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ABSTRACT Ca2+-sensitive processes at cell membranes
involved in contraction, secretion, and neurotransmitter release
are activated in situ or in vitro by Ca2+ concentrations ([Ca2+])
10-100 times higher than [Ca2+] measured during stimulation
in intact cells. This paradox might be explained if the local
[Ca2+] at the cell membrane is very different from that in the rest
of the cell. Soluble Ca2+ indicators, which indicate spatially
averaged cytoplasmic [Ca2+], cannot resolve these localized,
near-membrane [Ca2+] signals. FFP18, the newest Ca2+ indica-
tor designed to selectively monitor near-membrane [Ca2+], has
a lower Ca2+ affinity and is more water soluble than previously
used membrane-associating Ca2+ indicators. Images of the in-
tracellular distribution of FFP18 show that >65% is located on
or near the plasma membrane. [Cal] transients recorded using
FFP18 during membrane depolarization-induced Ca2+ influx
show that near-membrane [Ca2+] rises faster and reaches mi-
cromolar levels at early times when the cytoplasmic [Ca2+],
recorded using fura-2, has risen to only a few hundred nanomo-
lar. High-speed series of digital images of [Ca+] show that
near-membrane [Ca2+], reported by FFP18, rises within 20
msec, peaks at 50-100 msec, and then declines. [Ca+] reported
by fura-2 rose slowly and continuously throughout the time
images were acquired. The existence of these large, rapid in-
creases in [Ca2+] directly beneath the surface membrane may
explain how numerous Ca2+-sensitive membrane processes are
activated at times when bulk cytoplasmic [Ca2+] changes are too
small to activate them.

In smooth muscle, stimulation at the cell membrane causes a
transient elevation in intracellular free Ca2+ concentration
([Ca2>]), which leads to activation of the contractile proteins.
The magnitude, time course, and spatial distribution of the
[Ca2+]1 transient are determined by Ca2+ influx and Ca2+
removal through Ca2+ channels and Ca2> transporters distrib-
uted on the plasma membrane and membranes of the sarco-
plasmic reticulum (SR) and mitochondria (1-6) and by the
distribution of intracellular Ca2+ buffers (7, 8). These channels
and transport mechanisms are, in turn, regulated by [Ca2+]i
near the membrane (3-5). The Ca2+ sensitivity of membrane
processes such as Ca2+-induced SR Ca2> release, Na+/Ca2+
exchange, Ca2+-activated K+ currents, and Ca2+ uptake in
mitochondria, when measured in situ or in vitro (9-13), are in
the 1- to 100-,LM range. Yet during [Ca2+]1 transients that
cause contraction, recorded using fura-2, [Ca2+]i often remains
in the nanomolar range. Such discrepancies have been inter-
preted to indicate that large, steep [Ca2+] gradients exist near
the plasma membrane during Ca2+ influx (14-16). Local, high
concentrations of Ca2+ (or other ions) can develop when Ca2+
influx or SR Ca2+ release are directed into a narrow space
between closely apposed intracellular structures, such as the
SR and the plasma membrane or the SR and mitochondria,
where diffusion of Ca2> may be restricted (17). Localized
[Ca2+], (and [Na+]i) signals in restricted spaces have been

postulated to explain the function of Na+/Ca2+ exchange (18,
19) and the mechanism of Ca2+-induced Ca2+ release in
cardiac cells (20), and spontaneous transient outward currents
in smooth muscle (21). Efforts to measure large changes in
[Ca2+]i near cell membranes using soluble Ca2+ indicators such
as fura-2 or fluo-3, which indicate a spatially averaged cyto-
plasmic [Ca2+]1 (22, 23), have been largely unsuccessful, pre-
dominantly because the small fluorescence signal indicating
near-membrane [Ca2+], is obscured by the larger signal indi-
cating [Ca2+], changes in the rest of the cell.

