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Abstract — Transient changes in the concentration of intracellular free calcium are
associated with the transduction of primary signals and the subsequent employment of
ca’* as a second messenger in a multitude of cell types. These transients, typically
monitored with the calcium-sensitive fluorescent dye Fura-2, are known to occur with a
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intracellular free calcium concentration in both single cells and simultaneously in several
cells in a ein_ula fleld, we have developed a dinilal fluorescence |man|nu svstam hased on a

charge-coupled devlce (CCD) camera. We report here on the detailed kinetics of calcium
increases in cultured arterial swine smooth muscle cells in response to the agonist ATP.

A variety of studies has implicated the calcium ion
as a second messenger in the transduction of a
variety of primary signals. The treatment of both
transformed and untransformed cells with agonists
such as nucleotides, hormones, growth factors, and
neurotransmitters has been shown to result in a
stimuiated increase in the concentration of cytosolic
free calcium. Several studies have shown that the

source of this calcium may be the extracellnlar

calcium may be the extracellnl
medium, suggesting the opeping of plasma
membrane calcium channels as a part of the
response to agonist [1-3], and/or the release of
intracellular stores of calcium, a response which
occurs in the absence of extracellular calcium [2-6].
In smooth muscle cells, the intracellular stores of
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(SR), and some agonists can stimulate the release of

* Present address: Radiology Department, University of
Massachusetts Medical Center, 55 Lake Avenue N,
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calcium from these stores [7-9].

A variety of technigues has been used to measure
both steady state and transient cytosolic calcium ion
concentrations. Populations of adherent or
suspended cells loaded with the fluorescent calcium
indicator Fura-2 and examined using a fluorometer
showed that the cell population as a whole may
respond to agonists with a calcium transient that

rises in a few seconds and then falls back to a
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baseline concentration or to an elevated

The following abbreviations are used: SMC, cultured arterial

smooth muscle cell; SR, sarcoplasmic reticulum; CCD,
charae-counled device: DME, Dulbecco’s modifiad Easles
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medium; GM1, growth medium one; MEM, minimum essential
medium; GM2, growth medium two; DM, defined medium;
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acetoxymethyl ester; DMSO, dimethyisulfoxide; HEPES,
4-(2-hydroxyethyl)- l-pxpemzme ethanesulfonic acid; HBS,
HEPES-buffered saline; UV, uliraviolet Faa4, flucrescent intensity
at 334 nm; Fses, fluorescent intensity at 365 nm; PBS,
phosphatg;buffeted saline; EDTA:S, ethylenediaminetetra- acetic
gcid; {Ca™ }ii, iniraceiluiar free Ca~ conceniration,
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concentration over a period of minutes [1, 3]. The
measurement of sub-second kinetics of the calcium
response in Fura-2 loaded platelets using
stopped-flow fluorometry demonstrated that the
population responds to a variety of agonists with a
calcium rise in less than one second [5]. Data may
also be obtained from single cells using
photomultiplier [10] or imaging techniques [11];
stimulated calcium transients in single cells occur
rapidly as well [2, 6, 12]. For example, the
intracellular calcium concentrations of individual
BC3H-1 muscle cells stimulated with phenylephrine
were observed to oscillate with a frequency of
approximately 2 min~' [13). Thus it is evident that
transients in the concentration of intracellular free
calcium may be rapid, occurting in the order of a
few seconds or less.

We have developed a quantitative digital
fluorescent imaging system based on a charge-
coupled device (CCD) camera that can resolve rapid
calcium transients in single cells. Multiple cells
within the same field of view can be imaged
simultaneously, allowing temporal and spatial
measurement of the free calcium concentration
within each cell. The use of a CCD as an imag- ing
device offers several advantages: linearity, high
resolution, photometric accuracy, and geometric
stability [14, 15]. In addition, the user may elect to
reduce spatial resolution and/or the size of the area
that is imaged to gain imaging speed or to use the
CCD as an image storage device, as detailed below.,

To accurately determine the intracellular calcium
concentration at a point in time using the
calcium-sensitive fluorescent indicator Fura-2, a
pair of images of the same field must be obtained,
each one taken at a different excitation wavelength.
Our system is designed to collect these two images
with very little time between the two exposures,
thereby minimising errors of temporal registration
for rapidly changing signals. The time required to
collect and store a pair of images increases with
image size and exposure time. As detailed later, the
minimum time between the two wavelength images
is 200 ms.

Using our digital fluorescence imaging system, we
have examined the detailed kinetics of transients in
intracellular calcium concentration in individual
cultured arterial smooth muscle cells (SMC)
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stimulated with ATP. ATP, which acts as a
constrictor in some smooth muscle beds and as a
relaxant in others [16], is co-released with several
neurotransmitters [17]. It may also be released from
stimulated platelets [18]. Slakey [19] estimated that
ATP may reach smooth muscle cells and
neighbouring endothelial cells at micromolar
concentrations. An  ATP-induced rise in
intracellular free calcium has been observed in
populations of suspended rat aortic smooth muscle
cells [20] while isolated arterial smooth muscle cells
from rabbit ear have been shown to contain an
ATP-activated Ca®*-permeable ion chanrel [21]. Tn
the present study, we bhave examined the
ATP-stimulated transients in intracellular free
calcium in individual adherent SMC from pig aorta.

