. (B) 500 ,uM Fura-2. (C) Same as in (A), but only 2500 channels
If Ca2+ entry is not restricted to discrete points, but allowed to enter assumed (600-nm interchannel spacing).
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FIGURE 5 The shell model provides good estimates of the amplitude
and time course of submembrane domains. (A) Plotted are [Ca21]i profiles
along radial cross-sections at midpoints between channels at the end of a
20-ms pulse with an amplitude of 500 pA. Dotted curves correspond to
simulations with interchannel distances of 100 nm, 200 nm, 400 nm, 600
nm, and 800 nm, respectively (from top to bottom). The larger the number
of channels assumed, the more the profile approaches that of a shell model
(upper solid curve). 100 ,M Fura-2 are added as exogenous buffer.
Resting [Ca2']j has been set to 100 nM. (B) Same as (A), but resting
[Ca21]i is 500 nM. (C) As in (B), but in addition to 100 ,uM Fura-2, 1.2
mM EGTA have been included. (D) The equivalent depth, i.e., the distance
from the membrane at which the [Ca21]i in a shell model equals the
submembrane [Ca2+]i at the midpoints between two channels in a microdo-
main model, is plotted as a function of interchannel half-distance.

range of interchannel distances these values are located on
a straight line. Furthermore, two similar simulations with
different buffer conditions gave straight lines almost iden-
tical to one another. The slope of these lines varied between
0.43 and 0.46. One can thus conclude that submembrane
[Ca2+]i at the midpoint between two channels can be ap-
proximated by the value given by a corresponding shell
model at a depth 45% of that of the distance between the
point of interest and the nearest channel. Upon investigating
time courses, however, it is seen that the corresponding
shell [Ca2+]i transients will be slightly shifted to shorter
times compared with those of the submembrane domain
transients, inasmuch as the diffusional distance is shorter
(by -45%). However, for mean interchannel spacings

A

latency histogram according to the kinetic scheme shown

1.0-

0.5-

shorter than 500 nm, as postulated for chromaffin cells, this
shift is rather small, so that a shell model should be a good
approximation for estimating the [Ca2+]i dynamics in the
submembrane domain, if the equivalent location is chosen
correctly.

Comparison of back-calculated with simulated
[Ca2]J1 time courses

In previous work we studied the time course of catechol-
amine release elicited by 20-ms depolarizing pulses. Based
on a kinetic description of the release process and its Ca2+
dependence, we back-calculated the time course of [Ca2+]i
required at the release site for the observed response. We
found resulting [Ca2+]i changes to be relatively slow, and
postulated that slowness was caused by diffusional delays
between Ca2+ channels and release sites. The motivation for
the present study was to provide a theoretical basis for
testing this hypothesis and for estimating the diffusional
distances involved.

Secretion experiments had been performed in the pres-
ence of 100 p,M Fura-2 and 2 mM ATP. We included these
two buffers in our simulations in addition to endogenous
buffers according to Zhou and Neher (1993) (see "choice of
parameters" above). Fig. 6 shows a comparison of simulated
time courses for these buffering conditions in the plane of
the membrane at various distances from a channel pore. The
amplitude and decaying phase of the back-calculated time
course (solid line) match very well the simulation at a
distance of -150 nm (A). In (B) the same transients are
plotted after normalization to the same peak amplitude to
examine the differences in time course more closely. With
fewer channels (C) even a better fit is achieved at 300 nm,
the midpoint between channels. But note that the differences
in time course at distances >200 nm are rather small. This
means that most of the release events are likely to be
situated at a distance of -300 nm to the nearest Ca2+
channel, i.e., Ca2+ ions have to diffuse a fair distance before
they reach their target, introducing an extra delay of secre-
tion. On the other hand, a discrepancy between simulated
and back-calculated traces in the rising phase is evident.
Here, the best fit is obtained for distances of -30 nm from
the channel pore (B and C). In other words, there are more
fusion events at the beginning and in the eaxly phase of a
20-ms depolarization than expected for a I4Tsional dis-
tance for Ca2+ ions of -300 nm. As will be shown below,
one way of approximating the entire back-calculated trace is
to assume that the average [Ca2+] represents not only a
temporal, but also a spatial, average, with time courses at
short distances shaping the rising phase and longer distances
dominating at later times.