Direct measurements of near-membrane [Ca2+]i have been
attempted using Ca2+ indicators designed to indicate [Ca2+], just
beneath the membrane, but not in other regions of the cell, either
by having a very low Ca2+ affinity or by having a lipophilic tail that
localizes the indicator to the membrane. Llinas et al. (24) used the
luminescent Ca2+ indicator, n-aequorin-J, which has a very low
Ca2+ affinity, to demonstrate high [Ca2+] domains beneath the
cell membrane during neuronal transmitter release. But signals
from this indicator were of low intensity, and long integration
times were required to accumulate light in images; therefore,
spatial and temporal resolution were diminished; the kinetics of
the [Ca2+], changes could not be monitored adequately. The first
membrane-associating fluorescent Ca2+ indicator, C18-fura-2,
was used to detect transient changes in [Ca2+], that had faster
kinetics than [Ca2+]i transients recorded using fura 2 (25). But
C18-fura-2, with a Kd for Ca2+ of 150 nM, becomes saturated and
cannot detect further changes in [Ca2+], when [Ca2+]i is >1 ,uM.
In addition, C18-fura-2 is so highly lipophilic that it diffuses very
slowly out of the pipette into the cell; therefore, fluorescence
signals are dim, and recorded [Ca2+], transients are noisy. FFP18,
the most recently developed membrane-associating Ca2+ indica-
tor, is improved in several ways over C18-fura-2. Here we have
characterized the spectral properties of FFP18 associated with
cell membranes and determined its intracellular distribution. We
have used FFP18 to directly measure changes in near-membrane
[Ca2+], that occurred due to Ca2+ influx through voltage-gated
Ca2+ channels and due to Ca2> release from the SR to investigate
the characteristics of the localized [Ca2>]i transients that regulate
membrane processes in smooth muscle cells.

METHODS
Smooth muscle cells were enzymatically isolated from stom-
achs of the toad Bufo marinus according to described proce-
dures (26).
Measuring Spectral Properties. Excitation spectra of mem-

brane-associated FFP18 at various [Ca2+] were recorded using a
SPEX spectrofluorimeter. Emission was collected at 510 nm.
FFP18 was applied to the external surface of cells by 10- to 30-min
incubations in amphibian physiological saline (APS) containing
0.5-10 ,uM FFP18. Cell suspensions with different free [Ca2+]
levels were produced by a described procedure (25). The con-
centration of membrane-associated FFP18 and the density of
FFP18 molecules on the cell membrane were estimated using
described methods (25).

Abbreviations: SR, sarcoplasmic reticulum; [Ca+2]j, intracellular free
Ca2+ concentration; APS, amphibian physiological saline.
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Measuring Membrane Current and [Ca2+]i. Isolated smooth
muscle cells were voltage-clamped using the patch-clamp tech-
nique in whole-cell configuration, and membrane currents were
recorded with an Axopatch model 1D amplifier. Solutions were
designed to block K+ currents and enhance Ca2+ currents.
Extracellular APS contained 102 mM NaCl, 3 mM KCl, 10 mM
tetraethylammonium chloride, 10 mM CaCl2, 1 mM MgC12, 5
mM Hepes (pH 7.4). Pipette solution contained 130 mM CsCl, 3
mM Na2-ATP, 4 mM MgCl2, 20 mM Hepes, and 15-30 ,uM
FFP18 or 50 ,uM fura-2 (pH 7.1). FFP18 was obtained initially as
described by Vomdran etal. (34) and later from TEFLABS. Ca2+
indicators diffused into the cell from the patch pipette. [Ca2+],
transients were recorded from a small region of the cell using a
microspectrofluorimeter apparatus (27). [Ca2+], was calculated
from the ratio of background-corrected fluorescence at 340 and
380 nm (28).

Calibration parameters {Rm. = fluorescence excited at 340
nm (F340)/F38o in saturating [Ca2+] and Rmin = F340/F380 in
absence of Ca2+} for FFP18 inside patch-clamped cells were
measured by permeabilizing the cell membrane with hyperpo-
larizations to -250 mV or brief treatments with /3-escin, first in
5 mM Ca2+ APS to measure Rma, and then in 5 mM BAPTA
[bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetate] APS bath
solution to measure Rn,n. We could not obtain a value for ,B (,3
= F380 in absence of Ca2+/F38o in saturating Ca2+) inside cells
using these methods as FFP18 continuously entered the cell from
the patch pipette. We found that FFP18 (0.5-15 ,AM) in 0.2%
Triton-X 100 solutions has a dynamic range, brightness, and
calibration constants more similar to membrane-associated
FFP18 than to FFP18 alone in solution. Also, Rma, and Rmin
values obtained in Triton-containing solutions were comparable
to those measured for intracellular FFP18. Therefore we used
Rmax, Rm, and 13 values measured in 400 ,ul of Triton-containing
pipette solution, which mimics the intracellular milieu. Calibra-
tion parameters for fura-2 were obtained in pipette solution
without Triton-X 100.

