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Development and Dissipation of Ca®* Gradients in Adrenal
Chromaffin Cells

Fernando D. Marengo and Jonathan R. Monck
Department of Physiology, UCLA School of Medicine, Los Angeles, California 90095 USA

ABSTRACT We used pulsed laser imaging to measure the development and dissipation of Ca®* gradients evoked by the
activation of voltage-sensitive Ca®* channels in adrenal chromaffin cells. Ca®" gradients appeared rapidly (<5 ms) upon
membrane depolarization and dissipated over several hundred milliseconds after membrane repolarization. Dissipation
occurred with an initial fast phase, as the steep gradient near the membrane collapsed, and a slower phase as the remaining
shallow gradient dispersed. Inhibition of active Ca®>* uptake by the endoplasmic reticulum (thapsigargin) and mitochondria
(carbonylcyanide p-trifluoro-methoxyphenylhydrazone/oligomycin) had no effect on the size of Ca®* changes or the rate of
gradient dissipation, suggesting that passive endogenous Ca?" buffers are responsible for the slow Ca?" redistribution. We
used a radial diffusion model incorporating Ca?* diffusion and binding to intracellular Ca®* buffers to simulate Ca®"
gradients. We included a 3D optical sectioning model, simulating the effects of out-of-focus light, to allow comparison with
the measured gradients. Introduction of a high-capacity immobile Ca®* buffer, with a buffer capacity on the order of 1000 and
appropriate affinity and kinetics, approximated the size of the Ca®" increases and rate of dissipation of the measured
gradients. Finally, simulations without exogenous buffer suggest that the Ca®* signal due to Ca®" channel activation is

restricted by the endogenous buffer to a space less than 1 um from the cell membrane.

INTRODUCTION

The elevation of cytosolic free Ca®>" concentration regulates
many cellular processes. Ca®" triggers dense-core granule
exocytosis in neuroendocrine cells, synaptic vesicle fusion
in neurons, and contraction in muscle. Ca®" also regulates
hormone-induced changes in glucose metabolism, oxidative
phosphorylation in mitochondria, and transcription in the
nucleus. Given these many roles, Ca®>" ought to be com-
partmentalized so that all these processes are not all acti-
vated alike. In addition to compartmentalization in different
organelles, Ca®" gradients provide a means of compartmen-
talizing Ca®" signals in the cytosol. As a result, intracellular
Ca”" signals may be regulated spatially and temporally.
In neuroendocrine cells, such as adrenal chromaffin cells,
the trigger for exocytosis is a localized Ca®>" increase near
the cell membrane that develops after the activation of
voltage-dependent Ca®"channels (O’Sullivan et al., 1989;
Neher and Augustine, 1992; Monck et al., 1994). Exocyto-
sis was found to be more prominent when the Ca®" increase
resulted from Ca®*entry through Ca®* channels rather than
Ca’" release from intracellular stores (Kim and Westhead,
1989; O’Sullivan et al., 1989; Augustine and Neher, 1992),
and the spatially averaged Ca®>" measured during depolar-
izing stimuli is considerably lower than the Ca** concen-
trations required to trigger comparable rates of exocytosis
when the Ca®" is delivered uniformly, either via the patch
pipette or by photolysis of caged compounds (Augustine
and Neher, 1992; Neher and Zucker, 1993). In addition to
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vesicle fusion, Ca?* regulates other exocytotic processes
that respond to different Ca>* concentrations with different
temporal characteristics. For example, Ca** may be in-
volved in vesicle translocation between different pools,
facilitation of secretion during repetitive stimuli (Seward
and Nowycky, 1996; Neher and Zucker, 1993; Neher,
1998), and endocytosis (Engisch and Nowycky, 1998). Fur-
thermore, different pathways of regulated exocytosis with
distinct kinetics and Ca" sensitivity may exist in chromaf-
fin cells (Seward and Nowycky, 1996; Seward et al., 1996).
Characterization of the temporal and spatial properties of
Ca®" gradients is, therefore, necessary to understand the
regulation of stimulus-induced exocytosis. However, be-
cause of the difficulties involved in measuring Ca*>* with
high spatial and temporal resolution, there is little experi-
mental information on the properties of Ca>* gradients.
An alternative approach to experimental measurements is
to use mathematical models to simulate the Ca®" gradients
that might be generated after Ca®>" entry through channels,
Ca** diffusion, and binding to intracellular Ca®>" buffers
(Smith and Zucker, 1980; Connor and Nikolakapoulou,
1982; Zucker and Stockbridge, 1983; Chad and Eckert,
1984; Simon and Llinas, 1985; Neher, 1986). For example,
a radial diffusion model has been used to simulate the Ca**
gradients that would be generated on opening of Ca®"
channels in small spherical cells (Sala and Hernandez-Cruz,
1990; Nowycky and Pinter, 1993). These studies have pro-
vided considerable information on possible types of Ca**
gradients. However, a major problem inherent to this ap-
proach is the appropriate selection of concentrations, affin-
ities, and kinetic rate constants for the endogenous Ca**
buffers. Recent studies in patch-clamped adrenal chromaf-
fin cells have estimated a buffer capacity, defined as the
ratio of the change in Ca®"-buffer complex concentration
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over the change in free Ca?* concentration, of 40-90 by
measuring the changes in free Ca®’" and Ca®" bound to
exogenous buffer (Neher and Augustine, 1992; Zhou and
Neher, 1993). A further study using photolytic release of
“caged Ca®" ” concluded that adrenal chromaffin cells
contain ~4 mM of a low-affinity (K; = 100 uM) endoge-
nous Ca’”" buffer (Xu et al., 1997).

The dynamics of Ca®" redistribution after Ca®* entry is
influenced by the presence of fixed and mobile Ca** buffers
(Nowycky and Pinter, 1993). As a result the temporal and
spatial properties of Ca®" gradients can be used to deter-
mine the properties of endogenous Ca®" buffers. In this
study, we have measured the development and dissipation
of Ca®" gradients, using pulsed laser Ca*" imaging (Monck
et al., 1994), and compared the measured Ca®" gradients
with gradients simulated with a radial diffusion model. We
were able to resolve the presence of Ca’* gradients from
very early times (<5 ms) during a depolarizing stimulus to
several hundred of milliseconds afterward. We also show
that inhibition of intracellular Ca®" stores does not alter
Ca®" gradient development or dissipation. To our knowl-
edge, this is the first detailed experimental characterization
of the development and dissipation of Ca®" gradients in
adrenal chromaffin cells. Based on these data, we predict
the properties of the endogenous Ca®* buffer and the pat-
tern of Ca®" gradients in the absence of exogenous Ca’*
buffers (e.g., indicators). Our next step is to relate the spatial
and temporal properties of the intracellular Ca®" signal to
the regulation of exocytosis.

MATERIALS AND METHODS

Cell preparation and solutions

Chromaffin cells were prepared from bovine adrenal medullae by enzy-
matic digestion (Burgoyne et al., 1988). Isolated cells were resuspended in
Dulbecco’s modified Eagles medium supplemented with 10% fetal calf
serum, 8 uM fluorodeoxyuridine, 50 wg/ml gentamycin, 10 uM cytosine
arabinofuranoside, 2.5 ug/ml fungizone, 25 U/ml penicillin, and 25 ug/ml
streptomycin. Cells were plated at a density of 100,000 cells/ml on glass-
bottomed chambers and kept for 1-4 days in culture before use. For
experiments, chromaffin cells were washed in an extracellular medium
comprising 120 mM NaCl, 20 mM Hepes, 4 mM MgCl,, 5 mM CaCl,, 5
mg/ml glucose, and 1 uM tetrodotoxin (pH 7.25). The standard internal
solution used in the patch-clamp pipettes contained 125 mM Cs D-gluta-
mate, 30 mM Hepes, 8 mM NaCl, 1 mM MgCl,, 2 mM Mg-ATP, 0.3 mM
GTP, and 0.3 mM Cs-EGTA (pH 7.2). The Ca®" indicators rhod-2 (tri-
ammonium salt) and Oregon Green 1,2-bis(2-aminophenoxy)ethane-
N,N,N,N-tetraacetic acid-5N (OGB-5N) were added to the pipette solution
at 0.2 mM and 0.3 mM, respectively. These solutions allow measurement
of Ca** currents because Na™ and K™ currents are prevented. The holding
potentials have not been corrected for junction potentials (Neher, 1992).

Measurement of Ca%* gradients with pulsed
laser imaging

Ca®" gradients were measured using pulsed laser Ca®>" imaging of whole-
cell patch-clamped cells (Monck et al., 1994). The imaging system consists
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of an inverted epifluorescence microscope (model IX-70; Olympus), a
Peltier-cooled charge-coupled device (CCD) camera (model PXL; Photo-
metrics, Tucson, AZ) with a 1317 X 1035 pixel CCD chip (model KAF
1400; Kodak), and a host Pentium microcomputer. [llumination is achieved
with a high-intensity pulsed coaxial flash lamp dye laser (LumenX model
LS-1400; Phase-R Corporation, New Durham, NH), which provides short
(350 ns) high-intensity pulses of illumination (Kinosita et al., 1988). A
patch-clamp setup, comprising a patch-clamp amplifier (model Axopatch
200A; Axon Instruments, Foster City, CA) and a data acquisition interface
(model IDA15125; Indec Systems, Mountain View, CA), was used for
voltage-clamp recording and precise synchronization of the laser pulses
with the Ca®* currents. The laser light is focused into a multimode fiber
optic (1-mm-diameter silica, 0.47 N.A.; General Fiber Optics Corporation,
Fairfield, NJ). The other end of the fiber optic is coupled to the epifluo-
rescence port of the microscope, using a custom-built adapter containing a
fused silica plano-convex lens (1-inch diameter, F/2; Oriel Corporation,
Stratford, CT) positioned ~2 inches from the end of the fiber optic. This
arrangement results in global illumination of the microscope field of view.

For Ca®" measurements with the Ca*>* indicator rhod-2 (Minta et al.,
1989), we use coumarin 525 (0.02 mM in methanol) as the lasing dye,
which gives an appropriate emission spectrum (500-540 nm) for the
excitation of rhod-2. The epifluorescence filter block contains a 570-nm
dichroic mirror and 585 nm long pass emission filter (Chroma Optical,
Brattleboro, VT). A high-numerical-aperture objective (N.A. 1.4, plan apo
60X; Olympus America, Melville, NY) was used to image the cells. After
allowing 10 min for the Ca*" indicator to diffuse into the cell, fluorescence
measurements were taken as image pairs: a control image with no depo-
larization (i.e., constant holding potential) and a stimulus image with a
depolarizing step pulse. The results are shown as ratio images of the
stimulus image divided by the corresponding control image. Taking the
ratio of the images in this way corrects for spatial differences in cell
thickness (light path length), indicator concentration, and accessible cyto-
solic volume (Bright et al., 1989). Pairing of the control and stimulus
images minimizes the effects of cell movements. The ratio images (F/F,)
are used to analyze the gradients and to estimate the free Ca>" concentra-
tions as described below.