Two functional pools of release-ready granules
For further analysis we first calculate predictions of the
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FIGURE 6 Comparison of back-calculated with simulated [Ca2+]i time
courses. (A) Simulated [Ca21]i time courses in the plane of the membrane
at various distances from a channel pore are shown. Buffering conditions
are as in a typical experiment (100 ,LM Fura-2 and 2 mM ATP). The
[Ca2+]i resting level has been set to 0.6 ,tM, which is the concentration
measured in the experiments between repetitive stimuli. Superimposed is
the [Ca2+] time course as inferred from combined amperometric and
capacitance measurements (thick line). It was drawn at a position where it
best matches the simulated transient in amplitude and the decaying phase
(-150 nm from the channel, i.e., at the midpoint between channels,
assuming 10,000 channels). The back-calculated transient differs slightly
from that previously published (Chow et al., 1994). This is because the
delay of release after vesicle fusion has been incorporated in the algorithm
(cf. the discussion of the kinetic scheme of secretion in Methods). To
achieve a better fit the whole cell current in the simulation had to be
increased to 600 pA. (B) Simulated transients and the back-calculated
[Ca2+]i time course of (A) are plotted after normalizing all curves to the
same peak amplitude to emphasize the differences in time course; 10,000
channels per cell. (C) With 2500 channels best agreement between exper-
imentally inferred and simulated calcium transients is achieved at 300-nm
distance (midpoint between channels).

above for the hypothetical case that all release-ready vesi-
cles are located at a distance of 300 nm. The decaying phase
of such a predicted latency histogram fits the measured
histogram very well (Fig. 7 A). For short latencies, however,
there are "excess" events in the measured histogram, i.e.,
the probability of release at the beginning of the depolar-
ization is higher than expected for the diffusional distance
of 300 nm. If we subtract the simulated histogram in (A)
from the measured one, we are left with a histogram of

0 40 80 120 0 40 80
time (ms) time (ms)

FIGURE 7 The possibility of two functional pools of release-ready
granules. (A) Using the kinetic scheme of secretion, the amperometric
latency histogram (ALH) is simulated for the hypothetical case that all
release-ready granules (100) are located at a distance of 300 nm from the
nearest Ca21 channel (buffering conditions as in Fig. 6). Superimposed is
a measured ALH under these buffering conditions (taken from Chow et al.,
1994), which has been normalized to a single depolarization. For short
latencies, the probability of release at the beginning of the depolarization
is higher than expected for the diffusional distance of 300 nm. (B) Excess
events from (A) are plotted as the "difference" histogram (solid line). This
histogram is well fitted with a simulated ALH under the assumption that
the vesicles contributing are 30 nm away from the channels (filled histo-
gram). To adjust its area, -8 vesicles have to be collocalized with channels
at a distance of 30 nm (i.e., 8% of the total pool of release-ready granules).

excess events. This histogram can be well fitted under the
assumption that the vesicles are 30 nm away from the
channels. The total histogram is then satisfactorily repro-
duced if 8% of the total pool of release-ready vesicles are
assumed to be collocalized with channels, at 30 nm spacing,
in the simulation. Assuming a total pool of 250-500 fF (von
Ruden and Neher, 1993) and assuming that the fusion of a
dense core granule results in a capacitance increase of -2.5
fF (Marty and Neher, 1982; Chow et al., 1996) this corre-
sponds to 8-16 collocalized vesicles. The limited accuracy
of the data does, of course, allow a multitude of other
geometric arrangements, which would give satisfactory fits
to the data.