Materials and Methods
Cell and flow chamber preparation

Smooth muscle cells from pig aortas were isolated
and cultured as described previously [22]. Briefly,
medial tissue was minced into 1 mm pieces and
incubated in Dulbecco’s modified Eagles medium
(DME; Gibco, Grand Island, NY, USA) supplement-
ed with 0.3% collagenase at 37°C for 4 h. The
digest was then centrifuged and the pellet
resuspended in growth medium one (GMl),
consisting of DME, formmlation 43-1600 as supplied
by Gibco, and supplemented with 3.5 g/l additional
glucose (4.5 g/l total glucose), 4 mM glutamine,
non-essential amino acids’ solution for MEM as
supplied by Gibco, 200 U/ml penicillin, 0.2 mg/ml
streptomycin, 0.6 mg/ml tylocine, and 10% fetal calf
serum, and placed in a T-25 flask. Cells attached
and grew to confluence within 7 to 10 days. Cells
were then subcultured in growth medium two
(GM2; identical to GM1 except for the omission of
tylocine, non-essential amino acids, and the
reduction of the glucose concentration to 1 g/l total)
for 2 to 3 passages before use. Approximately 2--3
days before an experiment, the cells were returned
to GM1.

Coverslips were prepared by placement of a few
drops of a dilute fibronectin solution (gift from the
laboratory of E. Westhead) on No. 1 glass coverslip
surfaces, incubation of the coverslips at 37°C and
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5% CO for at least 30 min, and subsequent removal
of the solution from the surface by suction.
Adherent cells were removed from confluent flasks
by treatment with 0.05% trypsin/versene solution
and were plated at approximately a 1:2.5 dilution
onto fibronectin-coated coverslips in GM1. This
cell dilution was chosen to ensure subconfluence at
the time of imaging, so that individual cells could
easily be distinguished. Cells were incubated
ovemight, and the following day the cells were
rinsed and the medium was changed to a serum-free
defined medium (DM) containing DME
supplemented as described by Libby and O’Brien
[23]. Cells were cultured in this serum-free medium
for 24 h.

Cells on coverslips were loaded with
calcium-sensitive dye by a 30 min incubation at
37°C in a 5% COz atmosphere with Fura-2
acetoxymethly ester (Fura-2/AM; Molecular Probes,
Eugene, OR, USA). The Fura—2/AM was dissolved
in dry dimethylsulfoxide (DMSO) at a stock
concentration of 1 mM and mixed with DM to a
concentration of 2 uM Fura-2/AM and 0.1%
DMSO. Each coverslip contained approximately
10° cells; the total volume of DM containing
Fura-2/AM that was applied to the coverslip was
1.5 ml. Coverslips were then rinsed several times
with HEPES-buffered saline (HBS; 20 mM HEPES,
125 mM NaCl, 5.4 mM KCl. 1.8 mM CaClp, 0.8
mM MgS0a4, 5.5 mM D-glucose), mounted in a flow
chamber, and viewed immediately. Cells examined
for autofluorescence were not incubated with
Fura-2/AM but were otherwise prepared in an
identical fashion.

The flow chamber (Fig. 1) consisted of a 6 mm
thick stainless steel plate with a vertical hole 13 mm
in diameter through its centre. The coverslip
containing the SMC was placed in a shallow slot on
the bottom face of the plate and secured using
petroleum jelly. A clean coverslip was mounted on
the top face of the plate and anchored in place using
a molten 1:1:1 mixture of petroleum jelly, lanolin
and paraffin, thus forming a cylindrical chamber
with a volume of approximately 0.8 ml. The flow
chamber allows gravity-fed flow in from a 1.5 ml
reservoir above and to one side of the chamber,
through a 1.5 mm diameter hole drilled at an angle
through the plate and ending just above the

coverslip covered with cells, and out through a
small channel at the top of the chamber on the side
opposife from the inlett A small tube applied
continuous suction to remove any excess fluid. A
thin copper plate was placed beneath the flow
chamber to help support the coverslip and to aid in
heat conduction.

Cells and the surrounding medium in the flow
chamber were maintained at 37°C. A circulating
constant temperature water bath pumped water
through copper tubing wrapped around the objective
lens and through copper tubing soldered to a copper
temperature stage. The copper stage was insulated
from the microscope stage by Teflon spacers, and
the cell-covered coverslip in the flow chamber was
placed directly over the objective through an
opening in the temperature stage.

Agonist introduction

Stimulants were introduced into the flow chamber
by injection of approximately 2.5 ml of a 37°C
solution of the agonist in HBS into the flow
chamber reservoir. The addition took 2-3 s, and
one chamber volume of solution flowed into the
chamber within 2 s of the start of the injection.
ATP was obtained from Sigma (St Louis, MO,
USA). The non-fluorescent calcium ionophore
Br-A23187 was obtained from Molecular Probes.