Estimation of Ca®* concentration

The ratio of the stimulus image divided by the control image is displayed
as a pseudocolor image representing the fractional change in fluorescence.
Because the ratio corrects for differences in indicator concentration, indi-
cator excluded volume, and light path length, the images showing the
fractional change in fluorescence represent spatial maps of the Ca**
changes, provided that the cell does not move between the control and
stimulus images. Rhod-2 does not undergo a shift in either excitation or
emission spectra on binding Ca*>* (Minta et al., 1989), so we cannot use a
ratiometric calibration scheme (Grynkiewicz et al., 1985). Instead, the
change in Ca®>" concentration was estimated from the fractional fluores-
cence change (stimulus/control ratio, F/F,), as described previously
(Monck et al., 1988, 1994). We used a value of 1880 nM for the K,
(Escobar et al., 1997) and 0.013 for « (the ratio of the fluorescence of free
and Ca®>" bound rhod-2, determined in vitro, using internal solutions with
“zero” Ca®>* (10 mM EGTA) and saturating Ca**, respectively). Assuming
a value of 100 nM for the resting Ca>* concentration, these values give an
estimated peak Ca*>* concentration of ~200—250 nM at the end of a 40-ms
depolarizing stimulus. There are some caveats regarding the conversion to
Ca’", as we do not know the precise value of the resting Ca>* or the in situ
calibration for the indicator dyes. However, attempts to saturate rhod-2 in
situ, using ionomycin, gave F/F, values of >8, which indicates that the
resting Ca>* concentration was less than 200 nM. Estimates of the Ca**
change, using different resting free Ca®>* concentrations in the range of
50-200 nM, give peak Ca®" increases of ~2-2.5 times the resting con-
centration. The Ca®>* concentration estimates are relatively insensitive to
the value of « used, because the amounts of Ca®*-indicator complex are
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small (~5-10%). Thus, provided the in situ value of « is less than 0.05, the
estimates of Ca?" remain accurate. In addition, the Ca®>* calibration
procedure assumes equilibrium conditions, and during the Ca®>* current the
Ca®" indicators will not be at equilibrium with the free Ca®" ions.
Therefore, we chose to express most of the data as the fractional fluores-
cence change (F/F,), as this best represents the measured parameter.

Analysis of Ca®" gradients

Ratio images representing the fractional fluorescence change (F/F,) are
used to display the spatial distribution of Ca®>" concentration. The ratios are
made after a 3 X 3 kernel is averaged for each pixel in the original
fluorescence images. Thus, each averaged region corresponds to a square
with sides three times the measured pixel size of 113 nm, or 339 nm. To
analyze the Ca®>" gradients we used cross-sectional profiles through the
center of the cell. The value chosen for each position in the profile was
taken with no further averaging. The focus of the cell was always chosen
as the image with the maximum visible diameter, which in a perfectly
spherical cell would represent a section through the center of the cell. To
maximize the signal available for analysis, the direction of the profile was
usually chosen from the brightest point around the periphery through the
center of the cell. However, we tried to avoid the regions beneath the
pipette (at 2—4 o’clock in the displayed images), as these were often
distorted by the presence of either out-of-focus light or reflected light from
the pipette. In some cells the nucleus was visible in the plane of focus. If
the profile was drawn through the nucleus we observed an inflection in the
profile shape, which presumably occurs because the nucleus membrane
provides a significant barrier for diffusion (see Naraghi et al., 1998). To
prevent this from affecting the analysis, we avoided analyzing profiles
through the nucleus. Fortunately, the nucleus was usually displaced from
the center of the cell. In most cells the nucleus was below the plane of
focus, and in other cells it was displaced to the side, so we could still select
a profile to the center of the cell while avoiding the nucleus.

Mathematical model for Ca?* entry, diffusion,
and buffering

To simulate the changes in the concentration of free Ca>" and other species
(e.g., free buffers and buffer-Ca®>" complexes) as a function of time and
radial distance, we developed a radial diffusion model. This model assumes
a uniform entry of Ca* through Ca®" channels in a spherical cell; it is
based on the model of Nowycky and Pinter (1993).

The partial differential equation describing the change in concentration

of a diffusible species is
29[S
! ]) W

a[S] . <a2[s]

Jat ar? r or

where [S] is the concentration of the diffusible species, S; r is the radial
distance, and Dy is the diffusion coefficient (Crank, 1975). This equation
can be used to describe the diffusion of Ca>* and various Ca®" buffers.
The cell is modeled as a sphere composed of concentric shells of equal
thickness (0.1 wm). A simplifying assumption is that each shell represents
a well-mixed system and that diffusion within the shell can be neglected.
Diffusion of Ca?" and buffers is assumed to occur solely at the shell
interfaces and can be described by a function involving the shell thickness
(i.e., diffusional distance), shell surface areas (inner and outer), and the
diffusion coefficient. Given these assumptions, Eq. 1 can be represented as
a system of first-order, ordinary differential equations describing the con-
centration of Ca>* (and other diffusible species) in each shell. We follow
the convention used by Nowycky and Pinter (1993), where the first shell is
the outer shell and the Nth shell is the innermost shell. For the ith shell of
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N shells, the diffusion equation takes the form

d[Caz+] o DCa
dt Vi

(Ai—l([caﬂ]i—l - [Caﬂ]i) — A ([Caz+]i - [Caz+]i+1)) (2)

2
i

where [Ca®*]; is the concentration of free Ca®" in the ith shell, D¢, is the
diffusion coefficient for Ca®>*, & is the shell thickness, V; is the shell
volume, and 4; and 4;_, are the surface areas of the inner and outer
surfaces of the ith shell. The boundary conditions specify that diffusion
does not occur across the outermost spherical boundary or out of the
innermost shell, which is spherical. Computationally, this was achieved by
setting 4, (outer boundary of first shell) and A4y (inner boundary of Nth

shell) to zero.

Ca®" leak and extrusion across the plasma membrane

The active extrusion from the cell was assumed to be solely via a Ca**-
ATPase, which was modeled assuming Michaelis-Menten kinetics (Sala
and Hernandez-Cruz, 1990). The rate of change of Ca®" in the outermost
shell due to extrusion by the Ca®>"-ATPase is given by the expression

d[Caz+] T VmaxAl[Ca2+]l
( dr )Ex = Vl([ca2+]l + Km) 3)

where V..., and K, are, respectively, the maximum pumping rate and the
Michaelis-Menten constant for the Ca?*-ATPase. To provide a steady-state
Ca’" concentration in the absence of Ca®>" entry through Ca®>" channels,
a constant leak was defined as being equal and opposite to the Ca**
extrusion by the Ca®"-ATPase at the resting Ca®>" concentration, calcu-

lated using Eq. 3.

Calcium entry through Ca®* channels

The rate of change in free Ca>* concentration in the first shell due to Ca**
influx is defined by

diCa™]\ I
e ) 2FV,

(1= ) 0

where I, is the inward Ca®>* current, F is Faraday’s constant, ¥, is the
volume of the first shell, 7, is the time after initiation of the depolarization,
and 7 is the time constant for Ca®>* current activation.

Ca®" binding to endogenous and exogenous Ca®" buffers

The rate of change of Ca>* due to binding to Ca®" buffer X is given by the
expression

SRR
=k [CaB"] -k [Ca” [ [B];  (5)

where [CaB*] is the concentration of Ca*>* bound to buffer X, [B*] is the
concentration of unbound buffer, and &, , and k_, are, respectively, the
forward and reverse rate constants for the binding of Ca®" to the buffer.
The model considers five Ca®* buffers, denoted B* through B, where B*,
B®, and B are used for various endogenous buffers, B represents the
indicator dye, and B® represents the EGTA added to the pipette solutions.
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Final model

From Eqgs. 2-5, we can define a first-order differential equation to describe
the change in Ca®* concentration in each shell:

d[Ca*"] B
dt

i([Ca*" ]y — [Ca*'])

— A4([Ca*"]; = [Ca*"]i41)

(d[Ca”] ) (d[Ca“] )
N (d[CazJ']l) N (d[Ca”] )B
e,
R

The last three terms, for Ca?* influx, leak, and extrusion, are only
present in the outer shell, i.e., they are zero when i # 1. A set of similar
equations can be developed for the change in the concentration of Ca**
buffer complex for each buffer:

dlCaB] D,
dt

i-1([CaB*],_; — [CaB*]))

d[CaB*];
— A4i([CaB*], — [CaB*],11)) + (dt) (7)

[BX] [Btotal [Can]i (8)

We make the additional assumption that the diffusion coefficients for
Ca**-buffer complex and unbound buffer are equal, so that the total
concentration of buffer in each shell is constant and equal to the initial total
concentration of buffer. This assumption eliminates the need to have a set
of equations for the change in concentration of unbound buffer. Note that
for fixed, immobile buffers D, is set to zero.

Equations 6—8 were numerically integrated using a first-order Euler
algorithm written in Visual Basic 5.0 (Microsoft Corp., Redmond, WA).
The output of the simulation was verified by replicating the conditions used
by Nowycky and Pinter (1993). Simulations usually required an integration
time step of 1-4 us.

Simulating the fluorescence changes

According to Grynkiewicz et al. (1985), the fluorescence, F, of a fluores-
cent indicator dye is given by

F = S{B*] + §,[CaB*] = S{[B},] — [CaB*]) + S,[CaB¥]

>F < ofBia] + (1 — ) [CaB*]  (9)

where S;and S, are the proportionality constants for the fluorescence of the
free and Ca®"-bound species of the indicator and a = S¢/S,. The propor-
tionality constant drops out when the fractional fluorescence change (F/F)
is calculated.
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Blurring the simulated fluorescence changes

We cannot directly compare the fluorescence simulations with the exper-
imental images because the observed fluorescence images were obtained
with an epifluorescence microscope and are contaminated with out-of-
focus information. The result is “blurred” images with reduced contrast and
increased depth of field. On the other hand, the simulations provide a
“nonblurred” ideal representation of the fluorescence gradients. Therefore,
to allow a better comparison with experimental data we needed to mimic
the blurring effect of the microscope. To this end, we constructed a
three-dimensional model of the fluorescence simulations and “blurred” it,
using the theoretical point spread function of the microscope, as previously
described (Monck et al., 1992). Briefly, we used the simulated fluorescence
data to construct a three-dimensional model of a 12.2-um-diameter cell
consisting of a stack of two-dimensional sections, 0.1 wm apart, assuming
spherical symmetry. We then blurred this model, using the following
algorithm:

O Z Ly S¢ (10)

where O is the Fourier transform of the blurred image (simulation of the
observed image), /;, is the Fourier transform of the successive sections
above (positive k) and below (negative k) the in-focus image plane (k = 0),
and S, is the Fourier transform of the point spread function of the micro-
scope for different degrees of defocus. The 12.2-pum-diameter model cell
was divided into 125 sections (m = 62) of 0.1 wm each. Similar results
were obtained with 25 sections (m = 12) of 0.5 wm or 63 sections (m =
31) of 0.2 um each, indicating that the section spacing was not limiting.