The decay of secretion after a depolarization and
its dependence on Ca2' buffers

Chromaffin cells have significant amounts of endogenous
fixed Ca2+ buffers. These fixed buffers tend to prolong
submembrane [Ca2+]i transients, whereas addition of mo-
bile buffers is expected to lead to a more rapid collapse of
gradients (Fig. 3). If most of the docked vesicles resided at
larger diffusional distances and if the slower [Ca2+]i dy-
namics at these distances were responsible for the slowness
of secretion, one would expect that different buffer condi-
tions will also change the secretion kinetics. We have there-
fore tested the effects of removing or elevating mobile Ca2+
buffers on the decay of the amperometric latency histo-
grams (Chow et al., 1996). In fact, we found that increasing
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the concentration of (exogenous) mobile buffer (Fig. 8 A,
top), by adding EGTA (1.2 mM, KB = 960), reduces the
decay time constant of the measured amperometric latency
histogram by nearly one-half compared with standard con-
ditions (100 ,uM Fura-2, 2 mM MgATP). With a pipette
solution containing no diffusible Ca2+ buffers, we mea-
sured a very slow decay of the rate of secretion (Fig. 8 B,
top). In the lower part of Fig. 8 simulations of secretion for
these buffering conditions are shown. In both cases a total B
pool of 250 fF has been assumed with 8% located at a
distance of 30 nm and the majority of vesicles at 300 nm.
The contributions of the "near" vesicles are shown as the
shadowed part of histograms. The simulated composed his-
tograms reproduce the experimentally found buffer effects
very well. In the absence of any diffusible buffer a second
slowly decaying component of secretion becomes apparent
in both experiment and simulation. The onset of secretion
after channel opening is delayed if compared with standard
buffering conditions. In the simulation this is due to an
increased contribution of secretion "far" from channels,
whereas the response near to channels remains nearly un-
changed (shadowed histograms). The disparate effects oc-
cur because buffers affect submembrane macrodomains, but
barely affect microdomains. For high concentrations of mo-

A
High buffering
(+ 1.2 mM EGTA)

0 50 100 1 50 200
ms

1 2 -

8

4-

-- - - -- - -1

0 50 1 00 150 200
ms

High buffering
r= 1 0 ms0-

G1)
>
az)

0 5 0 1 00 1 50 200
ms

bile buffer, the far response is suppressed and most release
events are triggered by microdomains, so that the overall
shape of the composed histogram more closely resembles
those obtained from synapses.

Trains of depolarizations and predicted
responses in [Ca2+]J and secretion

The simulations presented here show that complicated sub-
membrane [Ca2+]j dynamics can divide the pool of release-
ready granules into functionally different subpools. In re-
cent experiments the secretory response to rapid trains of
short depolarizations has been studied in detail. Horrigan
and Bookman (1994) reported the specific release of a small
pool of -10-15 readily releasable vesicles with a moderate
repetitive stimulus paradigm. Only with continuing, or
stronger, stimuli, a large pool of release-ready vesicles
(comparable in size to what is termed B pool here) could be
depleted. With 0.25 mM EGTA included in the patch pi-
pette, secretion reached a plateau after depletion of the small
pool, which the authors ascribed to an "immediate releas-
able pool." In the simulations shown in Fig. 9 A we tried to
simulate these experiments. Plotted are time courses of

B
40 r No diffusible buffers

C
0 - \.-1r=13ms

B r 85 ms'I, 2 0- 2 A20 %2-
0 1 1I

0 50 100 150 200
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E 1F0F
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No diffusible buffers
'I =13 ms

;, - 86 ms

0 50 100 1 50 200
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n0 2.1
0

D 1.1
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FIGURE 8 Ca2+ buffers shape the decay of secretion after a depolarization ends. Effects of removing or elevating mobile Ca2' buffers on the decay of
the ALH (experimental data replotted from Chow et al., 1996). (A) Top. Increasing the concentration of (exogenous) mobile buffers by adding EGTA (1.2
mM, KB = 960), reduces the decay time constant of the measured ALH by nearly one-half compared with standard conditions (100 JIM Fura-2, 2 mM
MgATP). Center. Simulations of [Ca21]i transients 30 nm and 300 nm away from the nearest channel. Buffer conditions are as in the experiments shown
in (A). Lower panel. Simulated ALH, corresponding to the simulated [Ca2+]1 transients above. A total B pool of 250 fF has been assumed with 8% located
at a distance of 30 nm and the majority of vesicles (92%) at 300 nm from the nearest Ca21 channel. The contribution of the near vesicles is shown as the
shadowed part of the histograms. (B) Top. Using a pipette solution containing no diffusible Ca2' buffers, in a series of experiments the decay of secretion
rate was very slow and could be better fit with two exponentials. Center. Simulations of [Ca21] transients 30 nm and 300 nm away from the nearest channel
for conditions as in the experiments shown in (B). Lower panel. Corresponding ALH. The shadowed part of the histogram reflects the contribution of the
near vesicles.