Instrumentation

A schematic of the imaging system is shown in
Figure 1. The fluorescence epi-illumination system
is based on a 75 watt Hg-Xe arc lamp (Hamamatsu
Corp., Bridgewater, NJ, USA) and a pair of
monchromators (model H20, Instruments SA Inc.,
Metuchen, NJ, USA, each equipped with a KM
524.00.230 1200 g/mm grating blazed at 330 nm),
the latter used in place of interference filters to
allow convenient tuning of excitation wavelengths
[10]. The lamp was chosen for its stability and long
life in addition to its high brightness at the Hg
spectral lines of 334 and 365 nm. We chose to
employ monochromators rather than interference
filters primarily for the ease of tuning that the
monochromators provide. Although we commonly
use the Hg spectral lines for fluorescence excitation,
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Fig. 1 Schematic diagram of the illumination and detection system. The sliding mirror, shutter, and CCD operation are computer

controlled. Inset: Schematic diagram of the flow chamber

all intermediate wavelengths are easily accessible by
a simple turn of the monochromator tuning knob.
Additionally, the spectral transmission properties of
the monochromators are variable by the choice of
entrance and exit slits. For Fura-2 imaging the
upper monochromator was set to 365 nm center
wavelength with an entrance slit of 2 mm while the
lower monochromator center wavelength was set to
334 om with a 4 mm entrance slit. As the exit port
of each monochromator was coupled a rectangular
cross section fiber optic bundle of 2 mm width (see
Fig. 1 and below), the upper monochromator had a
triangular bandpass profile peaked at 365 nm of 8
nm width at half maximum transmission with nearly
zero transmission below 357 nm or above 373 nm.
The lower monochromator had a trapezoidal
bandpass profile centered at 334 nm of 16 nm width
at half maximum transmission and nearly zero
transmission below 320 nm and above 348 nm.
According to the manufacturer’s specifications, the
relative overlap of the two spectral regions chosen
for Fura-2 excitation is <10™. Although we have
done no direct comparisons between our
monochromators and interference filters, it is
possible in theory to obtain more light from a
monochromator than from an interference filter. In
practice, the size of the diffraction grating and

optics associated with the monochromator as well as
the wavelength dispersion of the grating determine
the transmission efficiency of the monochromator.
A straightforward discussion of monochromators
can be found in [24]. Fluorescence excitation of the
cells therefore occurs at 334 nm and 365 nm,
corresponding to two spectral lines of the Hg-Xe
arc. When the sliding mirror is moved out of the
light path, light is directed into the lower
monochromator. A solenoid drive under computer
control stably repositions the mirror in under 200
ms.
The exit ports of both monochromators were
directly coupled to the two ends (2 mm wide by 8
mm high) of a 51 cm long bifurcated quartz fiber
optic bundle (Volpi Manufacturing USA, Auburn,
NY, USA) which terminates in a 6.4 mm diameter
circular cross section randomised bundle directing
the light through a computer controlled electronic
shutter (A.W. Vincent Associates, Inc., Rochester,
NY, USA) with an open/close time of less than 5
ms. According to data from Volpi Manufacturing,
the transmissivity of this length of fiber is 60% from
900 to 450 nm, dropping to 55% at 300 nm. After
passing through a 75 mm focal length fused silica
biconvex lens, the light entered the epi-illumination
port of a Zeiss IM-35 inverted microscope (Carl
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Zeiss, Inc., Thornwood, NY, USA) equipped with
quartz epi-illumination optics and a Nikon 40x/1.3
NA CF Fluor UV lens (Nikon Inc. Instrument
Division, Garden City, NJ, USA). A Zeiss FT 395
dichroic mimror and a flow fluorescence xong-pass
barrier filter with 50% cutoff at 399 nm (Schott
Glass Technologies, Durvea, PA, USA) completed
the fluorescence system.

Images were detected by a CCD instrumentation
camera (Photometrics, Ltd., Tuscon, AZ, USA)
equipped with a 390 x 584 pixel Texas Instruments
4849 CCD chip thermoeieciricaily cooled io
approximately —45°C to reduce thermal noise. The

rh:n allows imaoe collection at verv hich mmnfnm
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efﬁcwncxes (20-60% at visible wavelengths) with a
high degree of linearity and low readout noise (in
the order of 15 photoelectron equivalents). The
analog image is digitised to 12 bit resolution and
was transmitted to the computer via a 500 kHz
IEEE-488 interface (National Instruments, Austin,
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Computer control of the illumination system
(mirror placement, shutter opening and closing) and
the CCD camera was accomplished via a Masscomp
5500 computer (Concurrent Computer Corp.,
Oceanport, NJ, USA). A 14 Mflop Masscomp array
processor enhances image computations during and
after data coliection. @A Masscomp GA-1000
graphics subsystem, which included a pair of 1152 x

910 hv 12 bit deen 1magp nlanec and an 1ndpr\pndnnf

graplncs processor, was used for image dlsplay
Because 2 of the bit planes were used for overlay
graphics, 10 bit planes are available for high
resolution image display.

Operation of the CCD

The CCD may be operated in one or more of several
specialised modes, as shown in Figure 2.
Straightforward operation allows a full-frame 390 x
584 image to be collected on and read from the
CCD chip; the time required to digitise and store the
full frame is approximately 1.5 s. Altematively,
data may be read from a poriion {or subarray) of ihe
entire field; the readout and storage time is reduced
from the time for a full-frame readout and storage

approximately in proportion to the size of the
subarray chosen. The operation of the CCD in

subarray mode thus allows the same lateral
resolution as a full-frame image, although over a
smaller area of the field.