Selection of parameters

For the selection of values for diffusion coefficients, affinities, and kinetic
properties of exogenous Ca®>* buffers, we used the values generally used in
previous studies (see Nowycky and Pinter, 1993; Klingauf and Neher,
1997). These are summarized in Table 1. Several values for the diffusion
coefficient of BAPTA-derived Ca®>" indicators have been published: 50
wm?>s~! for fura-2 in muscle (Timmerman and Ashley, 1986), 200
um?>s ™! for fura-2 in patch-clamped chromaffin cells (Pusch and Neher,
1988), and 180 wm?s ™' for fluo-3 in hair cells (Hall et al., 1997). Because
none of the values were measured for rhod-2, we chose to use 200 wm?s ',
as this was measured in adrenal chromaffin cells.

We have used the average measured Ca®" current of 210 pA (207.8 *
14.7 pA) for the simulations, and, as we are using a radial shell model, we
implicitly assume an even distribution of Ca?* channels. Although our
pulsed laser imaging experiments (Monck et al., 1994; this paper) show
that there is some nonuniformity in the Ca®>" increase, which is often larger
at certain “Ca®" hotspots,” a Ca®>" increase is usually observed at all
locations around the cell periphery; this is particularly obvious after longer
depolarizations (Neher and Augustine, 1992; Monck et al., 1994). The
increases at the hotspots rarely exceed twice the average increase around
the cell periphery, suggesting that Ca>" channels are distributed throughout
the plasma membrane, with some regions of slightly higher density. When
we ran simulations using a Ca®>" current of 500 pA, the Ca®>" gradient
kinetics were similar, although there were correspondingly larger increases
in Ca?* concentration. Because the number and distribution of these Ca**
hotspots are extremely variable between cells, we chose to use the average
Ca®”" current instead of trying to estimate the Ca®" current at the Ca**
hotspots.

A major difficulty for the studies that used mathematical models to
simulate Ca®" gradients (Smith and Zucker, 1980; Connor and Niko-
lakapoulou, 1982; Zucker and Stockbridge, 1983; Chad and Eckert, 1984;
Simon and Llinas, 1985; Neher, 1986; Sala and Hernandez-Cruz, 1990;
Nowycky and Pinter, 1993) was the choice of parameter values for the
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TABLE 1 Parameters used in simulations with the radial diffusion model
Symbol Definition Value Comment
Spatial parameters
r Cell radius 6.1 pm Measured value. Average diameter was
122 = 0.3 um
1) Shell thickness 0.1 wm
Calcium parameters
[Ca®*], Resting Ca®>* concentration 100 nM
Ica Whole cell current 210 pA Measured value. Average was 207 = 15 pA
T Time constant for Ca>* current activation 3 ms Measured value
D¢, Diffusion coefficient for Ca*>* in cytosol 200 pum? - s~ Allbritton et al. (1992)
Ca’*-ATPase
K. Michaelis-Menten constant 0.83 uM Sala and Hernandez-Cruz (1990)
‘max Maximum transport velocity 2 pmol cm ™2+ 57!
Exogenous buffers and indicator dyes
EGTA Total concentration 300 uM In pipette solution
kg Dissociation constant 150 nM Neher (1986)
ko Association rate constant 10 mM ™ 'ms™! Neher (1986)
kogs Dissociation rate constant 0.0015 ms ™! Neher (1986)
Degra Diffusion coefficient 200 pum? - s~ Kushmerick and Podolsky (1969)
Rhod-2 Total concentration 200 uM In pipette solution
ky Dissociation constant 1.88 uM Escobar et al. (1997)
kon Association rate constant 69 mM 'ms™! Escobar et al. (1997)
kogr Dissociation rate constant 0.130 ms ™! Escobar et al. (1997)
Dinodz Diffusion coefficient 200 pm? - s~! As fura-2; Pusch and Neher (1988)
@ F i/ Frnax 0.013 In vitro measurement
OG-BAPTA-5N Total concentration 300 uM In pipette solution
ky Dissociation constant 28 uM DiGregorio et al. (1999)
kon Association rate constant 170 mM ™~ 'ms™! DiGregorio et al. (1999)
kogr Dissociation rate constant 4.8 ms™! DiGregorio et al. (1999)
DoG-sn Diffusion coefficient 200 pm? - s~! As fura-2; Pusch and Neher (1988)
@ F i F, 0.04 In vitro measurement

min’* max

properties of the endogenous Ca®>* buffers. An important part of this paper
is to determine suitable values for these parameters by comparing simu-
lated Ca** gradients with the measured Ca®>" gradients. In the course of
this study, we have tested a large number of different values for the
concentrations, affinities, and kinetic constants for endogenous buffers,
based on the literature and on the experimental data described in this paper.
Some of these values are summarized in Table 2 and will be discussed in
detail throughout the Results and Discussion. (A more comprehensive
collection of simulations of Ca’>* gradients is available from a WWW
Supplement located at http://www.medsch.ucla.edu/som/physio/faculty/
jrm/mss/BJSuppl.htm.)

Effect of ATP as a Ca?* buffer

We investigated the effect of ATP as a Ca>* buffer, using the parameters
given by Klingauf and Neher (1997). ATP at 2 mM, the concentration in
the pipette solution, had negligible effects on the magnitude and kinetics of
the Ca®" concentration and Ca**-indicator complex concentration or on
the fractional fluorescence change in simulations with mobile Ca®" buffers
(unpublished data; see the WWW Supplement). For example, ATP de-
creased the peak fractional fluorescence change at the end of the depolar-
ization by less than 4% (1.60 to 1.58) in the outer shell; the decrease was
much smaller in other shells. Because we observed no effects on the
kinetics of Ca®" gradient development or dissipation, we have ignored
ATP in simulations of the experimental conditions. However, we included
ATP in the simulations of the Ca®>" gradients in the absence of exogenous
mobile Ca®" buffers (Fig. 9), where the effect of ATP is significant, as it
is the only mobile Ca®>" buffer.
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Analysis of gradient dissipation

To compare the dissipation of the Ca®" gradient in experiments and
simulations, we defined the difference between the fluorescence signal at
the cell periphery and the center of the cell, (F/F)egee — (F/F,)
a parameter to represent the size of the Ca>* gradient at a particular time.
The decay of (F/F,)eqee — (FY/F,) after the depolarization was well
represented by the sum of two exponentials, 4, - e V™ + 4, - e V™, one
with a fast time constant (7,) (typically 4—10 ms) and the other with a slow
time constant (7,), which was strongly dependent on the type and amount
of fixed buffer. This relationship applied to the measured fluorescence
gradients and all of the simulations studied in which a significant amount
of immobile endogenous buffer was included. When no fixed buffer was
added to the model (Table 2, simulation a), only one exponential (7 = 7.9
ms) was necessary to fit the curve. We observed that this fast time constant
is strongly influenced by the diffusion coefficient of the mobile exogenous
buffers (see Table 2, simulations g-t). On the other hand, we found 7, to
be a useful parameter for quantifying the dissipation time of the Ca®*
gradients. The dissipation of the gradient after a few tens of milliseconds
is dominated by the slower exponential, because the magnitude of the faster
component has become very small. We found that 7, increases linearly
with the buffer capacity of immobile buffers over the range 100-1500 when
the dissociation rate constant, kg, is greater than 0.01 ms™' (unpublished
data; see the WWW Supplement). Because the dissipation time is calcu-
lated from relative fluorescence changes (F,/F,), which are approximately
linear for low indicator saturations, this relationship between dissipation
time (7,) and buffer capacity is relatively insensitive to the absolute Ca>*
concentration estimates. The dissipation time constant (7,) changes by less
than 15% with twofold errors in the absolute Ca®>" concentration estimate.

centers S

center
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TABLE 2 Properties of Ca?* gradients simulated using endogenous buffers with different parameters
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Fluorescence (F/F,)

Diffusion Properties of fluorescence after 40-ms
Properties of endogenous buffer coefficient* gradient dissipation depolarization
Concentration Ky on Kogr D T T, A, Edge Center
(mM) (M) M '-ms')  (msT!) K (um?-s™ Y (ms ) (ms™ ) (%) (shell 0)  (shell 60)
Exp.* — — — — — — 7.6 155.9 60 1.87 1.26
a 0 — — — 0 200 7.9 — — 3.64 2.60
b 4 100 100 10 40 200 13.5 — — 3.09 2.10
c 0.121 1 50 0.05 100 200 5.2 27.5 47 2.93 2.01
d 0.605 1 50 0.05 500 200 49 74.1 58 1.97 1.40
e 0.847 1 50 0.05 700 200 5.0 95.8 60 1.78 1.31
f 1.21 1 50 0.05 1000 200 5.1 128.7 62 1.60 1.23
g 1.815 1 50 0.05 1500 200 5.2 183.7 65 1.43 1.15
h 100.2 100 0.5 0.05 1000 200 4.1 152.6 66 1.52 1.20
i 10.2 10 5 0.05 1000 200 4.1 149.8 65 1.53 1.20
j 0.4 0.1 500 0.05 1000 200 7.2 91.9 43 1.95 1.34
k 0.6 0.1 500 0.05 1500 200 8.4 136.5 41 1.74 1.25
1 1.21 1 1 0.001 1000 200 7.4 — — 3.17 2.26
m 1.21 1 5 0.005 1000 200 6.0 271.0 9 2.36 1.69
n 1.21 1 10 0.01 1000 200 53 200.3 20 2.01 1.47
0 1.21 1 25 0.025 1000 200 4.7 147.8 44 1.72 1.29
p 1.21 1 100 0.1 1000 200 8.8 124.9 73 1.54 1.19
q 1.815 1 50 0.05 1500 500 2.7 137.2 60 1.34 1.19
r 0.968 1 50 0.05 800 100 7.3 146.5 61 1.85 1.23
s 0.605 1 50 0.05 500 50 9.0 144.9 59 2.38 1.29
t 0.121 1 50 0.05 100 10 18.7 154.1 51 4.38 1.51

*Values obtained from the experiments shown in Fig. 3, B and C, for comparison.
Diffusion coefficient used for mobile species (EGTA, Ca®>*, rhod-2 or OGB-5N).

It is also worth noting that when gradients were simulated with low fixed
buffer capacities (Table 2, simulation b), the gradient dissipated with a
single exponential.

Statistical analysis

Statistical analysis and curve fitting used the built-in functions of Origin
5.0 (Microcal Software, Northampton, MA). To fit the time constants of
the Ca®* gradient dissipation times, we used the nonlinear curve-fitting
option, which uses a Levenberg-Marquardt algorithm. To determine
whether the Ca®" gradients were maintained at longer times (>200 ms)
after the pulse, when the gradients have become very shallow, we used a
linear regression analysis of the F\/F, half-profiles (n represents the num-
ber of pixels in the half-profile). In the test, we indicate the goodness of fit
with the correlation coefficient » and the probability that the slope is
different from zero (pyepe)- This probability was obtained using a ¢ value
(parameter estimate/standard error) for testing whether the slope is differ-
ent from zero.