684 Biophysical Journal



Ca2+ Diffusion and Catecholamine Release

[Ca2+]i and capacitance for a train of 10 depolarizations (20
ms each separated by 80 ms). In addition to the endogenous
fixed buffer, either 100 ,uM Fura-2 or 1 mM EGTA were
included, as indicated. We assume an immediate releasable
pool of 8 vesicles (corresponds to 8% of the total B pool) at
a 30-nm distance from a channel, and a larger pool of 92
vesicles at a 300-nm distance. In the left panel of Fig. 9 A
we illustrate the [Ca2+]i time course at 300 nm from a
channel. The right part represents the simulated secretion
time course including both near and far vesicles. The re-
sponses strongly resemble what has been reported in the
literature (Horrigan and Bookman, 1994; Seward and Now-
ycky, 1996). After depletion of the immediate releasable
pool during the first two pulses, strong facilitation of the
secretory response can be observed due to the onset of
release at the far sites. The latter is due to incomplete
clearance of Ca2+ after a preceding depolarization, which
leads to partial buffer depletion. Thus, during the next
depolarization the [Ca2+]i signal is not simply added to the
residual [Ca2+]i in a linear fashion, but the reduced buffer

capacity allows a much higher local [Ca2+]. At the near
sites, on the other hand, this effect is negligible, because in
microdomains the [Ca2+]i dynamics are dominated by dif-
fusion and not by buffering (Fig. 3; Yamada and Zucker,
1992; Stem, 1992; Roberts, 1994). This facilitation can be
suppressed in the simulations by including 1 mM EGTA,
leaving only synchronous release from near secretion sites.

Simulations for brief (2 ms) action potential-like depo-
larizations give similar results (Fig. 9 B). For low stimulus
frequencies or for the first depolarizations of a train, only
near vesicles can be released. Because of the small size of
this collocalized pool, the failure rate is very high (Fig. 9 B,
upper right panel). For higher frequencies partial buffer
depletion at the far release sites becomes effective after a
few depolarizations, leading to facilitated fusion of far ves-
icles. As more and more residual Ca2+ is accumulated, the
total secretion response becomes dominated by the more
asynchronous release of far vesicles between depolariza-
tions (Fig. 9 B, lower right panel). Exactly this behavior has
been observed in isolated chromaffin cells by Zhou and

A

FIGURE 9 Trains of depolarizations
and predicted responses in [Ca2+]i and
secretion. These simulations show that
the complicated submembrane [Ca2+]1
dynamics can divide the pool of re-
lease-ready granules into functionally
different subpools. (A) Left panel. Plot-
ted are simulated time courses of
[Ca21]i for a train of 10 depolarizations
(20 ms each, separated by 80 ms). In
addition to the endogenous fixed
buffer, the effects of 100 ,uM Fura-2 or
1 mM EGTA have been simulated as
indicated. Right panel. Corresponding
secretion (capacitance) time courses.
An immediate releasable pool of 8 ves-
icles (corresponds to 8% of the total B
pool) at 30 nm distance from a channel
and a large pool of 92 vesicles at 300
nm distance are assumed. (B) Left
panel. Simulations of [Ca21]i time
course at 300 nm for brief (2 ms) action
potential-like depolarizations. Right
panels. Simulated ALH for the first
(upper) and the last pulse (lower) out
of the train. Shadowed parts represent
the fraction of release of near vesicles.
Buffering conditions as in (A).
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Misler (1995), when they measured the dynamics of quantal
release in response to action potentials using amperometry.