The CCD is also programmed to bin or combine,

the pﬂULUCIECIIU[lb coniained in dﬂ._]dbcll[ plXClS at

the time of readout, prior to digitisation. Binning 2
x 2, for example, combines the charge of 2 pixels in
the x-direction and 2 pixels in the y-direction to
form an array of ‘superpixels’. The readout time for
a binned image is reduced from the full frame,
unbinned image readout time in proportion to the
size of the final image — i.e. a 2 x 2 binned image
takes approximately 1/4 the readout time of a full

frame imaoe, Since a maior source of imaoe noige
mage a mag
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is generated during image readout, combining pixel
charge before readout produces a superior signal to
noise ratio in the final image as compared to an
unbinned image or to an image which is binned to
the same degree after readout.  The spatial
resolution of a binned image is necessarily reduced.
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mode. In this mode, the CCD operates
simultaneously as both a photoelectron storage and
collection device. Half of the field of view is
physically masked by placing a partial field stop
between the specimen and the CCD in a focal plane
conjugate to the image plane. An image of the
visible half of the field is collected by iliumination
at one excitation wavelength. After closing the

shutter, the collected image ig electronically shiftad
SauCT, 1€ COLCCKC 1IMage 1§ C:ECuromany

from the unmasked half of the CCD chip to the
masked half in under 1 ms. A second image of the
same half of the field is then collected by illuminat-
ion at a second excitation wavelength. The resultant
full CCD image shows the same field twice, once
for each excitation wavelength (see Fig. 2).

Image collection software

Image collection and processing was accomplished
through menu-driven software modified from a base
system, Vista-IPS (Paragon Imaging, Lowell, MA,
USA). Time-lapse imaging is accomplished via a
set of pI'ng&.lTlS Iﬂd[ can ulfeét I.[lc COH@CUOH of up
to 1000 images of three separate types (i.e. frame
transfer, binned, brightfield, etc) at a user-specified

frequency. During image collection, images may be
displayed on a monitor (Sanyo Electric, Inc,,
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Fig. 2 Modes of operation of the CCD. The CCD may be used
to take a full frame 390 x 584 pixel image or a smaller subarray.
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neighbouring pixels at the time of readout. Frame transfer imag-
ing allows the collection of two separate images of the same field
of view on the partially masked CCD chip before the chip is read

Compton, CA, USA) connected to the CCD camera
on the graphics terminal. The latter display is
available for concurrent display and image analysis.

Image collection and processing

Fluorescence images of cells at the two excitation
wavslanothe ware nnllnMM nmng the (D frame

wavelengths were collec the CCD frame
transfer mode of operation, as described above.
Because the SMC spread very thinly on the
coverslip surface, typical operation of the CCD with
no binning requires a 2000 ms exposure at 334 nm
and a 200 ms exposure at 365 nm; 2 x 2 binning
allowed these exposure times to be reduced by a

MNDianl fiald honlaens wanaan ot
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both wavelengths were taken for each coverslip and
subtracted from each of the cell images. The
resultant background subtracted images were then
split into halves, each half corresponding to one of
the original excitation wavelengths, and ratio images
(R) were generated, where R = F334/F3¢5, the
fluorescence imtensity at 334 nm divided by the
fluorescence intensity at 365 nm. Autofluorescence
contributed only 3-5% of the total fluorescence at
each of the illumination wavelengths. Computations
of ratio images and subsequent processing were
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carried out with floating point precision.

Calibration measurements are taken by imaging
three solutions in the flow chamber positioned on
the microscope stage: 10 uM Fura-2 free acid

MAAAlanvlae N N hasnhata honffamd aalina
\LVJ.ULDDUI.G.I I 1w, W puubpuau;-uuuclcu aauuc

(PBS) supplemented with 2 mM CaClz, 10 uM
Fura-2 free acid in PBS supplemented with 2 mM
EDTA and PBS alone (for background subtracuon)
Rmax = (F334/F365) at saturating Ca®*, Ruin =
(F334/F36s) at no Ca**, and B = Fses(no
calcium)/F3¢s(saturating Ca’ *) were calculated from
these  images. Use of these cauomuon

measurements led to calculated resting [Ca?*]; in the
order of 30 nM. As thig level seemed rather low in

comparison with the resting [Ca2+] in other cells
reported in the literature [2, 6, 10, 12, 13] and in the
light of the known systematic bias toward low
calculated [Ca*}; when Fura-2 is in high viscosity
or protein-containing media {25], we adopted a
simple comrection procedure to approximate the

Aiffarina nnnditinne in tha sufnanl ac sammnarad $a
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PBS. All systematic bias may not be completely
removed by this procedure.  Corrections for
intracellular viscosity were determined by imaging
solutions as above but supplemented with 60%
(w/v) sucrose (RY Tsien, personal communication);
Rmax, Rmin and  are respectively found to be 60%,

95%, and 80% lower in the high viscosity sointions
as compared to PBS. The viscosity-corrected B for

our imaeinge system was apnroximately 1.4 and the
Vs uméms DJ D UAALL VY XD uyyl\u\umwn . v

corrected Rmin and Rmax were approximately 0.2
and 0.05. All three parameters vary across the field
of view. Intracellular free Ca? was determined
according to the equation [ca?*s = Kapl(R -
Rmin)/(Rmax — R)], where Kq = 224 nM 1s the
equilibrium dissociation constant for Cca®* and
Fura-2 [26].