RESULTS

Measurement of Ca®* gradients evoked by
depolarizing stimuli

Temporal resolution is conventionally obtained by trigger-
ing an event and taking measurements as rapidly as possible
thereafter. For imaging experiments this approach is se-
verely limited by the speed of the imaging hardware, and
temporal resolution is attained at the expense of spatial
resolution. An alternative approach is to take a single “snap-

shot” image from a series of successive events, with each
measurement delayed differently with respect to the event
trigger. With this approach, images of a specimen are cap-
tured while the whole image field is briefly illuminated with
a pulsed laser (Kinosita et al., 1988; Monck et al., 1994).
Because the illumination period is limited (<1 wus), the
image is a “snapshot” of the event at the time of the laser
pulse and is not limited by the speed of the imaging device
(a cooled CCD camera). Because of the high-intensity laser
illumination, we were able to obtain images with high
spatial resolution and a good signal-to-noise ratio. As long
as the response can be reproduced consistently, as accom-
plished in excitable cells, very high time resolutions can be
obtained. In fact, for the experiments described in this
paper, the temporal limitation is the binding kinetics of the
Ca’*" indicator. Finally, because each image required a
different stimulus, small variations in the Ca?>" measure-
ments may occur because of the slight Ca** current run-
down and/or variation in the cellular Ca** handling.

Development of Ca®* gradients during
depolarizing stimuli

Fig. 1 4 shows the development of the Ca®>* gradient during
a 40-ms depolarization in a cell loaded with the Ca**
indicator rhod-2. The color images are pseudocolor F/F,
ratio images representing fluorescence changes captured at
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Time course of the development of Ca>" gradients measured using pulsed laser imaging of rhod-2 loaded cells. Ca®>* gradients were induced

by a 40-ms depolarization in patch-clamped adrenal chromaffin cells. (4) Sequence of pseudocolor F/F, ratio images representing fluorescence changes
captured at different times after the start of the depolarization (see Materials and Methods). Below each image is the profile of the F;/F, values for a section
along the line marked in the image. The Ca®* currents associated with each Ca>* measurement are shown below the corresponding images. The arrows

mark the time of the transient laser illumination for each measurement, which

is often associated with a current artifact. (B) Summary of data from five

measurements in different cells, showing the mean * SE at the edge of the cell (red circles), the center of the cell (green circles), and the spatially averaged

values from the entire cell (black circles).

defined times after the start of the depolarization (see Ma-
terials and Methods). Each image is taken with a different
delay with respect to the beginning of the depolarization.
Below each image is a profile for a section through the
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center of the cell. These data show that a submembrane
Ca?”" gradient can be recorded at early times (<10 ms). At
later times the size of the increase beneath the membrane
becomes larger, and an increase in F/F, at the center of the
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cell is also observed. Fig. 1 B shows data averaged from
several cells and compares the changes in F,/F, at the edge
of the cell with the changes in F,/F, at the center of the cell
and the spatially averaged values. The increase in F/F, at
the center of the cell becomes significant at 10 ms (p <
0.05, n = 5 cells) and continues to increase until the end of
the depolarizing stimulus.

Fig. 2 shows an analysis of the Ca?* gradient profiles.
The profiles of the Ca®* gradients captured 10, 20, 30, and
40 ms after the start of the depolarizing pulse are shown for
several cells (Fig. 2, A-D). Although there are small differ-
ences between the cells, the changes follow a similar pat-
tern, which is well represented by the averages (Fig. 2 E).

Dissipation of Ca®* gradients after
depolarizing stimuli

Fig. 3 4 shows the dissipation of the Ca®" gradient after a
40-ms pulse. The images shown are from the cell used to
show the development of the Ca®" gradient in Fig. 1 A.
These images and the profiles show that Ca®" gradients are
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maintained for several hundred milliseconds. Data averaged
from several cells (Fig. 3 B) confirm this slow pattern of
Ca’" gradient dissipation. Note that we use gradient dissi-
pation to describe the time period over which the Ca**
concentration in the cell becomes homogeneous. After the
gradient is completely dissipated the Ca®" concentration is
still elevated and decays more slowly to resting levels. Fig.
3 C shows the time course of gradient dissipation, calculated
as the difference between F\/F at the edge of the cell and at
the center, as described in Materials and Methods. The data
were normalized to the value at the end of the depolarization
in individual experiments. The gradient dissipation was
fitted with two exponentials, representing a fast decay that
occurs in tens of milliseconds (t; = 7.6 = 2.9 ms) and a
slower decay with a time constant, 7,, of 155.9 = 40.9 ms.
The 95% confidence limits for the fit of the slow dissipation
time constant gave a range of 114-218 ms.

Fig. 4 shows an analysis of the profiles of the Ca®"
gradients during dissipation. The half-profiles at the end of
a 40-ms depolarizing pulse (Fig. 4 4) and the half profiles
160 ms, 360 ms, and 460 ms later (Fig. 4, B—D) are shown
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FIGURE 2 Profile analysis of developing Ca®" gradients during depolarization. Spatial analysis of the Ca®" gradients in several cells from experiments
similar to the one shown in Fig. 1. (4) Comparison of F,/F, half-profiles from several cells representing Ca>" gradients captured 10 ms after the start of
the depolarizing pulse. (B—D) Similar comparisons representing Ca®* gradients captured after 20, 30, and 40 ms. It is clear that, although there are small
differences between the cells, the pattern of the change is similar and is well represented by the averages. (E) Half-profiles showing the average F,/F,
changes from several cells at 10, 20, 30, and 40 ms after the start of the depolarizing pulse.
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FIGURE 3 Ca®>" gradient dissipation after short depolarizing pulses. Time course of Ca®>" gradient dissipation after a 40-ms depolarization in
rhod-2-loaded chromaffin cells. (4) Sequence of F/F, ratio images showing the time course of Ca®" gradient dissipation. The indicated times refer to the
time from the beginning of the depolarizing pulse. Below each image is the profile showing the F/F, ratio values along the lines shown in the images. (B)
Summarized values from measurements on different cells (» = 8), showing the mean * SE at the edge of the cell (red circles), the center of the cell (green
circles), and the spatially averaged F,/F, values from the entire cell (black circles). (C) The time course of the dissipation of the Ca®" gradient, calculated
as the difference between F/F, at the edge of the cell and at the center, which has been normalized to the value at the end of the depolarizing pulse in each
cell. The decay of the gradient is well represented by the sum of two exponentials (red line) with time constants 7, = 7.6 = 2.9 ms and 7, = 155.9 =
40.9 ms and magnitudes 0.38 = 0.07 and 0.58 £ 0.06, respectively. The individual experimental values that were used to fit the curve are shown as small
green squares. The averaged values are shown as black circles with standard error bars.

for several individual cells. Fig. 4 £ summarizes the average
half-profiles at different times during the dissipation of the
Ca’" gradient. These data show that the Ca®" at the edge
starts to decrease after the end of the depolarization, but
further inside the cell the Ca>" concentration continues to
increase for at least 60 ms, as Ca>" and the Ca®"-indicator
complex diffuse toward the cell center. Between 160 and
460 ms after the end of the depolarizing pulse the gradients
became progressively smaller and shallower, but could still
be resolved. Analysis of the half-profiles obtained at 360 ms
shows that the gradients were significant in six of six cells
(Psiope = 0.99), whereas after 460 ms the gradients were

Biophysical Journal 79(4) 1800-1820

significant in five of seven cells (pgo,. > 0.99 (four cells),
DPsiope > 0.97 (one cell)). However, the average gradient
calculated from the seven cells was still significant after 460
ms (Pgope > 0.99). Finally, the gradients became insignifi-
cant at later times (e.g., after 660 ms, py,,. < 0.25).

Role of cellular Ca%* transport in determining
Ca?* gradient properties

Estimation of the total amount of Ca®" entering from the
Ca?" current integral shows that most of the Ca* is not
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FIGURE 4 Profile analysis of dissipating Ca?* gradients after depolarization. Spatial analysis of the Ca®>" gradients in several cells from experiments
similar to the one shown in Fig. 3. (4) Comparison of F/F, half-profiles from several cells representing Ca>" gradients captured at the end of a 40-ms
depolarizing pulse. (B—D) Half-profiles from several cells 160 ms, 360 ms, and 460 ms after the end of the pulse. (£) The averages at different times during
the dissipation of the Ca* gradient. It is clear that during the first 60 ms after the pulse there is a decrease at the edge of the cell and an increase at the
center of the cell as the Ca?* ions diffuse to the center of the cell, although there is still a prominent Ca®>* gradient. The fluorescence gradients at 160,
260, 360, and 460 ms after the end of the depolarizing stimulus become progressively smaller and shallower but are still significant.

available in the free ionized form. We calculate that during
a 40-ms depolarization 4 X 10~'7 moles of Ca®" enter the
cell, for an average Ca”* current of 207.8 = 14.7 pA. This
is equivalent to 46 wM, based on the average diameter of the
cells used in the experiments (12.2 *£ 0.3 wm). From the
spatially averaged fluorescence change (F/F, = 1.44 *
0.06), we estimate that the average Ca>* change at the end
of a 40-ms pulse is 59 = 9 nM. Therefore, only ~0.1% of
the Ca®* entering the cell is in the free ionized form in the
cytosol. Most of the Ca®" must be bound to cytosolic Ca**
buffers or removed from the cytosol by Ca?* transport
mechanisms.

We used a pharmacological approach to assess the pos-
sible contribution of active Ca®" uptake by intracellular
stores such as endoplasmic reticulum and mitochondria to
cellular buffering. Fig. 5, 4, B, and E, shows that thapsi-
gargin, an inhibitor of SERCA Ca”*-ATPases that prevents
Ca’* uptake into endoplasmic reticulum, had no effect on
the size of the Ca”* gradients or their dissipation (compare

with Figs. 3 and 4). In these experiments, 1 uM thapsigargin
was added to both the extracellular solution and the pipette
solution at least 10 min before data recording. The sizes of
the gradients during development were also unchanged in
the presence of thapsigargin (unpublished data). Note that
the density of the Ca®" current (current divided by cell
membrane capacitance) was not significantly different in
the thapsigargin experiments (61.7 = 8.3 pA/pF), compared
with the controls (57.14 = 6.42 pA/pF). Fig. 5 B shows that
there is still a shallow gradient 460 ms after the end of the
pulse. Linear regressions performed on the half-profiles
demonstrated significant slopes in five of six cells after 460
ms (Pgiope > 0.998). We also estimated that, in the presence
of thapsigargin, the Ca®" gradient dissipated with a time
constant (7,) of 169.5 * 30.6 ms (Fig. 5 E), similar to the
155.9 = 40.9 ms for controls (Fig. 5 E, dotted line). Finally,
thapsigargin did not significantly modify the decay of the
average Ca’" after the end of the depolarization (compare
Figs. 3 B and 5 A), suggesting that Ca®* uptake by the

Biophysical Journal 79(4) 1800-1820
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FIGURE 5 Effect of inhibiting intracellular Ca®" stores on Ca®>* gradient dissipation. (A) Time course of Ca’* gradient dissipation after 40-ms
depolarizing pulses in rthod-2-loaded chromaffin cells in the presence of 1 uM thapsigargin. (B) F\/F, half-profiles, averaged from six cells at different times
during dissipation of the Ca®>* gradient in the presence of thapsigargin. (C) Time course of Ca®>* gradient dissipation in the presence of 1 wM FCCP plus
0.2 uM oligomycin. (D) F/F, half-profiles, averaged from seven cells in the presence of FCCP and oligomycin. (£) Time courses of the dissipation of the
fluorescence gradient, calculated as the difference in F\/F, between the edge and center of the cell and normalized to the change at the end of the
depolarizing pulse. The data are for experiments in the presence of thapsigargin (ll) or FCCP + oligomycin (@®). The dotted line, which shows the
double-exponential fit to the control data (Fig. 3 C), illustrates the lack of effect of both pharmacological treatments on Ca®>* gradient dissipation (1, =
169.5 = 30.6 and 180.6 = 44.2 ms for thapsigargin and FCCP + oligomycin, respectively).

endoplasmic reticulum does not play a significant role in
lowering cytosolic Ca**, at least on the time scale of our
experiments.