DISCUSSION

In this paper we show that a variety of aspects of catechol-
amine secretion from chromaffin cells can be explained, if
kinetic data from flash-photolysis experiments (Heinemann
et al., 1994) are combined with data on Ca2+ buffering
(Zhou and Neher, 1993) in a diffusion model. Under the
simplifying assumption that Ca2+ channels are on average
separated from release sites by -200-300 nm, both peak
and decay of the response to a short depolarizing stimulus
can be described quite well. Agreement with experimental
data can further be improved, if a small portion (-8%) of
vesicles are assumed to be much closer to channels, at -30
nm separation or less. In this description, the diffusion of
Ca2+ between channels and release sites is the rate-limiting
step in the overall secretory process. The aspects that are
well-described include the time course of secretion in re-
sponse to 20-ms pulses, its change with either adding mo-
bile Ca2+ buffer or depleting Ca2+ buffer from the cytosol,
the time course of secretion in response to trains of short
depolarizations both under "native" conditions and after
addition of EGTA, as well as the facilitation of the secretory
response during trains of action potentials.

Two types of docked vesicles?

The model as outlined above seems to suggest a bimodal
distribution of vesicles underneath the membrane. Simi-
larly, capacitance responses to trains of depolarizations
(Horrigan and Bookman, 1994) point toward a small pool of
specialized vesicles. Chromaffin cells are known to contain
at least two types of vesicles, small synaptic-like and large
dense-core vesicles (see Thomas-Reetz and De Camilli,
1994, for review). Could the bimodal distribution thus re-
flect different kinetics of different vesicle types, small and
large dense-core vesicles? In neurons, which contain both
types of vesicles, small synaptic vesicles can fuse after
arrival of a single action potential, whereas neuropeptides
from large dense-core vesicles (LDCVs) are only released
after trains of depolarizations, with the rate of release
steeply depending on the stimulus frequency (Peng and
Zucker, 1993), similar to what is found in chromaffin cells
(Zhou and Misler, 1995). Using synaptosomes Verhage et
al. (1991) could show that high [Ca2+]i is required for
neurotransmitter release, but low for neuropeptide secretion,
suggesting that LDCVs are not collocalized, i.e., not docked
at the active zones, where the synaptic-type vesicles are
found. This scenario resembles somewhat our findings here,
and in fact, the hypothesis that the collocalized fraction
corresponds to synaptic-like vesicles cannot be excluded
based on capacitance measurements only (Horrigan and
Bookman, 1994). The pool of immediately releasable ves-

histograms, however, cannot be attributed to small synaptic-
like vesicles, unless one assumes that these small vesicles
release similar amounts of oxidizable material (per vesicle)
as LDCVs.

Seward and Nowycky (1996) recently made the observa-
tion that the first train of depolarizations after establishing a
whole-cell patch configuration results in a secretory pattern
quite different from that reported by Horrigan and Bookman
(1994) or simulated in Fig. 9. Instead of facilitation, strong
depression is observed, with the first 10-ms pulse of a train
leading already to the fusion of at least 20 to 30 vesicles.
Throughout the rest of an experiment, then, secretory re-
sponses like those in Fig. 9 are obtained. Such behavior can
be described with models of diffusion and secretion as
presented in this study only if one assumes that before any
stimulation nearly a half of all docked vesicles reside very
close to channels or are molecularly coupled. Replenish-
ment of this special pool would have to be slow, such that
it is not prominent in subsequent trains. Unfortunately, no
amperometric data are available, so that it is not known
whether this fast initial response reflects purely LDCV
release or, in addition, some other pool of synaptic-like
vesicles. Interestingly, neurohypophyseal terminals that se-
crete neuropeptides from LDCVs do not display this behav-
ior (Seward and Nowycky, 1996).