Three-Dimensional Images. Three-dimensional images of
FFFP18 distribution inside single smooth muscle cells were ob-
tained using the digital imaging microscope configured to acquire
high-resolution images at multiple focal planes as described (25,
29). Isolated smooth muscle cells were patch-clamped in the
whole-cell configuration. Pipette solution contained 25 ,M
FFP18, and extracellular APS solution contained 5 mM Ni2+ to
quench any FFP18 in the bath or on the cell exterior. Fluores-
cence was excited at a wavelength (364 nm) where FFP18 is
relatively insensitive to Ca2+; therefore fluorescence in the im-
ages represents distribution of the indicator. A set of images at 30
focal planes across the cell, 0.5 ,um apart, was acquired and then
restored using a constrained, iterative deconvolution algorithm to
reverse distortions caused by the optics by returning out-of-focus
light to its point of origin (30).

Imaging Changes in [Ca2+]i. The high-speed digital imaging
microscope was configured with the following features (ref. 31; see
figure 1 in ref. 31). The UV lines of an Argon ion laser were split,
band-pass-filtered into separately shuttered 351-nm and 380-nm
beams, recombined, and used to epi-illuminate the cell through a
x 100, 1.3 numerical aperture objective. Emitted fluorescence was
imaged onto a charge-coupled device (CCD) camera. A mask
placed at an intermediate image plane limited image-field size on
the CCD to 25 x 512 pixels (corresponding to 3 ,um x 61 p,m of
the cell). The masked area of the CCD was used to store earlier
images, which were shifted into the masked region between
exposures. In this configuration we could rapidly acquire 20 images
(10 ratio pairs) before reading out the CCD chip, which at the
12-bit precision attained required 6 sec. To image changes in
[Ca2+], in smooth muscle cells, one pair of images of intracellular
fluorescence at a central focal plane was acquired before mem-
brane depolarization using sequential 5-msec exposures at 351 nm
and 380 nm separated by 2 msec. Nine more pairs of images were
acquired during membrane depolarization with 10 msec between

pairs. Images were dark current-subtracted and background-
subtracted. Images of FFP18 fluorescence were corrected for
bleaching, which was measured in series of images taken of
unstimulated FFP18-loaded cells. (During a series of 10 image
pairs, the fluorescence excited at 351 nm bleached 30-40%, and
fluorescence excited at 380 nm bleached 15-25%.) The corrected
images at 351 nm were divided by corrected images at 380 nm to
obtain ratio images. We found slight, slowly varying, spatial
inhomogeneities in the illumination across the image field, caused
by interaction of the coherent light with imperfections in the
optical components, which differed along the light paths of the two
wavelengths. Therefore, the following equation, which was simply
derived from the standard ratiometric equation (28) using the fact
that ( and the ratio of Rmin/Rmax, inherent properties of the dye,
are unaffected by spatial variations in the excitation at the two
wavelengths, was used to calculate the [Ca2+]i at each pixel:

2 Kdf3[R/Rrest - (Rmin/Rmax)C]
[Cahere= CR/Rrest

where

C-= Kd3+ [Ca2]rest[Ca2+Irest + Kdg3(Rmin/Rmax)
[2]

and R = F351/F380 at each pixel in the ratio images acquired
during depolarization, Rrest = F351/F380 at each pixel in the
ratio image acquired before depolarization, Rmin, Rma, and 13
were measured during calibration, and Kd was taken to be 400
nM. The resting [Ca2+],, ([Ca2+]rest), was assumed to be
uniform and was calculated from an average ratio value across
the cell in the ratio image acquired before depolarization.

Mathematical Analysis. [Ca2+], transients recorded using
FFP18 were mathematically decomposed into cytoplasmic and
near-membrane components using the following assumptions
and expressions. Previous experiments (32) have shown that the
integral of the inward Ca2+ current, multiplied by a factor to
account for the buffer capacity of the cell provides a reasonable
estimate of the magnitude and time course of changes in bulk
cytoplasmic [Ca2+], ([Ca2+]cyto).