To inhibit Ca?* uptake by mitochondria, we used a
combination of carbonylcyanide p-trifluoro-methoxyphe-
nylhydrazone (FCCP), a mitochondrial uncoupler, and oli-
gomycin, an inhibitor of the mitochondrial H"-ATPase. We
used oligomycin, in addition to FCCP, to prevent rapid ATP
hydrolysis by the H"-ATPase in uncoupled mitochondria,
as this could cause local depletion of ATP and reduce
uptake by other intracellular stores. FCCP (1 uM) and
oligomycin (0.2 uM) were added to the pipette solution and
the extracellular solution. Under these experimental condi-
tions the fluorescence changes were slightly smaller than
those of the controls. At the end of the depolarization the
F/F, signal at the edge of the cell and the spatially averaged
value were 1.62 = 0.06 and 1.30 = 0.03, respectively,
compared to 1.81 = 0.05 and 1.50 = 0.06 for the control
experiments. The smaller values are probably due to a
decrease in Ca?" current density, which was reduced from
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57.14 = 6.42 pA/pF (controls) to 41.26 = 8.73 pA/pF
(FCCP + oligomycin). As under control conditions, Ca**
gradients were maintained for hundreds of milliseconds.
The Ca®" gradients were still significant in all cells 360 ms
after the end of the pulse (5/5, Pgjope > 0.99) and in three of
four cells after 460 ms (P,pe > 0.99). A comparison of the
time course of Ca®" gradient dissipation in the presence and
absence of mitochondrial inhibitors clearly shows that in-
hibiting mitochondrial Ca®" uptake did not change the
dissipation of the Ca?* gradients (Fig. 5 E). The dissipation
time constant (7,) was 180.6 = 44.2 ms in the presence of
mitochondrial inhibitors. Note, however, that the average
Ca?" decays more slowly in the presence of FCCP than in
control conditions (compare Figs. 3 B and 5 C). The average
fluorescence value decreases from 1.30 = 0.03 at the end of
the depolarizing pulse (40 ms) to 1.20 = 0.05 (n = 7 cells)
after 500 ms in the presence of mitochondrial inhibitors,
compared with a decrease from 1.50 = 0.06 to 1.23 = (.03
(n = 9 cells) in controls (a decrease of 0.10 compared with
0.27) or a decrease from 1.53 £ 0.05 to 1.23 £ 0.04 (n =
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6 cells) with thapsigargin. This effect is consistent with the
presence of some Ca®" uptake by mitochondria under our
control conditions (see also Herrington et al., 1996). Alter-
natively, the reduced Ca®" clearance may result from the
smaller Ca®" elevation that occurs in the presence of mito-
chondrial inhibitors.

A number of studies have reported a role of the Na/Ca
exchange in cytosolic Ca®" clearance after stimulation
(Herrington et al., 1996; Pan and Kao, 1997; Tang et al.,
2000). Although the effects of the Na/Ca exchanger were
generally seen on time scales (5-20 s) longer than those in
our experiments, we nonetheless considered the contribu-
tion of the Na/Ca exchanger to the dissipation of the Ca**
gradients. To address this issue, we replaced Na* with
N-methyl-p-glutamine, in both the extracellular and pipette
solutions. We found that the Ca®" increase at the end of a
40-ms depolarization was not increased in the absence of
extracellular Na™. The F/F, value at the edge of the cell
was 1.65 = 0.07 (three cells), which is slightly smaller than
the control value. This reduction is probably due to the
reduced size of the Ca®" currents under zero Na™ condi-
tions (158 = 36 pA versus 208 = 15 pA in controls), an
effect of Na™ replacement that was previously described by
Pan and Kao (1997). Thus our data indicate that Na/Ca
exchange does not significantly change the Ca®" response
during a short depolarizing stimulus and is therefore con-
sistent with previous reports (Herrington et al., 1996; Pan
and Kao, 1997). More importantly, persistence of the Ca*"
gradients was not reduced under zero Na™ conditions. The
fluorescence gradient decayed with a time constant (7,) of
183 £ 28 ms (three cells). Therefore, we conclude that the
Na/Ca exchanger does not participate in Ca®" gradient
dissipation. This result does not preclude a role for the
Na/Ca exchanger in cytosolic Ca?* clearance after Ca®"
gradient dissipation, as observed by others (Herrington et
al., 1996; Pan and Kao, 1997; Tang et al., 2000).

The results in this section indicate that none of the major
cellular Ca*" transport mechanisms that are involved in
cytosolic Ca®" clearance after stimulation affect the dissi-
pation of the Ca®" gradient within the 500-ms period after
a depolarization. Because mitochondrial and endoplasmic
reticular Ca®" stores do not appear to behave like an active
Ca?”" buffering system that might slow Ca®" gradient dis-
sipation, we conclude that the Ca®" redistributions during
Ca’" gradient dissipation are primarily due to diffusion and
binding to passive Ca’* buffers.

Effects of immobile endogenous buffers

We used a radial diffusion model to simulate the Ca**
gradients that would be generated in the presence of various
endogenous Ca®" buffers. Our calculation of the fraction of
Ca’* that remains free after entering the cell (previous
section) suggested that the cytosolic buffers must bind on
the order of 99.9% of the Ca’* ion entering the cell.
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Calculation of the buffer capacity, the ratio of the concen-
tration of Ca®" bound to buffers over the free Ca*" con-
centration (Neher and Augustine, 1992), requires an esti-
mate of the accessible cytosolic volume, i.e., the volume of
the cytoplasm minus the volume occupied by chromaffin
granules, endoplasmic reticulum, and other organelles. We
do not know the accessible volume in adrenal chromaffin
cells, but for values ranging from 40% to 80% the total
buffer capacities may be estimated as 975-1950. Because
the buffer capacity of the mobile Ca®" buffers in the pipette
solution (EGTA and rhod-2) is 816 (calculated at 100 nM
resting Ca®™"), the endogenous buffer capacity would be in
the range of 160-1130. Clearly, the buffer capacity esti-
mated in this way is very dependent on the accessible
volume assumed and is very unsatisfactory. Thus we first
considered the effect of varying the buffer capacity on the
pattern of Ca>* gradient development and dissipation. As
the Ca®" gradient dissipation is relatively slow, we made
the initial assumption that endogenous buffers are likely to
be immobile or poorly mobile. In contrast, a mobile buffer
would cause faster gradient dissipation by binding Ca*" and
diffusing to the cell center as the Ca®*-bound complex.

Fig. 6 shows some examples of simulations generated
using the radial diffusion model, where various concentra-
tions of immobile Ca®>* buffers were included to try to
reproduce the sizes of the fluorescence changes and the
dissipation times of the measured Ca®" gradients. We used
a buffer with a ks of 0.05 ms™' and a k, of 50
mM ™~ "“ms ™!, which gave a K, of 1 uM. We chose this k_
value because it gave the best approximations of the relative
sizes of the slow and fast exponential components for gra-
dient dissipation, regardless of the K, and buffer capacity
used (see later for more details). The simulations obtained
using buffer capacities of 100, 500, 1000, and 1500 are
shown in Fig. 6, A-D. The dissipation time constants (7,)
for these simulations were 28, 74, 129, and 184ms, respec-
tively (Table 2). The simulation with the buffer capacity of
1000 gave the closest match to the measured dissipation
time constant of 1559 *= 40.9 ms but was still faster,
suggesting that a slightly higher buffer capacity would be
better. However, the size of the measured fluorescence
changes was better matched when a slightly lower buffer
capacity (e.g., 700) was used (Table 2, simulation ¢). Lower
buffer capacities resulted in much faster dissipation times
and larger Ca®>* changes (Fig. 6 4) than those measured (Figs.
3 and 4).

We next examined how the affinity of the endogenous
Ca’* buffer affected the simulations. Results from such
simulations for K, values of 0.1, 1 and 10 wM, each with a
buffer capacity of 1000, are shown in Fig. 6. In this series
of simulations, the K; was adjusted by changing the £, and
keeping kg constant at 0.05 ms™'. A buffer with a K of
100 uM resulted in a simulation that was virtually super-
imposable on that for the buffer with the K; of 10 uM
(unpublished data; see simulation h in Table 2 and the

Biophysical Journal 79(4) 1800-1820
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FIGURE 6 Simulation of Ca®" gradients with immobile endogenous buffers with different buffer capacities and dissociation constants. Simulated
changes in the rhod-2 fluorescence ratio in response to Ca>" entry during a 40-ms depolarizing pulse. (4-D) Simulations performed in the presence of
different amounts of an immobile endogenous Ca*>* buffer. The left panels show the time courses for the fluorescence changes that would be measured
in shells 0, 10, 20, 30, 40, 50, and 60 corresponding to the immediate submembrane shell and the shells 1, 2, 3, 4, 5, and 6 wm from the cell membrane.
The right panel shows the half-profiles of the fluorescence for a section through the center of the cell at the end of the depolarizing pulse (40 ms) and at
50-ms intervals thereafter. The properties of the endogenous buffer were K; = 1 uM, k,, = 50 mM ™ "ms™' and k. = 0.05 ms™', at the following
concentrations: 0.12 mM (k = 100) (4), 0.61 mM (k = 500) (B), 1.21 mM (k = 1000) (C), 1.83 mM (k = 1500) (D). (E and F) Simulated fluorescence
ratio changes in the presence of an endogenous Ca>" buffer with a buffer capacity of 1000 and with K, values of 10 uM (E) and 0.1 uM (F), respectively

(korr = 0.05 ms™', and &,

on

WWW Supplement). Dissipation times within the 95% con-
fidence limits of the measured dissipation times (114-218
ms) were obtained for K values of 100 uM (not shown), 10
uM (Fig. 6 E), and 1 uM (Fig. 6 C). The gradients dissi-
pated at a slightly slower rate for a 10 uM K, buffer (7, =
150 ms) than for a 1 uM K buffer (7, = 129 ms) (Fig. 6
and Table 2), suggesting that a slightly lower buffer capac-
ity is needed with lower affinity buffers. On the other hand,
a higher affinity buffer needs to be present at higher buffer
capacities. For example, a buffer with a K; of 0.1 uM and
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was modified to change the K, appropriately).

a buffer capacity of 1000 (Fig. 6 F) gave a faster dissipation
time (7, = 92 ms), but a reasonable dissipation time can be
obtained by increasing the buffer capacity to 1500 (Table 2,
simulation k).