Possible arrangements of channels and vesicles

The simulations presented in this paper show that the ex-
perimental latency histograms can be well described if it is
assumed that the majority of vesicles is located at approx-
imately a 300-nm distance, with a small fraction (8% of all
vesicles) placed at a 30-nm distance. The latter population
of vesicles is required in order to reproduce the relatively
fast rising phase of latency histograms. Similarly, a small
fraction (10-20%) of Ca-activated K+ channels was re-
cently postulated to be located close to Ca2+ channels in rat
chromaffin cells, in order to explain time courses of outward
currents under the influence of EGTA and BAPTA
(Prakriya et al., 1996).

In the following, we will discuss whether such an extra
population of nearby vesicles can be explained by a random
distribution of vesicles and channels in which a certain
number of vesicles would be close to Ca2+ channels by
chance.

Unfortunately, the basic assumption of our model is a
regular, symmetric grid of channels, such that a random
distribution of both channels and granules is outside the
scope of this work. It is, however, straightforward to sim-
ulate vesicles placed randomly into the surface area belong-
ing to a cone-shaped element of our model. The probability
density p(r) of finding the vesicle at distance r from the
channel is then proportional to the circumference of a ring
at this distance, or else

icles, as revealed here by analyzing amperometric latency
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p(r)dr oc 2,rrdr (12)
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and the mean distance between channel and release site is

fhch r2wrr dr 2
fo 27Trdr 3hch (13)

where hCh is the radius of the membrane disk. With hCh
selected such that the area of the membrane disk (h h2 7T) is
the same as the mean area per channel (1/no) we obtain

1 1/2r;=3yrmo (14)

Predictions for a latency histogram are readily obtained by
calculating secretory time courses according to the reaction
scheme for a range of distances and superimposing these
responses with weights according to p(r). Such simulations
show that contributions from nearby vesicles are not suffi-
cient to result in a sufficiently fast rise in the latency
histogram (data not shown). This is consistent with the fact
that for a mean distance of 200 nm (the case of hCh = 300
nm) only 4% of the vesicles are located within 60 nm from
the closest channel. Thus, random placement of vesicles
within a regular grid of channels is not sufficient to explain
the population of nearby channels.

If, however, both channels and vesicles are placed
randomly, the mean distance to the nearest channel will
be significantly greater than the mean distance in the case
considered above. Unfortunately, this case cannot be
calculated accurately by our model, but a consideration
detailed in the Appendix makes it plausible that for a
random mixture the contribution of vesicles that are near
channels by chance comes close to that of the postulated
nearby population. Such a situation is shown schemati-
cally in Fig. 10 A.

It should be pointed out, though, that Monck et al. (1994)
observed "hot spots" of Ca2+ entry in a fraction of cells,
using high temporal resolution imaging techniques. These
hot spots extended over one to several micrometers along
the perimeter of the cells. Unfortunately, no statistics on the
abundance of such hot spots and on the fraction of Ca2+
channels involved are available. Clustering of channels into,
say, one-quarter of the surface area would not dramatically
change our model predictions. If vesicles were co-clustered,
but still randomly intermixed between channels within the
clusters, the mean distance between channels and vesicles
would be reduced by a factor of two, which does not have
dramatic effects on the [Ca2+]i time course of decay, as
discussed above. It cannot be excluded, however, that our
indications of vesicle heterogeneity are due to such inho-
mogeneous channel and vesicle distributions.

Importance of endogenous buffers and mean
diffusional distance to channels

In our simulations we identified the slow decay of the
[Ca2+]i transients at the secretory sites as responsible for the
slowness of secretion in chromaffin and other neuroendo-

C

ML.