5OOms
[Ca2+]Cyto(t) = > [(itdt)/(2B-F.V)],

t=0
[3]

where it is the measured inward current at each sampled point,
dt is the interval between measurements of it (3 msec), 2 is the
charge on a calcium ion, B is the measured buffer capacity of
the cell (32),F is the Faraday constant, and Vis the cell volume
(6 pl). From this we can calculate values for the fluorescence
ratio in the cytoplasm (28):

RCYtO(t) = ([Ca2+]cyto Rmax
+ KdlfrRmin)/(Kd /3 + [Ca2+]Cyto). [4]

Images of the intracellular distribution of FFP18 showed that
-65% of the dye is near the cell surface and 35% is in the
cytoplasm. We defined a variable, K, to represent the percentage
of the FFP18 fluorescent signal coming from the cytoplasm:

Fyto(Ca2t-independent) = KF)b,rved(Ca2+-independent). [5]

Then, using an expression that relates the amount of dye present
(indicated by fluorescence excited at a Ca2+-insensitive wave-
length) to the fluorescence at two Ca2+-sensitive wavelengths (33):

F(Ca2+-independent) = F380 + aF340, [6]
where a = (absolute value of F380 change)/(absolute value of
F340 change) for a given [Ca2+] change, we derived expressions
for cytoplasmic F340 and cytoplasmic F38oas functions ofK, a,
and RCYtO. Calculated F340 and F380 signals attributed to
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changes in bulk cytoplasmic [Ca2+] were subtracted from the
measured whole-cell signals to obtain calculated near-
membrane fluorescence signals:

Fnear-membrane = Fobserved - Fcyto, [7]

and F340near-membrane(t) and F380near-membrane(t) were used to
calculate an estimate of the near-membrane [Ca2+] transient.

RESULTS AND DISCUSSION
FFP18 is the most recent addition to a new group of indicators
designed to detect near-membrane [Ca2+]j. The FFP18 mol-
ecule has a 12-carbon hydrophobic tail that partitions into the
cell membrane and a positively charged piperazine moiety
between the tail and fura-2 moiety that aids in binding to
membrane phospholipids and thereby prevents the calcium-
binding portion of the indicator from being pulled into the
membrane (ref. 34; for chemical structure see ref. 34). We have
characterized the spectral properties of FFP18 when it is
associated with the external surface of cell membranes (25).
The excitation spectra of a low concentration of membrane-
associated FFP18 (corresponding to 1 x 10-15 mol per cell and
an estimated surface density of 1.6 x 105 molecules per jum2),
shown in Fig. 1A, are similar to the spectra of fura-2. The
calculated calcium dissociation constant (Kd) of this low concen-
tration ofmembrane-associated FFP18 is 400nM (for method see
ref. 25). One observed characteristic of lipophilic fluorescent
indicators is that they aggregate in solution or when packed
densely on a membrane (25, 35) and when their fluorophores
come close enough to interact, they quench and are nonfluores-
cent (36). Thus, as a fluorescent indicator is packed more densely
on the cell membrane, its brightness will decrease, and its spectral
properties may be altered (28). To study the concentration-
dependence of spectral properties of FFP18, batches of cells were
incubated with various FFP18 concentrations; the surface density
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FIG. 1. Spectral properties of FFP18 associated with the external
surface of cell membranes. (A) Excitation spectra of 0.23 ,iM mem-

brane-associated FFP18 in [Ca2+] ranging from 0 nM to 40 ,uM.
Emission was collected at 510 nm. (B) Excitation spectra of 0.4 ,uM
( ) and 0.95 ,uM (--- -) membrane-associated FFP18 in zero Ca2+
and 40 ,uM Ca2+. These concentrations correspond to 2 x 10-15 and
9 x 10-15 mol per cell, respectively. Note that the fluorescence
intensity is normalized by the FFP18 concentration.
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FIG. 2. Intracellular distribution of FFP18 fluorescence excited at
364 nm, where FFP18 is relatively Ca2+-insensitive. (A) Image in a
plane transecting the center of a smooth muscle cell showing the
distribution of FFP18 that diffused into the cell from a patch pipette.
(B) Plots of the fluorescence intensity along a straight line (white
arrow) across the image inA (- ) and across an image of autofluo-
rescence in this cell (image not shown) before FFP18 was applied (- - ).
(C) Image of FFP18 fluorescence in a plane at the cell surface.