Finally, we examined the effects of changing the kinetics
of the Ca”* buffer. Fig. 7 shows four simulations with the
same buffer capacity (k = 1000) and K4 (I uM), but
different rate constants. With kg ranging from 0.01 ms ™' to
0.1ms !, slower rate constants tended to increase the dissi-
pation time, 7, (Table 2). Thus the gradients dissipate more
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FIGURE 7 Simulation of Ca**gradients in the presence of high-capacity immobile endogenous Ca®" buffers with different kinetic rate constants. (4-D)
Simulations of the rhod-2 fluorescence ratio in response to Ca>" entry during a 40-ms depolarizing pulse in the presence of a high-capacity immobile
endogenous Ca?”" buffer with different kinetic rate constants. As in Fig. 6, the left panel shows the time course and the right panel the profiles through the
cell center. In each simulation, the buffer concentration was 1.21mM, and the K; was 1 uM (k = 1000). The kinetic constants were as follows: (4) k¢ =

0.001 ms ™! and £,

on

ms~ ' and k,, = 100 mM ™~ 'ms~ .

slowly when the dissociation rate constant is smaller and
Ca?" is released from the buffer more slowly. Close exam-
ination of Fig. 7 also shows that with slow endogenous
buffer, the edge gradient dissipates rapidly, leaving a shal-
low gradient that dissipates slowly. This trend can also be
seen in the analysis of the edge-center gradient dissipation
(Table 2), which shows that the relative size of the slow
exponential, 4,, tends to decrease as the kg is reduced. In
the extreme case, such as when the rate constants are kg =
0.001 ms™ ' and k,, = 1 mM ™ "ms™"' (Fig. 7 4), 4, tends to
zero, leaving only the fast component of dissipation. As a
result, the gradients dissipate very rapidly (7 = 7.4 ms;
Table 2, simulation 1). Fig. 7 4 also shows that the predicted
fluorescence changes with such a buffer are three times
larger than those measured, suggesting that Ca?* binding to
an endogenous buffer with these properties would be too
slow to have a significant influence on Ca®>" handling.
When the dissociation rate constant of the immobile
endogenous buffer is 0.01 ms™' or faster, buffers with a
high capacity (k > 500) always result in Ca>* gradients that
persist for hundreds of milliseconds. Fig. 7 B shows a
simulation using a buffer with a k,, of 10 mM ™~ "ms ™' and
a ko of 0.01 ms™! that gave a dissipation time constant (7,)
of 200 ms, whereas a faster buffer with a k,, of 100

=1mM 'ms™"; (B) ko = 0.01 ms™" and k., = 10 mM ™~ "'ms™'; (C) ko = 0.025 ms™" and £,

=25mM "ms™'; (D) ko = 0.1

on

mM ™ "“ms™' and a k. of 0.1 ms™' (Fig. 7 D) gave a 7, of
125 ms (Table 2). However, increasing k¢ further did not
significantly shorten the dissipation times, as 7, tends to
plateau at a value that depends on the buffer capacity (e.g.,
at ~120 ms for k = 1000). The explanation for this is that,
with these fast buffers, the association rate constant is also
larger (to keep the same Kj), with the result that Ca** is
recaptured very rapidly, preventing Ca?" from diffusing
very far or binding to mobile Ca?* buffers. Simulations
show that, in the presence of such fast buffers, the size of
the fluorescence changes becomes small and the Ca®" keeps
increasing at the center of the cell for hundreds of millisec-
onds after the end of the pulse. These characteristics are
clearly not consistent with the experimentally measured
Ca®" gradients.

The kg values that best approximate our experimental
results appear to be between 0.01 and 0.1 ms™~' (Fig. 7, B
and D). With k g values at either end of this range, shallow
gradients were found to persist over hundreds of millisec-
onds, but neither perfectly match the measured gradients.
With k. = 0.01 ms™', the sharp Ca®" gradient near the
edge of the cell dropped too quickly (Fig. 7 B), whereas it
persisted too long when k. = 0.1 ms™' (Fig. 7 D). More-
over, in the latter case, the signal at the end of the Ca®"
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entry is markedly smaller than the signal in the experiments.
A buffer with intermediate kinetic constants, such as k g =
0.025 ms™ ' and k,, = 25 mM ™~ "“ms ™" or kg = 0.05 ms™!
and k,, = 50 mM "ms~' (Figs. 7 C and 6 C, Table 2),
gives a better balance of the pattern of Ca®" gradient
dissipation.

A similar analysis of simulated Ca>* gradients using K
values for immobile endogenous buffers ranging from 0.1 to
100 uM also showed that buffers with kg values in the
range of 0.01-0.1 ms™' best approximate the measured
Ca®" gradients (unpublished data; see the WWW Supple-
ment). Within this range, slower dissociation rate constants
result in slower dissipation times. For all K values, the best
simulations were obtained with buffer values in the middle
of this range, for example, k g = 0.025 ms™ ' or k g = 0.05
ms~ .

We also considered how the values of other parameters
used in the simulations could influence our conclusions
about endogenous buffer and the observed Ca®* gradients.
We ran a large number of simulations where we changed the
affinities, rate constants, and diffusion coefficients of the
exogenous buffers (Ca?* indicator and EGTA), to explore
how errors in the published values might affect our conclu-
sions. We were unable to adequately simulate the sizes of
the fluorescence changes, the pattern of gradient develop-
ment, and the slow gradient dissipation without including a
high-capacity immobile buffer. By changing some of the
parameters we could match the dissipation time alone, but
not the other observed properties. For example, we consid-
ered that a slower diffusion coefficient for Ca>* ions and
the exogenous mobile Ca®>" buffers could result in slow
dissipation of the Ca®" gradient with lower endogenous
buffer capacities. As expected, simulations with slower dif-
fusion coefficients resulted in slow dissipation times at
lower buffer capacities (unpublished data; see the WWW
Supplement). For instance, a buffer with D = 10 pum?s '
(instead of 200 wm?s ') at a buffer capacity of 100 gave a
dissipation time of 154 ms (Table 2, simulation t). However,
the fluorescence changes were four times larger than those
measured (see Table 2), and the fluorescence in the center of
the cell continued to increase for hundreds of milliseconds
after the depolarizing pulse (unpublished data; see the
WWW Supplement), which was not observed with the
measured gradients. Reducing the diffusion coefficient by a
factor of 2 to D = 100 um?>s ™' slowed gradient dissipation
slightly, so the buffer capacity needed to explain the mea-
sured gradients is reduced to ~800 (Table 2, simulation r).
This simulation gave the best overall fit of the two time
constants and relative magnitudes of the two components of
fluorescence gradient dissipation, and of the size of the
fluorescence changes. Based on our simulations, we pro-
pose that the sizes of the measured fluorescence changes
and the persistence of Ca®" gradients for hundreds of mil-
liseconds are best explained by the presence of an immobile
high-capacity endogenous Ca”* buffer.
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Measurement of Ca®* gradients with a
low-affinity Ca®* indicator dye

Rhod-2 is a medium-affinity dye, which binds significant
amounts of Ca”", reducing the size of the Ca>* changes. In
addition, because of its relatively slow kinetics (kyg = 0.13
ms ™), this indicator may not accurately measure fast Ca**
changes near the plasma membrane. In contrast, a lower
affinity (and faster) indicator dye, such as Oregon Green
BAPTA-5N (OGB-5N), may have a less perturbing effect
and more accurately detect rapid Ca®>" changes (Escobar et
al., 1994; DiGregorio and Vergara, 1997).

Fig. 8 shows the development of Ca’?* gradients mea-
sured with OGB-5N. The profiles of F/F, and the Ca®"
concentration change estimated from the fluorescence mea-
surements are shown in Fig. 8, 4 and B, respectively. For
comparison, the corresponding measurements with rhod-2
are shown in Fig. 8, E and F. The measured Ca®" gradient
appears sharper, as the increase at the edge of the cell is
larger with OGB-5N and the spread of Ca®" toward the
center of the cell is slower (compare Fig. 8 B with Fig. 8 F).
The space constants measured from half-profiles at 40 ms
were 1.92 = 0.21 wm for OGB-5N and 2.69 = 0.24 um for
rhod-2 (p < 0.05), respectively.

Fig. 8, C and D, shows model simulations using OGB-5N
as the indicator with and without compensation for out-of-
focus light due to the blurring effect of the microscope
optics (see Materials and Methods). Comparison of the two
simulations clearly shows how out-of-focus light affects the
shape of the Ca®" gradient, so that it appears less sharp and
better represents the experimental data. In addition, without
the blurring there is no increase in the center of the cell with
OGB-5N (Fig. 8 D), indicating that the increase in fluores-
cence at the cell center is due to out-of-focus light. In
contrast, with rhod-2 the increase in fluorescence at the
center of the cell also includes a component due to a Ca**
increase (Fig. 8, G and H). The Ca’" gradients measured
with rhod-2 and OGB-5N are different because the time that
Ca’* takes to diffuse to the center of the cell is dependent
on both fixed and mobile buffers (Nowycky and Pinter,
1993). Ca®* binding to immobile endogenous buffer slows
the movement of Ca>*, whereas binding to mobile buffer,
which competes with the immobile buffer, facilitates the net
movement of Ca®" toward the cell center. This increased
movement of Ca?* toward the center is dependent on the
concentration and affinity of the mobile buffer. The higher
Ca®" affinity and relatively slow kg of rhod-2 ensure that
more Ca®* remains bound and more Ca** is carried to the
cell center than with the low-affinity indicator.