FIGURE 10 Possible arrangements of vesicles and Ca21 channels in the
membrane. (A) Random distribution of channels and vesicles. (B) Random
distribution of vesicles and clustering of Ca21 channels. (C) Collocaliza-
tion and molecular coupling of channels and vesicles in defined areas
(active zones). For discussion see text.

crine cells. In particular, the mean distance between the
fusion machinery and Ca21 channels and the buffering
conditions are the two critical parameters that shape the
[Ca2+]i transients. Changing either will result in a shift of
the time course of secretion.
A key question motivating this study was whether the

buffer capacity of endogenous fixed buffers would be suf-
ficient to retard the submembrane Ca2+ diffusion to a de-
gree resulting in locations underneath the membrane, where
the theoretically predicted [Ca2+]i time course matches the
experimentally predicted one. We found that a mean dis-
tance of 200 nm for a random channel and vesicle distribu-
tion is sufficient to provide such locations. However, as
simulations under varying buffering conditions show, un-
certainties in our values of the endogenous buffering also
imply uncertainties in our estimation of the mean diffu-
sional distance. In particular, the distribution of endogenous
fixed buffers might be inhomogenous, with higher concen-
trations close to the membrane. Cytoskeletal structures or
the release-ready granules themselves could act as diffusion
barriers, resulting in an even slower dissipation of the sub-
membrane gradients, so that our estimation of the mean
distance would be somewhat overestimated. However, even
doubling of the buffer capacity of endogenous buffers re-
sults only in a small shift in the time course at a 300-nm
vesicle-channel distance. The amplitude, in this case, is
reduced by 35% for a 20-ms depolarization (data not
shown).
Our simulations point out the importance of the diffu-

sional distance in shaping the time course of secretion.
Chromaffin cells display a fast synchronous response and a
more slow asynchronous response, which is reminiscent of

A

B

15
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the delayed response at the neuromuscular junction (Raha-
mimoff and Yaari, 1973) and in hippocampal neurons
(Goda and Stevens, 1994). The difference is that in synapses
the vast majority of vesicles fuses in the fast synchronous
mode, which has been taken as an indication of collocaliza-
tion. The proportion of fast versus slow release in chromaf-
fin cells can be shifted in either direction by changing the
buffer conditions. Because of the close proximity of chan-
nels to fusion sites in the active zones, buffers do not exert
much of an effect in synapses except when used at very high
concentrations (Adler et al., 1991). On the other hand, any
manipulation that changes the relative position of channels
with respect to release sites also should change the time
course of secretion in synapses. Mice synapses lacking the
synaptic vesicle protein synaptotagmin display a shift from
a synchronous to a more asynchronous release, in that a fast
component of secretion is remarkably reduced (Geppert et
al., 1994). Assuming that the two components, fast and
slow, of secretion found at these synapses represent parallel
pathways (Goda and Stevens, 1994) this has been taken as
evidence that synaptotagmin is the Ca2" receptor responsi-
ble for fast Ca2+-triggered vesicle fusion. However, the
simulations presented in this study indicate that such a
change can also be brought about by a disturbance of the
morphological organization of the docking sites, if this
increases the diffusional distance between channels and the
fusion sites (see also Neher and Penner, 1994).

In other genetic studies in which synaptotagmin is mu-
tated or deleted, a concomitant drop in the apparent order of
the Ca2+ dependence can sometimes be observed (see
Littleton and Bellen, 1995, for review). This has been in-
terpreted as further evidence for synaptotagmin being the
low-affinity receptor that binds Ca2+ in a cooperative fash-
ion. The remaining asynchronous release with lower coop-
erativity thus should reflect the presence of a second, high-
affinity receptor mediating a different type of slow secretion
(loc. cit.). However, because of the inherent nonlinearity of
buffered diffusion, a change in the apparent cooperativity
concurrent to a change in distance is expected. Strength and
direction of that change will depend on the buffer conditions
in a particular preparation. In chromaffin cells, the apparent
order of Ca2+ dependence during depolarizations is <2 in
contrast to 3 in flash photolysis experiments (Engisch and
Nowycky, 1996). This highlights the importance of under-
standing the submembrane [Ca2+]i dynamics and buffering
conditions as a prerequisite to understanding where Ca2+
binds and how its binding triggers fusion.