achieved after cells were spun down and resuspended to remove
excess FFP18 never exceeded 106 molecules per tLm2. In com-
parison, the surface density of C18-fura-2 often reached 107
molecules per ,um2 after incubation with comparable dye con-
centrations. The lower peak packing density of FFP18 is presum-
ably due to the extra charge or the less lipophilic tail on this
molecule. Fig. lB shows spectra of two concentrations (2 x 10-15
and 9 x 10-15 mol per cell corresponding to surface densities of
3.2 x 105 and 1.0 x 106 molecules per tLm2) of membrane-
associated FFP18 in zero Ca2 and saturating Ca2+. At these
higher concentrations (compared to Fig. 1A) the peak intensity
of the spectrum in saturating Ca>2 is closer to the peak of the
spectrum in zero Ca2+. Also, as FFP18 concentration increases,
the fluorescence per mol of FFP18 decreases at all wavelengths.
This decrease is greater in the presence of Ca>. When FFP18
concentration was doubled, the fluorescence per mol in saturat-
ing Ca2+ decreased, on average (n = 3), twice as much as the
fluorescence per mol in zero Ca2+. Thus, formation of nonfluo-
rescent aggregates occurs more readily in the presence of Ca>,
presumably because Ca2+ binding to the tetraanionic indicator
neutralizes charges that would otherwise repel other FFP18
molecules.

Because of the way the FFP18 spectrum is altered at higher
membrane densities, the parameters measured to calibrate the
dye also depend on dye density on the membrane. The Rm. and
(3 values are smaller at higher FFP18 concentrations. When the
concentration of membrane-associated FFP18 on the external
cell surface was doubled, over the range from 5 x 10-16 to 5 x
10-15 mol per cell, Rma, decreased 25%, (3 decreased 20%, and
Rmin was constant (n = 4). Thus, uncertainties in calculated
[Ca>2] during an experiment will be minimized when the FFP18
concentration during the experiment and calibration are the
same. Concentration mismatches that might have occurred in our
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FIG. 3. Comparison of the [Ca2+]i transients
recorded using fura-2 and FFP18. (A) Changes in
[Ca2+]J recorded using either fura-2 (Left) or
FFP18 (Right), and the inward Ca2+ current that
occurred in response to a 3-sec membrane depo-
larization from -80 to 0 mV. The peak inward
current in these two cells is similar, indicating that
the amount of Ca2+ entering across the plasma
membrane was the same. [Ca2+]i records were
smoothed once using a three-point running av-
erage. Parameter values used to calculate [Ca2+]
were as follows: for fura-2, Rmax = 19.3, Rmin =
0.52, ,B = 13.3, andKd = 200 nM; for FFP18, Rmax
= 6.0, Rmin = 0.35, f3 = 8.0, and Kd = 400 nM.
(Insets) First 300 msec of [Ca2+]i transients (not
smoothed) that were fit by a single exponential
function to determine the initial rate of rise. (B)
Changes in [Ca2+]i recorded using either fura-2
(Left) or FFP18 (Right), and membrane current
that occurred after a 200-msec extracellular ap-
plication of 20 mM caffeine by pressure ejection
from a broken-tipped pipette placed close to the
cell. Membrane potential was held at -80 mV,
and there was no significant caffeine-activated
inward cation current. Parameters were as fol-
lows: for fura-2, Rma = 17, Rmin = 0.4, 13 = 15,
and Kd = 200 nM; for FFP18, Rmax = 6.0, Rmin =
0.35, (3 = 8.0, and Kd = 400 nM. The rate of rise
was measured by fitting a straight line or a single
exponential function to the first 300 msec or (to
avoid effects of possible interaction of caffeine
with the indicator) to the 300 msec after the
initial foot.

experiments did not, however, introduce errors into our [Ca2+]s
estimates that affect our conclusions.§
To see how FFP18 distributes inside cells and what intracellular

membranes it associates with we obtained three-dimensional
images of FFP18 inside smooth muscle cells. An image in a
selected plane transecting the center of the cell (Fig. 2A) shows
that most intracellular FFP18 associated with the plasma mem-
brane or membraneous structures very close to it. FFP18 also
associates with the nuclear membrane. Fig. 2B shows that the
fluorescence at the center of the loaded cell is above the
autofluorescence level in that cell, indicating that some FFP18 is
free or associated with unresolvable structures away from the cell
surface. Analysis of cross-sections of three-dimensional images
indicated that at least 65% of the FFP18 fluorescence inside cells
(where FFP18 had diffused into the cell for 15-20 min) was
located in a thin annulus (-1 ,Am wide) containing the surface
membrane and closely adjacent structures. Images at the cell
surface (Fig. 2C) reveal the indicator to be distributed inhomo-
geneously. Previous immunocytochemical studies (37) have
shown that much of the SR of these smooth muscle cells is located
close to the plasma membrane and that the membrane is com-
posed of two domains: one containing several different ion
transporters in close apposition to elements of the SR and
another enriched in cytoskeletal attachment proteins. Thus, while
FFP18 is principally associated with structures near the cell
surface, it is nonuniformly distributed there: FFP18 appears to be
localized on specific domains of the plasma membrane and/or
membranes of the peripheral SR. In contrast, cells loaded with
fura-2 (free acid) show a mottled fluorescence cloud. There are
dim regions and bright regions, which may represent exclusion