When measuring the dissipation of the Ca’* gradients
with OGB-5N, we found that a gradient was detectable 60
and 160 ms after the end of the stimulus (unpublished data).
However, it was difficult to determine whether shallow
gradients were present at later times because of the low
signal-to-noise ratio with OGB-5N. This is due, in part, to
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FIGURE 8 Comparison of Ca?*gradients measured with rhod-2 and OGB-5N. (4) Half-profiles of F/F, values, showing the development of Ca**
gradients measured with OGB-5N. (B) Half-profiles of the Ca®>" concentration estimated from the F/F, measurements shown in 4. (E and F) The
corresponding F/F, and [Ca*>*] measurements with rhod-2 are shown for comparison. The gradients shown were captured 10 (H), 20 (@), 30 (A), and 40
(V) ms after the Ca>* channel was induced to open. (C and G) Simulations with OGB-5N and rhod-2, respectively, using the full radial diffusion model

with optical blurring to estimate the observed fluorescence changes. Buffer parameters were the same as in Fig. 6 C: K; = 1 uM, k,, = 50 mM ™ "ms ",

1

koge = 0.05 ms ™', The endogenous buffer concentration used for rhod-2 simulations was 1.21 mM (k = 1000), whereas for OGB-5N the concentration was
reduced to 0.605 mM (k = 500) to better approximate the size of the experimental fluorescence changes. (D and H) Simulations with OGB-5N and rhod-2,

respectively, using the radial diffusion model without the optical blurring.

the very small amounts of Ca®*" bound to the indicator as a
result of its low affinity. In addition, the fluorescence ratio
(S,/S;) of the Ca**-saturated indicator and free indicator is
smaller for OGB-5N (25 versus 77 for OGB-5N and rhod-2,
respectively). Our simulations predict that the Ca** gradi-
ent is maintained longer in the presence of OGB-5N than
with rhod-2, although the gradient of the F,/F, signal be-
comes very shallow after the stimulus. These findings are
important to consider when choosing Ca** indicators. Ide-
ally, OGB-5N is less perturbing and would be the indicator
of choice, but for small Ca®*" changes it would not be
sensitive enough and rhod-2 would therefore be a more
practical choice. However, for fast, localized changes
OGB-5N has clear advantages as an indicator (e.g., see
DiGregorio and Vergara, 1997; DiGregorio et al., 1999).

DISCUSSION

In this study we measured Ca>* gradients in adrenal chro-
maffin cells at high temporal and spatial resolution under
different experimental conditions, using a pulsed laser im-
aging system (Monck et al., 1994). This represents the first
detailed characterization of the development and dissipation
of Ca®" gradients induced by Ca®" entry. By comparing the

measured Ca®* gradients with those predicted by simulation
with a radial diffusion model, we were able to characterize
the properties of a high-capacity immobile endogenous
buffer in the cytosol of adrenal chromaffin cells.

Development and dissipation of Ca®* gradients

Stimulation of Ca?* channel opening in adrenal chromaffin
cells by short depolarizing stimuli (40 ms) led to the devel-
opment of Ca’* gradients (Figs. 1 and 2). At early times
(<10 ms) the Ca®" increase was restricted to the submem-
brane region, and after 20—30 ms Ca®" also increased at the
center of the cell. Estimates of the amount of Ca®" entering
the cell (calculated from the Ca®" current) and of the free
Ca®* concentration (fluorescence of indicator) indicate that
only a small fraction of the Ca®" entering the cell remains
free in the cytosol (<0.1%). These data, together with our
simulations (Figs. 6 and 7, Table 2), suggest that there must
be an endogenous Ca®* buffer with a high capacity, on the
order of 1000, in addition to the exogenous Ca®" buffers
added with the pipette solution.

After the depolarizing stimulus the Ca®" gradient dissi-
pates over several hundred milliseconds to leave a uni-
formly elevated Ca®" concentration (Fig. 3), which decays
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to rest over several seconds. Measurements of the Ca’"
gradients show that immediately after the end of the pulse
the Ca®" concentration starts to decrease at the cell periph-
ery, whereas it continues to increase at the center of the cell
as Ca’" redistributes because of diffusion (Figs. 3 and 4).
The Ca?" gradients persist for more than 400 ms after the
end of the depolarizing pulse (Figs. 3-5). Similar persis-
tence of Ca?* gradients for hundreds of milliseconds after a
depolarizing stimulus has been observed in previous studies
(Monck et al., 1994; Naraghi et al., 1998).

Possible contribution of intracellular Ca?*
transport to cytosolic Ca?* buffering

We tested the hypothesis that Ca>* uptake by intracellular
stores, such as endoplasmic reticulum or mitochondria,
could contribute significantly to the buffer capacity of the
cytoplasm. We found that thapsigargin, an inhibitor of the
endoplasmic reticulum Ca®"-ATPase, did not affect the size
of the Ca®" changes during or after the pulse, and the time
needed for complete dissipation of the Ca®" gradient was
not significantly changed (Fig. 5). Similarly, mitochondrial
inhibitors (FCCP plus oligomycin) did not significantly
affect the time course of Ca®>" gradient dissipation after the
pulse (Fig. 5). These results show that, under our conditions,
Ca’" transport by the major intracellular Ca*>* stores does
not play a major role in cytosolic Ca** redistribution during
Ca" gradient development and dissipation. However, this
does not rule out Ca>* uptake by other intracellular organelles
such as chromaffin granules by an unknown mechanism.

After Ca®" gradient dissipation, the cytosolic Ca*" con-
centration remains uniformly elevated and returns slowly to
resting levels. Uncoupling the mitochondria slowed down
the return of average Ca®" to resting levels (Fig. 5 B). This
is consistent with the results of Herrington et al. (1996),
who found that Ca®" clearance after Ca®" entry in rat
adrenal chromaffin cells was slowed by the treatment with
mitochondrial uncoupler. However, the slower clearance in
our experiments could simply be due to the smaller Ca®*
increase that occurred in the presence of mitochondrial
inhibitors. In contrast, inhibition of the endoplasmic retic-
ulum Ca?*-ATPase (Fig. 5) or inhibition of Na/Ca ex-
change had no significant effect on Ca*>* clearance over 500
ms. Nevertheless, because our experiments were carried out
over a relatively short period of time (500 ms), our results
do not preclude a role of Na/Ca exchange or uptake into
reticular Ca®* stores in the slow recovery of the Ca’*
concentration to resting levels. In fact, several studies have
shown that reticular Ca®* stores and Na/Ca exchange do
play a role in Ca?* clearance in adrenal chromaffin cells
(Herrington et al., 1996; Pan and Kao, 1997; Xu et al., 1997;
Tang et al., 2000).
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Properties of endogenous Ca?* buffers

To account for the properties of the measured Ca®" gradi-
ents, we have suggested the presence of a high-capacity
endogenous Ca®* buffer. To explore this possibility, we
used the radial diffusion model described in Materials and
Methods to investigate how endogenous Ca** buffers affect
the development and dissipation of Ca®" gradients. We
chose a number of properties of the measured Ca?" gradi-
ents as a means of assessing model parameters. The main
quantitative properties that we considered were the size of
the fluorescence change, F/F,, at the edge of the cell and
the rate of Ca”" gradient dissipation after the end of the
depolarizing pulse. We also considered the shape of the
Ca’* gradients, notably the relatively sharp edge gradients
that can be seen up to 100 ms (60 ms after the pulse) and the
shallow gradient to the cell center that is seen thereafter.
Based on a large number of simulations, we drew a number
of conclusions about the properties of the endogenous Ca**
buffer, which will be discussed below.

The endogenous Ca?" buffer should be fixed or poorly
mobile for two reasons. First, our Ca>* measurements are
made in patch-clamped cells 10 min after the whole-cell
mode is established, to allow equilibration of the Ca**
indicator between the pipette and the cytosol. Any highly
mobile buffer will diffuse out of the cell under these con-
ditions (Zhou and Neher, 1993). Second, a mobile endoge-
nous buffer will not generate persistent Ca’* gradients,
because Ca®" binding to mobile buffers should lead to rapid
Ca’* redistribution after the depolarizing pulse. Indeed, our
simulations indicate that Ca?* gradients dissipate rapidly
when the diffusion coefficient of the endogenous buffer is
greater than 10 um?s~ ' (unpublished data; see the WWW
Supplement). Thus, as previously suggested, rapid gradient
dissipation is very likely due to mobile Ca** buffers carry-
ing Ca®" toward the cell center (Nowycky and Pinter,
1993). As a corollary, the endogenous buffer must be rela-
tively immobile to prolong the Ca®" gradients.

The endogenous Ca** buffer should have a high capacity
to capture a significant fraction of the Ca>* entering the cell
and to compete efficiently with the mobile exogenous buff-
ers. As shown in Fig. 6 and Table 2, buffers with K values
between 1 and 100 uM must have a buffer capacity of
~1000 to obtain reasonable approximations of the F/F,
values and of the time for Ca?* gradient dissipation. The
dissipation times for buffers with K; values of 1, 10, and
100 uM (ke = 0.05 ms™') are 129, 150, and 152 ms,
respectively, within the 95% confidence range of the mea-
sured dissipation time (114-218 ms). For a buffer with a 1
uM K, and k. = 0.05 ms™ ', the buffer capacities giving
dissipation times that match the upper and lower confidence
limits are in the range of 870-1800. For higher affinity
buffers the buffer capacity must be higher (e.g., 1250-2400
for K; = 0.1 uM), and for lower affinity buffers the re-
quired capacity is slightly lower (e.g., 720-1540 for K4 = 10
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uM). In all cases (affinities and kinetics), the buffer capac-
ity must be at least 700 to match the lower range of the
measured dissipation time.

These estimates of the endogenous fixed buffer capacity
are significantly larger than previous estimates (31-90) for
adrenal chromaffin cells (Neher and Augustine, 1992; Zhou
and Neher, 1993). Using such a low-capacity endogenous
buffer (4 mM of a low-affinity buffer (K; = 100 uM) with
the kinetic rate constants from Xu et al. (1997)), we found
that simulated Ca** gradients have considerably larger
Ca’" increases (more than threefold) and that the gradients
dissipate an order of magnitude faster (7 = 14 ms; Table 2,
simulation b) than the measured Ca’* gradients. These
simulated gradients are similar to those shown in Fig. 6 4
for a buffer capacity of 100, which resulted in a fluores-
cence gradient that dissipated with a time constant of 28 ms.
The simulations in Fig. 6 clearly demonstrate that a buffer
with a higher endogenous buffer capacity is necessary to
account for the properties of the measured Ca®>* gradients.

Previous studies have developed a steady-state buffer
theory to devise methods to estimate endogenous Ca’*
buffer capacity (Neher and Augustine, 1992; Zhou and
Neher, 1993). These methods rely on the competition be-
tween the indicator (exogenous buffer) and endogenous
buffer at different indictor concentrations. A number of
assumptions regarding spatial equilibrium of Ca*>* and mo-
bile Ca®" buffers and kinetic equilibrium of Ca** with all
Ca””" buffers were necessary to derive the equations used to
calculate Ca®" buffer capacity. The methods also assume
that the increments in Ca®" concentration are small and that
cellular Ca®* clearance mechanisms act linearly with Ca**
concentration. However, if the system is not at kinetic and
spatial equilibrium, as will be the case while Ca®* gradients
are present, these methods will underestimate the buffer
capacity for the following reason. When Ca®* enters the cell
it binds either endogenous immobile buffer or mobile Ca**
indicator. Most of the Ca** bound to the endogenous im-
mobile buffer is near the cell membrane, whereas the Ca>*
bound to mobile indicator is measured from the whole cell.
As a result, if the system is not at spatial equilibrium, the
endogenous buffer in the center of the cell does not con-
tribute to the apparent buffering. To explore this effect, we
simulated Ca>* gradients and found that significant gradi-
ents of Ca®*-bound endogenous buffer complex persist long
after a short (40 ms) depolarization, especially at low ex-
ogenous buffer capacities (e.g., <50 uM fura-2), when the
gradients of Ca®*-endogenous buffer complex persist for
several seconds. Therefore, the assumption of kinetic equi-
librium in a single compartment may not be valid until
several seconds after the end of the stimulus. This will lead
to underestimation of buffer capacities calculated by extrap-
olation of Ca®" clearance time constants to zero exogenous
buffer (Neher and Augustine, 1992). It will also underesti-
mate buffer capacities calculated from the relative amounts
of Ca®* captured by indicator at different indicator concen-
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trations (Neher and Augustine, 1992; Zhou and Neher,
1993), because the fluorescence change measured immedi-
ately after the depolarizing pulse will overestimate the rel-
ative amount of Ca®" captured by the indicator when the
system is not at spatial equilibrium.