Series of ratio or calcium images calculated as
described were then processed by a masking
technique to determine the average value of the
fluorescence intensity ratio or calcium concentration
at various regions in each cell as a function of time.
Masking was performed in one of two ways. If the
cell of interest did not move, and if there was no
drift of the field of view during the experiment, a
one bit overlay mask of a region of the cell,
corresponding to pixels in the cell irnage above a
user-set threshold grey level value and delimited
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Fig. 3a—c Variations in calcium concentration with time in
response to ATP and ionophore for three celis in the same fieid.
Agents were added (ATP, Br-A23187) or removed (HBS) at
times indicated by the vertical dashed lines. Agonist
concentrations: ATP, 50 uM; Br-A23187, 1 uM; MnClp, 2 mM.
Images were collected using frame transfer

interactively by the user to regions of interest, was

made and applied to each of the images in the
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determined interactively by the user; typically the
level was set such that the image of the cell

fluorescence illuminated at 365 nm was sharply
delineated. This usually samples the cell interior
but avoids very dim cell extensions. If there was a
change in the shape or position of the cell during the
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experiment, the cells were masked interaciively: the
user selected the region of interest in each frame of
the time-lapse sequence. Pixels in the ratio or
calcium image whlch corresponded to a division by
zero in the ratio calculation were excluded during
either masking procedure.

Image display in either grey levels or
pseudocolour was possible. Ratio or caicium
images could be displayed at 10 bit resolution; for

thic dienlav mada § l'“fo nf tha dienlavad imaoca
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derived from the 365 fluorescence image modulate
image intensity and 5 bits derived from the ratio or
calcium image modulate image colour. This display
allows the viewer to simultaneously observe
calculated ratio or calcium levels as well as intrinsic
fluorescence levels at all points across the cells.

< b
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average or below average fluorescence brightness in
a m_yel or cell reoion is facilitated Data collection
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as described in the previous paragraph was from 32
bit floating point ratio or calcium images and was

independent of image display.
Results
Tha anelinatsnn ATD Y landad CRATS
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stimulated a rise in the concentration of intracellular
free calciom in the presence of extracellular
calcium. In Figure 3a-c, plots of intracellular
calcium concentration versus time are shown for 3
SMC in a single 390 x 192 pixel field. Pairs of
images were collected approximately every 9 s
using the frame fransfer mode of CCD operation;
exposure times of 2000 ms at 334 nm and 200 ms at

365 nm illumination wavelenoths were used, All
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three cells began with mean intracellular free
calcium concentration of 70-100 nM and responded
immediately and synchronously to the addition of 50
uM ATP at 75 s, with a rise to a peak of 410-520
oM calcium. The cells returned to initial or less
than initial calcium concentrations about 55 s after
At 270 s, the ATP was removed qnd

cellular calcium levels dropped slightly, remaining
roughly constant until a second addition of 50 uM

the initial rise.
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Fig, 4 (a) Variations in calcium concentration with me in

response to 50 uM ATP for the cell shown in Plate 9. Addition
and washout of ATP are indicated by vertical dashed lines. Note
that [Ca2+]; does not rise until after ATP addition. Images were
collected using frame transfer, subarray, and binning capabilities.
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50 uM ATP for a single cell. Addition of ATP is indicated by
the vertical dashed line. Note that [Caz+]i does not rise until after
ATP addition. Images were collected using frame transfer,
subarray and binning capabilities

ATP to the chamber at 465 s. All three cells once
again responded, although cells 2 and 3 (Fig. 3b and
3c) reached their peaks slightly later than cell 1
(Fig. 3a). The magnimde of the msponses in the

three CEus UJU.CIUU blguiuumuy Cus 1, 2 daiaa o

peaked at 300 nM, 100 nM and 200 nM calcium,
corresponding to increases of 230, 30 and 90 oM
calcium respectively. A second wash removed the
ATP, reiurning the calcium levels to near initial
values for all three cells. . The addition of 1 pM

Br-A23187, a non-fluorescent calcium ionophore
[27], served to again increase calcium levels. It is
interesting to note that the maximum ratio values
observed following exposure to the ionophore
reached only 60-70% of their Rmax values and in

cells 1 and 2 did not reach levels stimunlated during

CELL CALCIUM

the initial ATP addition. Additionally the cells
appeared to regulate their calcium levels in the
continued presence of the ionophore, as the calcium
levels settle at a steady, albeit elevated, value after

'rhi'o reaonlt enooacte that we
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approximately 100
have not overloaded the capacities of the cells to
pump or store free calcium. A final addition of 1
uM Br-A23187 and 2 mM MnClz was used to
quench the Fura-2 fluorescence by allowing the
entry of substantial amounts of Mn?" into the cells.
Approx1mate1y 80% of the fluorescence was
quenched by this treatment. As Mn“" quenches
only the Fura-2 anion and not Fura-2/AM, the

mmmmno cell-associated fluorescence is due to

non- hydrolyzcd or partially hydrolyzed Fura-2/AM
or to Fura-2 free acid that is isolated from the
Mn“’. The former is more likely since the
fluorescence ratio R drops to a low value, charact-
eristic of the spectral response of Fura~2/AM [28].
To examine the kinetics of the calcium transients
in single cells in more detail, the respoase of a
single cell to ATP was examined by simultaneously
using the frame transfer, subarray and binning
capabilities of the imaging system. The cell shown
in Plate 9 was imaged in a 200 x 292 pixel subarray
with 2 x 2 binning, giving a final image size of 100
x 146 pixels. The cell was exposed for 500 ms at