§For example, if the FFP18 concentration during an experiment were

high (a concentration corresponding to the highest density acheived
for FFP18 applied to the outside of cells) and the concentration used
in calibration were four times lower (lowest concentration used for
calibrations), then the calculated [Ca2+1] would underestimate the
true [Ca2+],, in the nanomolar or micromolar range, by 20-30%. This
error is small in comparison to the 5-fold increases in [Ca2+],
observed upon cell stimulation.

from or concentration between organelles, but the locally aver-
aged fluorescence intensity is similar throughout the cell.
To explore the possibility that [Ca2+]i directly beneath the cell

membrane might change differently than [Ca2+]1 in the bulk
cytosol during Ca2+ influx through voltage-gated Ca2+ channels,
we recorded [Ca2+]1 changes that occur in response to membrane
depolarization using both FFP18 and fura-2. We simultaneously
recorded the inward Ca>2 current and compared the time course
of the [Ca2+]1 transients recorded using FFP18 to those recorded
using fura-2 in cells where the peak amplitude of the inward
current was the same. Typical results from two cells are shown in
Fig. 3A. The FFP18-recorded [Ca2+]1 transient rises from resting
level ('200 nM) to 1 ,uM within the first 200 msec and then
continues to rise slowly until membrane repolarization. In con-
trast, the fura-2-recorded [Ca2+], transient rises more slowly,
reaching only 500 nM in the first 200 msec. The initial resting
[Ca2] level in cells measured by FFP18 (172 ± 11 nM, n = 9) was
slightly higher than the resting [Ca2] levels measured by fura 2
(117 ± 27 nM, n = 8). (All numbers indicate mean ± SEM, n =
number of cells). The initial rate of rise of the [Ca2+] transients
recorded using FFP18 (5.23 ± 1.2 AM/sec, peak Ica = 122 + 13
pA, n = 7) was 3.25 times greater than the initial rate of rise of
[Ca2+1] transients recorded using fura-2 (1.61 ± 0.37 ,uM/sec,
peakIc = 123 + 3 pA, n = 9). Also, the FFP18-recorded [Ca2+],
transients rose to higher [Ca>2] levels (1.11 ± 0.19 ,uM) than the
fura-2-recorded [Ca2+]1 transients (0.63 ± 0.08 AM). The FFP18
records indicate that early during Ca>2 influx, [Ca>2]i near the
plasma membrane reaches levels at least two times higher than
the cytoplasmic [Ca2+]i reported by fura-2 at that time.
To learn about near-membrane and cytoplasmic [Ca>2]

changes that occur when Ca>2 is released from intemal Ca2+
stores, we recorded Ca2+ transients using FFP18 or fura-2 in
response to caffeine. Caffeine causes Ca2+ release from the SR
through ryanodine-sensitive Ca2+-release channels in these
smooth muscle cells (38). To study [Ca2+], changes due only to SR
Ca2+ release, we selected cells that did not contain any caffeine-
activated nonselective cation current or applied caffeine at a
membrane holding potential of +60 mV, where the cation current
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1.2 dtmax = 4.22 ± 1.2 ,tM/sec, n = 4) than the fura-2-recorded
1.0 transients (d[Ca2+I/dtmax = 0.27 + 0.07, n = 3). Also, the [Ca2+]
0.8 transients recorded using FFP18 rose to higher levels (0.81 ± 0.08

A 0.6 .,M) than the [Ca2+], transients recorded using fura-2 (0.29 ±
0.4 _ / 0.05 ,uM). The much faster kinetics of the FFP18-recorded,