Our work takes a very different approach that does not
require us to make any assumptions about spatial and ki-
netic equilibrium. Instead, we measure the kinetics and
spatial inhomogeneity of the Ca*>* increase after Ca®>* entry
through Ca?* channels, and compare these Ca>* gradients
with gradients simulated with a mathematical diffusion
model. The assumptions required for this approach are
implicit in the geometry of the model and the values of the
parameters used. The model assumes an even distribution of
endogenous buffer in the cytoplasm, which appears reason-
able, given the lack of inflections in the shallow gradients
measured during dissipation (200—500 ms; see Fig. 4). The
values used for the kinetic properties of the exogenous
buffers have been reported in the literature (see references
in Table 1) and have been used in many previous modeling
studies (see Sala and Hernandez-Cruz, 1990; Nowycky and
Pinter, 1993; Klingauf and Neher, 1997). As described in
the Results, we have carried out a large number of simula-
tions to explore the sensitivity of our endogenous buffer
capacity estimates to the values of these parameters and
found no other way of satisfactorily reproducing the prop-
erties of the measured Ca®" gradients.

We tried to estimate the affinity and kinetic constants of
the endogenous Ca’>" buffer by comparing the dissipation
times and the size and shape of measured and simulated
Ca’* gradients. Thus we were able to determine that the
dissociation rate constant needs to be in the range of 0.01—
0.1 ms™ ' (see Results), but we could not definitely assess
the affinity of the endogenous buffer. At appropriately high
buffer capacities, K4 values in the range 0.1-100 uM gave
satisfactory approximation of the data. However, whereas a
buffer with a K; of 1 uM would have to be present at 1.21
mM binding sites to give a buffer capacity of 1000, lower
affinity buffers with K values of 10 uM and 100 uM would
have to be present at 10.2 mM and 100.2 mM, respectively
(Table 2). These are very high concentrations for a protein,
so it seems improbable that a Ca”*-binding protein with a
K, greater than 10 uM could be present at a sufficient
concentration to account for the required buffer capacity.
On the other hand, a high-affinity buffer with a K, of 0.1
M would have to be present at a buffer capacity of 1500 to
give an appropriate dissipation time (Table 2), requiring
0.61 mM binding sites.

The above analysis used a radial diffusion model that
incorporates three-dimensional optical sectioning to simu-
late the effects of out-of-focus light, to allow direct com-
parison with the experimental data (see Materials and Meth-
ods). Initially, we carried out the analysis using the basic
radial diffusion model (Nowycky and Pinter, 1993) without
accounting for the optical properties of the microscope and
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came to very similar conclusions (unpublished data; see the
WWW Supplement). The conclusions regarding the K; and
kg of the endogenous buffer were identical, but the esti-
mates for the buffer capacity were ~20-30% lower.

It should be noted that a simple radial diffusion model
ignores several factors that are likely to be true of real cells.
Adrenal chromaffin cells are not perfect spheres with a
completely homogeneous distribution of Ca®" buffers. Fur-
thermore, there is likely to be a mixture of different Ca®*-
binding proteins in the cytosol, with some heterogeneous
distribution and possibly some cooperative properties.
These proteins may be relatively immobile on the time
frame of our experiments, but there might be changes in
distribution of Ca®" buffers or changes in their Ca?* bind-
ing properties under certain circumstances, which might
occur during stimulation of cells with repetitive stimuli.
Therefore, it should be emphasized that we are drawing
general conclusions about the characteristics of the cyto-
plasmic Ca®" buffers that we think are necessary to explain
the properties of the measured Ca”* gradients; we are not
trying to give a precise estimate of the concentration, K, or
rate constants of any specific endogenous Ca®" buffer.

Physiological considerations involving
Ca®*-binding proteins

The family of Ca’?*-binding proteins containing an E-F
hand motif is now known to comprise more than 200
members (Heizmann, 1992). Several of these proteins, in-
cluding calmodulin, calbindin-D28K (or neuronal Ca sensor
1), and calretinin, have been identified in adrenal chromaf-
fin cells (Afework and Burnstock, 1995; Buffa et al., 1989;
Hikita et al., 1984; McFerran et al., 1998). A significant
proportion was found to be associated with intracellular
membrane fractions (Hikita et al., 1984; Winsky and
Kuznicki, 1995; McFerran et al., 1998) and would be ex-
pected to be relatively immobile. These proteins typically
have a K for Ca®* of 0.5-1 uM in physiological solutions
(Linse et al., 1991; Chard et al., 1993; Martin et al., 1990;
Bredderman and Wasserman, 1974; McFerran et al., 1998;
Schwaller et al., 1997; Stevens and Rogers, 1997). Another
type of Ca?"-binding protein is the annexin family, several
members of which (types I, II, IV, V, VI, and VII) have
been found in adrenal chromaffin cells (Drust and Creutz,
1991; Burgoyne and Geisow, 1989). A large fraction of
these proteins were associated with membranes. Annexins
typically bind Ca®* with K, values of 1-10 uM in the
presence of phospholipids (Jost et al., 1992; Thiel et al.,
1991; Drust and Creutz, 1991; Burgoyne and Geisow, 1989)

Most of the Ca®*-binding proteins reported in adrenal
chromaffin cells have a K on the order of 1 uM. Although
regulatory proteins such as calmodulin are present at con-
centrations of a few uM (Stevens and Rogers, 1997; Hikita
et al., 1984), some of the annexins and calbindin-D28K may
be present at higher concentrations. Calbindin-D28K, for
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instance, is present in the basilar papilla of chicken cochlea
at concentrations in excess of 1 mM (Oberholtzer et al.,
1988) and in cerebellar Purkinje neurons at more than 0.1
mM (Baimbridge et al., 1982). Buffer capacities as high as
900-2000 have been measured in Purkinje neurons (Fierro
and Llano, 1996). For calbindin-D28K to contribute a buffer
capacity of 1000, it would have to be present in adrenal
chromaffin cells at 180-120 uM, assuming four to six
functional Ca”* binding sites per molecule (Bredderman
and Wasserman, 1974; Leathers et al., 1990), a K in phys-
iological [K™] of 0.5 uM (Bredderman and Wasserman,
1974; Leathers et al., 1990), and the same kinetic properties
as calbindin-9k, which has an association rate constant of 20
mM ™~ "ms™ ' and a dissociation rate constant on the order of
0.01 ms™ ' (Martin et al., 1990).

Physiological consequences

The pattern of Ca®" gradient is strongly influenced by the
properties of the Ca®" buffers. We have already discussed
how the properties of the endogenous immobile Ca** buffer
can have profound effects on the temporal and spatial pat-
terns of Ca®" gradients. It is equally true that the exogenous
mobile Ca®" buffers used as Ca’* indicators affect the
properties of the Ca®" gradients, as illustrated by the dif-
ferent Ca®" gradients found with rhod-2 and OGB-5N (Fig.
8). The next logical step is to find out what the Ca®"
gradient would look like under physiological conditions in
the absence of exogenous Ca®" buffers.

Fig. 9 shows the Ca>" gradients predicted by simulations
using no exogenous mobile Ca’>* buffer, but only an im-
mobile endogenous Ca®" buffer with the characteristics that
we have determined: concentration 1.21 mM, K4 = 1 uM,
ko = 50 mM ™ "ms ™!, ki = 0.05 ms™ ', and k = 1000.
Several features of the simulated Ca®* gradients deserve
comment. First, the gradient develops very fast during the
first 5-10 ms and is limited by the rate of Ca®*" channel
activation. The Ca®" concentration in the outer 100-nm
shell reaches a concentration of ~500 nM after ~10 ms.
Second, a Ca”* gradient persists for a long time after Ca®"
channel closure. In this simulation, the gradient dissipation
takes more than 10 s. However, there is likely to be some
mobile endogenous buffer in adrenal chromaffin cells,
which would lead to faster dissipation. In fact, Zhou and
Neher (1993) have estimated that 25% of the endogenous
buffer might be mobile and wash out of chromaffin cells
under whole-cell recording conditions. Therefore, under
physiological conditions dissipation of the Ca?* gradients is
likely to be controlled by endogenous mobile Ca®" buffers
and Ca’?" clearance mechanisms. Third, the Ca®" gradient
is restricted to a region less than 1 um from the cell
membrane. Thus, high-capacity immobile Ca®" buffers re-
strict the Ca?* change to within ~1 wm from the site of
Ca’” entry. As a result, for a depolarizing stimulus to cause
a Ca®" elevation elsewhere in the cell, other mechanisms
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FIGURE 9 Simulation of Ca®*gradients predicted to occur in the ab-
sence of Ca®>* indicators. Ca®>" gradients were simulated in the absence of
exogenous Ca®* buffers (indicator and EGTA), using the following pa-
rameters for the immobile Ca®" buffer (same as in Fig. 6 C): K; = 1 uM,
ko, = 50 mM ™ \ms ™!, k = 0.05 ms™!, concentration = 1.21 mM (k =
1000). (4) The Ca®>" concentration time courses for the shells nearest the
plasma membrane (0 um) and 1 and 2 um from the membrane. The values
for shells at 3—6 wm are not shown because they superimposed on the
values for the shell at 2 um. (B) Half-profiles of the Ca®" gradients taken
during (solid lines, 10, 20, 30, 40 ms) and after (broken lines, 60, 80, 100,
150, 200 ms) Ca>* entry. (C) Half-profiles of the Ca®" gradients at high
time resolution during Ca** entry (1, 2, 3, 4, 5, 10, 20 ms).

such as propagating intracellular Ca®>* release mechanisms
or mobile buffers must participate.

Finally, it is important to consider that the properties of
the Ca®" gradients in small cells are strongly influenced by
the Ca®* indicator (compare Fig. 8 B and Fig. 8 F) and by
the presence of exogenous buffers (Fig. 9). Thus in studies
of the regulation of exocytosis by Ca?* it would be highly
advantageous to measure Ca®" gradients and exocytosis
simultaneously in the same cell. How Ca’* gradients
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change during repetitive stimulation and how these affect
rapid and slow phases of exocytosis and facilitation will be
the subject of future studies.
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