334 nm and 50 ms at 365 nm, and pairs of images
were collected approximately every 3 s. Although

the imaoe hac heen hinnad nnte that cellnlar dpfml
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including thin processes, are clearly visible. In
Figure 4a, the corresponding plot of calcium
concentration versus time is given. The calcium
concentration increased rapidly from a starting level
of approximately 80 nM to a peak of 840 nM upon
addition of 50 uM ATP and then returns to a
slightly elevaied calcium level of 130 oM over the
next minute. The speed of data collection allows us
to examine the calcium transients in more detail
than for the data of Figure 3. We note that the
decrease in calcium concentration is not well
characterised by simple exponential decay; this has
been observed in many other cells as well (data not
b[lOWIl) A bl.lg[][ bC(,()IIUdIy 1186 in Ld.lbllim &t 1UU S
is also resolved. The removal of ATP from the
extracellnlar medinm causes the intracellular free
calcium concentration to fall to slightly lower than

its initial value. A second addition of 50 uM ATP
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Table 1 Calcium levels in various regions of an individual smooth muscle cell

Region examined (Number of pixels in region)

Calcium level (nM)

Resting* First peak Second peak
Whole cell (1856) 812104 835 339
All peripheral extensions (363) 69.4+1.8 709 338
Bottom lamellepodium (231) 557128 589 294
Long extension, top left (80) 76.113.8 388 209
Cell interior, non-lamellepodial (1361) 86.210.3 904 354
Upper half of cell interior (863) 89.710.2 1062 399
Lower half of cell interior (613) 78.3 £0.6 702 295

* Four data points before the first ATP addition were averaged to obtain the resting calcium level. The result is expressed as mean *

standard error
at 160 s stimulates a second dramatic rise in calcium
concentration. A desensitisation of the ATP
response is again suggested, as the second peak has
a maximum of only 350 nM. The fall from the
elevated calcium level to a steady and lower level
again occurs in roughly one minute and is clearly
not characterised by a single exponential.

To address the spatial dependence of the calcium
response to ATP, the cell of Plate 9 and Figure 4a
was examined in greater detail. Seven separate
regions of the cell were selected and analysed. The
temporal dependence of the calcium response was
identical from region to region within the cell in that
the initiation of both increases in [Ca *)i and the
times at which a peak was reached were the same
(not shown). However, as may be seen in Plate 9,
the resting and peak [Ca®*); levels varied from point
to point (see Table 1).

The results of a similar experiment are shown in
Figure 4b. Pairs of images were collected approxi-
mately every 2.5 s for a subarray with a 2 x 2
binned size of 44 x 146 pixels. The addition of 50
UM ATP stimulated a rise in calcium concentration
from 100 to 1800 nM, followed by a return to a
slightly elevated level. As in Figure 4a there is a
second minor calcium transient occurring after the
first.

The data shown in Figure 5 are the result of an
experiment on a field containing 2 cells. Frame
transfer 2 x 2 binned images were collected
approximately every 3.5 s. Cell 2 xesponds in a
fashion similar to the cells of Figure 4: [Ca *); rises
rapidly from approximately 100 nM to 530 nM
calcium upon addition of 50 uM ATP, followed by

a decrease, a strong secondary peak and a second
decrease to nearly the initial concentration. As in
Figures 3 and 4a, a second addition of 50 uyM ATP
stimulates a less dramatic rise in calcium; in this
cell, however, the secondary peak following this
second response is nearly equal in height to the
response itself. The addition of 1 uM Br-A23187
stimulated a rise in calcium and then a decrease to a
steady elevated level; the simultaneous addition of 1
pM  Br-A23187 and 2 mM MnClz quenched
fluorescence and depressed ratio values as in Figure
3. After both the first and second ATP stimulations,
a second peak of [ca®*y delayed about 100 s after
the initial response was seen in this cell.

The calcium levels of cell 1 in Figure 5 have quite
a different character than those of cell 2. The
calcium concentration in this cell before stimulation
is elevated to approximately 300 nM. Stimulated
increases in the calcium concentration are observed
for cell 1 in response to both ATP and Br-A23187;
the magnitude of the increases in cell 1 are less than
in cell 2 for the first addition of ATP, greater than
in cell 2 for the second addition of ATP, and
approximately the same in the two cells for the
addition of Br-A23187. The data for cell 1 appear
to be much noisier than for cell 2 or for the cells
shown in Figures 3-5 and Plate 9. An examination
of the original data (not shown) indicates that the
noisy cell is at least as bright as cell 2 for both
wavelengths of illumination; thus the noise is not
due to a low signal to noise ratio for cell 1 as
compared with cell 2 (see Discussion).