2 l^L0.2 kJ- 1 caffeine-induced [Ca2+]i transients suggest that FFP18 was lo-
!gT 1sl|ffi|0-0o 0 2 o 4 calized near sites of SR Ca2+ release. This possibility is supported0.0r 02 0* **by images of the distribution of intracellular FFP18 near the cell

membrane (Fig. 2C).
The difference between the peak rates of rise of FFP18-re-

corded [Ca2+]j transients and fura-recorded [Ca2+]j transients
induced by caffeine (15 times) is much greater than the difference
for depolarization-induced [Ca2+], transients (3.5 times). The rates

1 , , , ,, , , , ~~of rise of 'F'M18-recorded transients are similar, whetherinduced
-1 0 1 2 3 4 5 6 7 8 9 10 by caffeine (4.2 ,uM/sec) or membrane depolarization (5.2 ,M/

sec), whereas the caffeine-induced [Ca2+]] transients recorded by
B fura-2 are much slower rising than depolarization-induced tran-

sients recorded by fura-2. These observations might be explained
if Ca2+ were released from the SR into a restricted space such that
it mixed less readily with the bulk cytoplasm than such Ca2+
entering through voltage-gated channels on the plasma mem-
brane.
The [Ca2+]] transient recorded using fura-2 during membrane

depolarization rises rapidly when the magnitude of the inward
current is large and then continues to rise slowly for some time as
Ca2+ continues to enter the cell and diffuses into the bulk

, , , , , cytoplasm. The [Ca2+]i near the plasma membrane, recorded
0.0 0.1 0.2 0.3 0.4 0.5 using FFP18, rises even higher during the peak of inward Ca2+

Time (sec) current, but then when the Ca2+ influx rate declines, the near-membrane [Ca2+]i would be predicted to fall as Ca2+ diffuses away
nates of near-membrane and cytosolic components of from the membrane and is pumped out of the cell. The continuous
ent recorded during membrane depolarization using rise in the FFP18-recorded [Ca2+]i transients throughout depo-
2+]i transient recorded using FFP18 and membrane larization similar to the rise of the fura-2-recorded transients,urred in response to a 3-sec depolarization from -80 a
First 500 msec of the [Ca2+]i transient. (B) Calculated suggests that the FFP18-recorded transient may be a mixture of
the first 500 msec of the [Ca2+]i transient shown inA. signals from the plasma membrane and the surrounding cyto-
shows the cytosolic component, and the noisier line plasm. This hypothesis is supported by our images of FFP18

lated near-membrane component. distribution (Fig. 2) that reveal a small but finite fraction of the dye
located away from the cell membrane. We used our image analysis

no [Ca2+]i increase occurs after opening of these as a basis for mathematically dissecting the FFP18-recorded
iannels (38). Typical results are shown in Fig. 3B. [Ca2+], transients into near-membrane and cytoplasmic compo-
corded transients rose 15 times faster (d[Ca2+]/ nents to better estimate the time course of changes in near-
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2.0 1.5 1.0 0.5 0.0 2.0 1.5 1.0 0.5 0.0
Distance from right edge prm

FiG. 5. Series of images of [Ca2+]i mea-
sured using fura-2 or FFP18 at the indicated
times (far right) during depolarization from
-80 to 0 mV in two patch-clamped cells with
similar peak inward Ca2+ currents. The
patch-clamped cell, as shown at lower right,
crossed the narrow image field with the tip of
the patch-pipette outside of the image field.
Thus, images show a short segment of the cell,
focused on a central plane, so that the mem-
branes are most in focus on either side. (A)
Patch-pipette solution contained 50 ,uM
fura-2. Peak inward current was 93 pA. Pa-
rameters used to calculate [Ca2+] were as
follows: Rmax = 17.7, Rmin = 1.4, (3 = 6.2, Kd
= 200 nM. (B) Pipette solution contained 30
,AM FFP18 and 50 ,uM EGTA. Peak inward
current was 80 pA. Rmax = 8.0, Rmin = 1.34,
3 = 3.7, Kd = 400 nM. (C) Plots of [Ca2+],
along a line (see white lines on images at 8 ms)
drawn from the right edge toward the center
of the cell in each fura-2-recorded image in A
(Left) or FFP18-recorded image in B (Right).
Black curves (rest) are from images taken
before depolarization (data not shown).
[Ca2+]j values are an average from three
pixels: one pixel on the line and one on either
side of it.
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membrane [Ca2+]] in these cells. Fig. 4B shows the result of
dissecting one [Ca2+]j transient in this way, assuming that 65% of
the signal came from the surface membranes and 35% came from
the cytoplasm. The near-membrane [Ca2+]i rose to micromolar
levels upon depolarization and then declined rapidly toward the
final [Ca2+]i in the cytoplasm. [Ca2+]j in the cytoplasm rose much
more slowly and gradually toward this final level. [Ca2+]i transients
from three other cells were analyzed in thiswaywith similar results.
Our mathematical analysis suggested that there was a much