Physiological implications for
stimulus-secretion coupling
This theoretical study shows that most of the experimental
findings in isolated chromaffin cells can be explained as-
suming a random distribution of Ca2+ channels and fusion
sites over the cell surface. Chromaffin cells in situ, however,

and face blood capillaries at another site, which is presum-
ably the secretory pole, since most of the vesicles are found
there (Carmichael, 1987). Fusion sites and Ca2+ channels
might still be distributed more or less randomly, but should
be packed within a fraction of the whole surface. This would
lead to a more pronounced overlap of channel domains,
resulting in substantially higher submembrane [Ca2+]i both
near the channel pore and between channels. Thus, the mean
diffusional distance would be shorter and the onset of se-
cretion faster. In fact, Moser and Neher (1996) have found
that 10-20-ms depolarizing pulses are sufficient to elicit
capacitance responses from adrenal gland slices which cor-
respond to the fusion of -20 dense-core granules. It is
therefore an open question whether the separation between
channels and release sites, suggested by this study, has
physiological relevance, or represents the situation in cell
culture only. In case this model holds in situ, it would offer
an explanation for the very much increased effectiveness of
trains of action potentials compared with single action po-
tentials in triggering catecholamine secretion (see also Zhou
and Misler, 1995). If the situation described here also holds
in the case of LDCV release in cells where LDCVs coexist
with synaptic vesicles, it would provide a basis for differ-
ential release of vesicle content depending on the secretion-
evoking pulse pattern. Evidence for such differential release
has been presented for synaptosomes (Verhage et al., 1991)
and for synapses between identified leech neurons in culture
(Bruns and Jahn, 1995). Different spatial arrangements be-
tween channels and release sites, as illustrated in the cartoon
of Fig. 10, may then be the basis of important functional
differences among cellular release processes.

APPENDIX

Let p(r) denote the probability of not finding a channel within the area 7r2
around a vesicle. Then the probability of not finding a channel up to r +
Ar may be written as

p(r + Ar) = A(r) fi(r, r + Ar) (15)

where p(r,r + Ar) is the probability of not finding the channel between r
and r + Ar, given it was not found up to r, which for a random distribution
with channel density no is

pi(r, r + Ar) = 1 -p(r)Ar = 1 -2- n0rAr for Ar -> 0
(16)

Combining Eqs. 15 and 16 and rearranging yields

p(r + Ar) - A(r) -
Ar =

If we now let Ar -O 0, we get the first-order differential equation

ap = -2irn0ro dr

(17)

(18)

which can be solved by separation of the variables. Integration then yields

pf(r) = e-mlor (19)

are known to be polarized. They are innervated at one site
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Finally, the probability p of finding the nearest channel between 0 and r for
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a random channel distribution is

p(r) = 1 -e-°(20)
and for small r

p(r) lrnor2 r << hch (21)

Thus, the number of vesicles adjacent to channels is the same for both the
regular and random channel distribution for a given channel density, but
the mean distance to the nearest channel is not:

rp(r) dr -1 n-1/2 (22)

We can now ask the question, how many vesicles, assuming a random
distribution, would be close to channels for a mean distance of, say, 200
nm, for which we obtained a good fit for the decay of secretion in the case
of a regular channel distribution? By comparing Eqs. 14 and 22 it is found
that for a random distribution we have to increase the channel density by
a factor of 9ir/16 (-1.8) to get the same mean distance as for a regular
channel grid. Hence, the number of vesicles in close proximity to channels
will be increased by the same factor. For a mean distance of 200 nm we
expect 7% of all docked vesicles to be located within a 60-nm radius of the
nearest Ca21 channel, which is close to what we found to be compatible
with our experimental data. Simulations of secretion in which all submem-
brane [Ca21]i transients have been weighted according to the probability of
finding a channel at this distance from a vesicle, in fact, are hardly
distinguishable from those shown in Figs. 8 and 9, where 92% of all
vesicles have been assumed to reside at a 300-nm, and 8% at a 30-nm,
distance. Of course, such simulations are only an approximation of a
random distribution of vesicles and channels, since the [Ca2+]i transients
for these simulations still have been calculated assuming a regular channel
grid with 600-nm interchannel spacing. However, because transients at
distances >200 nm are very similar (compare transients at 150 nm and 300
nm in Fig. 6 C), a detailed diffusion model of a sphere with thousands of
channels at random positions should also give very similar results at
distances >300 nm.
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