In Figures 3-5 [Ca?*); transients subsequent to the
initial response spike can be discerned in several
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Fig. 5 Variations in calcium concentration with time in response
to ATP and ionophore for two cells in the same field. Agents
were added or removed at times indicated by the vertical dashed
lines. Agonist concentrations: ATP, 50 uM; Br-A23187, 1 uM;
MnChb, 2 mM. Images were collected using frame transfer,
subarray and binning capabilities

individual cells. That these subsequent transients
persist repetitively is shown in Figure 6 which
demonstrates that SMCs respond to ATP stimulation
both by a rapid [Ca ]1 transient and a sustained
train of rises in [Ca ], which have been termed
oscillations in studies of other cell types [12, 13,
29]. The data in Figure 6 are from a 194 x 146
pixel field; exposure times of 700 ms at 334 nm and
90 ms at 365 nm were used. Frame transfer, 2 x 2
binned images were collected approximately every
2.3 s. The fluorescence ratio R, normalised such
that Rprestimulus = 1, is plotted versus time. As
noted elsewhere [2] and as stated later in the
Discussion section, the 334/365 image pair produces
ratio values which are pearly linear with pCa over
the range of 100 nM to 1 uM. Thus the R values
reported here are representative of changes in pCa in
the cells. The lack of response of the cells to
platelet derived growth factor (PDGF-BB, recomb-
inant from E. coli, Bachem Inc., Torrance, CA,
USA), is likely due to the slowness of recovery of
PDGF receptors on these cells after trypsinisation;
the ﬂatness of the traces indicates the stability of
[Ca*']; in the cells prior to the ATP response. An
injection of 50 uM ATP at 476 s sumulated [Ca®*};
increases in all 5 cells. The [Ca ], levels in 4 of
the 5 cells then began to oscillate: the oscillation
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Fig. 6 Responses of five SMCs exposed to 75 ng/ml PDGF
followed by 50 pM ATP. The PDGF was washed from the cell
chamber at t = 385 s. Cell responses are plotted as fluorescence
ratio (R = Fs334F365) which is proportional to pCa (see
Discussion), and are shifted vertically for clarity. Variation of R
over the microscope field has been corrected. The average
response of the five cells is shown by the bottom trace labeled

mean

Erequenmes in cells 1 2,3 and 5 are, respecuvely{
1.3 mio™!, 14 min™, 1.2 min™ and 0.45 min.
Although the initial or primary calcium peaks of all
5 cells are synchronous to within the time resolution
of the experiment, the ensuing oscillations are
asynchronous from cell to cell as shown by the
bottom trace in Figure 6 which is the average of the
5 cell responses. Finally, the oscillations do not
show all the same characteristics. Cells 1 and 3
show highly regular and simple oscillations, cell 2
demonstrates less regular oscillations and cell 5
shows oscillations with an irregular shape. One of
the cells, (cell 4), fails entirely to oscillate.

Discossion
Imaging system

One cell in Figure 5 has a much higher resting
[Ca2 }i than other cells shown in this report. We
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find that approximately 20% of the cells we have
observed (of a total >150) have significantly
elevated resting [Ca*"); similar to that of cell 1 of
Figure 5. In every case, the fluctuations of
measured {Ca” }; about its mean value are a few
times more than those in cells with lower ‘normal’
resting [C32+]i In order to determine whether these
fluctuations are due to the cells themselves, or to the
measurement technique, we have analysed the
dependence of fluorescence ratio, sensitivity and
relativc;.+noise versus pCa for Fura-2 determination
of [Ca“")i. Since the wavelength pair (334/365 nm)
we employ for Fura-2 ratio imaging differs from the

more commonly used wavelength pair (340/380

nm), we additionally compare these properties for
the two wavelength pairs. As can be readily
discerned by exarmmng the excitation spectra for
Fura-2 at various Ca“ concentrations [26], the
absolute value of ratio R for the 334/365 nm
wavelength pair is always less than that for 340/380
nm at any vaiue of pCa. Figure 7a is a piot of R
versus pCa for both wavelength pairs, normalised

such that R = 1 at IF32+ = K4 for both curves,

wige A Gl Al AVI Uuld wiea

This normalisation is equivalent to adjusting
fluorescence exposure time or excitation mtensny to
produce equivalent brightness images at [Ca*] =

224 oM and thus allows us to compare the two
wavelength pairs on the same scale. Over the range
of pCa typically encountered in cells, 100 nM to 1

puM, the 334/365 ratio is mearly linear with pCa

while 340/380 is less so (inset, Fig. 7a). Thus the
grey levels of 334/365 ratio images are reasonably
representative of pCa, allowing one to estimate the
calcium response of a cell with only three image
computation steps (two subtractions and one
division). The sensitivity of the response of R to a
change in pCa (8R/dpCa) for the two wavelength
pairs is not shown in Figure 7b. The sensitivity of

the 340/380 pair is greater than that for 334/365

over most of the physiological range of pCa. Note
that the peak sensitivity of the 334/365 pair is in the
middle of the physiological range (430 nM) while
that for the 340/380 range is at the high end (2400
nM).