briefer, large near-membrane [Ca2+1] signal not being detected by
monitoring FFP18 fluorescence from the whole cell. To more

directly isolate the near-membrane signal we imaged intracellular
FFP18 fluorescence in a stimulated cell and then calculated the
[Ca2+] changes at the cell membrane. Fig. 5 shows a series of
images of [Ca2>]i reported by fura-2 in one cell (Fig. SA) and by
FFP18 in another cell (Fig. SB) at 20-msec intervals during
membrane depolarization that evoked similarly small inward
Ca2+ currents. As evident, the [Ca2+]i reported by FFP18 at the
cell membrane rises above the resting level within the first 20
msec, peaks within 50 msec [time to peak ranged from 40 to 100
ms (mean 81.3 ± 11.8, n = 6)], and then slowly declines. The
[Ca2+]j reported by fura-2 rises more slowly and continues to rise
throughout the time images were acquired (n = 6). The graphs
in Fig. SC show changes in the radial distribution of [Ca2+]i within
2 ,um of the cell membrane during the first 100 msec of depo-
larization. Fig. SC Right shows that, in the FFP18-recorded
images, a [Ca2+]i gradient between the membrane and the
cytoplasm develops, is steepest at 48 ms (green curve), and then
collapses. Fig. SC Left shows that such [Ca2+], gradients are not
apparent in the fura-2-recorded images.
There is a ryanodine-sensitive component of [Ca2+]i transients,

recorded using fura-2, in gastric smooth muscle in response to
membrane depolarization (39), suggesting that the rise in [Ca2+]i
induced by membrane depolarization includes a Ca2+ influx-
induced release of Ca2+ from the SR through ryanodine-sensitive
SR Ca2+ channels. The appearance of this component at times
(100-200msec after depolarization) when the [Ca2+]i measured by
fura-2 was <500 nM made it difficult to explain how this mech-
anism could occur in these cells because this mechanism, when
studied out of the intact cell, requires a [Ca2+] exceeding micro-
molar levels to be activated (5, 9). The [Ca2+]i transients recorded
using FFP18 indicate that near-membrane [Ca2+]j rises to micro-
molar levels within the first 200 msec after membrane depolar-
ization. These high [Ca2+]i levels and rapid rates of [Ca2+]i increase
are more likely to activate SR Ca2+ release in these cells. These
large changes in near-membrane [Ca2+]j could also activate Ca2+-
activated K+ currents (11, 12) and evoke significant Ca2+ extrusion
through the Na+/Ca2+ exchanger (10) in these cells.
The [Ca2+], measured at the membrane in these images rose

and diffused away rapidly but did not reach [Ca2+]i levels as high
as predicted by our mathematical analysis of the FFP18-recorded
[Ca2+1] transients (Fig. 4) or bymodels of the [Ca2+], changes near

the mouth of Ca2+ channels during Ca2+ influx (15, 16). There
are several possible reasons for this. The fluorescent signal at the
membrane may represent a mixture of signals from the plasma
membrane and from the surrounding cytoplasm. These images of
fluorescence inside relatively thick cells (6- to 10-,gm diameter)
were obtained using a wide-field microscope and were not

processed to remove out-of-focus information; therefore fluores-
cence from neighboring regions of the cell contributed to the
signal measured at the cell membrane. The [Ca2+], signal at the
membrane may also be attenuated because exposure times at

each wavelength, although quite short, were still long relative to

rapid changes in [Ca2+]i. In addition, as with other Ca2+ indica-
tors, when FFP18 is highly concentrated, it may buffer the

near-membrane [Ca21] transient. Membrane-associating Ca>2
indicators that have lower Ca2+ affinity, have fast Ca2+-binding
kinetics, and are brighter would improve our ability to measure
large [Ca2+], changes. In spite of present limitations, FFP18
represents a significant step in our ability to measure localized
Ca2+ signals. We have recorded large, rapid, more-transient
changes in [Ca2+]1 with FFP18 that provide additional insights
into the time course of [Ca2+]i changes near the plasma mem-
brane and help us understand how membrane processes in
smooth muscle are regulated by [Ca2+]i.
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