For a single measurement, the relative uncertainty

£ +h '™ 1 th
of the ratio in any given pixel is the sum of relative

uncertainties in the numerator and denominator
image pixels, it is straightforward to derive the

expression for the uncertainty in R:

AR Ay ka+ 1)
R fDmin
B {(BKaRmin + [CA* Rmax) ™ + (BKa + [CA)! |

where AR is the absolute uncertainty (or noise) in R,

A s A A A A Y 7 =,

AF is the typical noise level in a pixel, fd,mn is th

intensity of fluorescence excited at the denominator
wavelength in the absence of calcium, and Rmax,
Rmin, B, and K4 are as defined earlier. For a
determination of the mean [Ca™" ]; based on multiple
data samples the standard deviation of R follows a

marae nnamnlicatad avnmagian e avnmacinn ia tha
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upper bound to the standard deviation. Fluctuations
in the number of calcium ions in the region
represented by a pixel as well as diffusive or
Ca** -binding fluctuations in Fura-2 fluorescence are
assumed to occur on a timescale much shorter than
our shortest exposure time, 50 ms. For our images,
the dominant confribution to pixel grey level
uncertainty is camera noise. AF/F is of the order of
0.05 for the brightest reoiong in the cell, Fioure 7¢

W AVL UV Vdlgliont Avgivaas au v wuil, Liguiv SV

shows the relative uncertainty in R as a function of
pCa for the two wavelength pau's normalised so
that f365,min = f380,min at [Ca *1i = Kaq, again to
allow us to compare the two wavelength pairs at the
same scale. The relative noise for the 334/365
image pair decreases from low to high [Caz+]i,

~l ~n
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pCa for this wavelength pair, indicates that the
ahsolute uncertainty in R is relatively constant over
the whole range of pCa. The most important
measurement uncertainty is shown in Figure 7d in
which relative fluctuations were measured pCa
(ApCa/pCa) are plotted versus actual pCa. We have
inciuded in this plot contributions due to
fluctuations in all the measured parameters R, B,

D . and D Ag tha nall srmacac whinrh am ead
Amin dil "max. A3 Ui CCun UIGECS wWiilad dit uscl

to calculate R are ten times dimmer than those used
to calculate B, Rmin and Rmax for our experiments,
the relative fluctuations in the calibration images are
ten fold lower than those in the cell images. Again
the relative uncertainty for the 340/380 wavelength
pair has been normmalised to that for 334/365.

ApCa/pCa is lower for the 3407380 wavelength pair

except over the pCa range from 6.6-6.9 (126-250
nM). Note that the relative uncertainty for the
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Fig. 7 Ratio (a), 5R/5pCa (b), AR/R (c) and ApCa/pCa vs pCa for the 334/365 nm and 340/380 nm wavelength pairs. Spectral data
were taken from [25] to obtain Rmin, Rmax and B. No correction for viscosity was made. The plot of AR/R (¢) assumes AF/fp,min = 1

i.e. corrected values of AR/R for any given pixel must be muitiplied by the measured AF/ip,min. In the plot of ApCa/pCa (d), the
340/380 nm wavelength curve has been nonnalised to the 334/365 nm curve at the point at which pCa = pKa. AF/fbmin = 0.005 for the
images generating R while AF/fp,min = 0.005 for the images generating Rmin, Rmax and B. See text for details

334/365 wavelength pair is only 8% greater at pCa
= 6.5 than at pCa = 7.0. Using this fact to interpret
the data of Figure 5, it appears that the fluctuations
in the upper trace (cell 1) are not due to
instrumental noise. As stated earlier, the absolute
signal detected for cell 1 was no less than that

detecied for celi L l'llllIlg out a difference in the

signal/noise ratio between the two cells as an
explanation. Thus it appears that the fluctmations

assoc1ated with cell 1 arise from intrinsic
fluctuations in [Ca2+]i; the cellular basis of this
calcium noise is not apparent.

The operation of the CCD in one or more
specialised modes offers a variety of options to the
user. Collection of a single image at full resolution
on the CCD requires approximately 1.5 s for readout
and image storage. Because fluorescence ratio
imaging requires two separate images of the same
field, each corresponding to a different excitation
wavelength, operation of the CCD in this mode
would require at least 3.0 s for the collection of data
to compute one ratio image, exclusive of actual

For this reason, it is often degirable

avnaomne timsac
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to collect data on only one portion of the entire
field, a subarray. The clear advantages, particularly

for the collection of data to form ratio images, are
faster interframe, readout and storage times.
Binning the charge as it is collected from the CCD
also offers the advantage of faster image transfer
times; this advantage couples with that of shorter
exposure times for a fixed image brightness. The

use 01 l[llb weumquc lb pdruemdny’ l](‘:lpllll IOI
images of Ca*' transients in SMC, for full frame

unbinned images mnmre a total exposure time in the

order of 2 s. Although the spatlal resolution of the
binned image is reduced in comparison with an
unbinned image, individual cells and some
intracellular structure are still distinguishable even
with 3 x 3 binning.

Operation of the CCD in frame transfer mode,

nhatnolontran

amnlayvyine it eimnltananncly
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Wlll.l\l].lus il sluuliailivuuoly ua
storage and collection device, is particularly suited
to Fura-2 ratio imaging because both images needed
for the ratio are collected with minimal time
between images. Errors due to temporal misregistry
between numerator and denominator images are
greatest when Ca®* is rapidly changing or when

calle move mnurllu For frame tranefer imaoino with
CCLiS MOVE rap: LSO Irame ransicr imaging wii

our system, the predommant cause of temporal mis-
registry is the exposure time of the 334 nm image.

a
a
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Ca** transients in SMC

In an earlier study, Tawada and co-workers [20]
demonstrated ATP-induced calcium transients in
suspensions of cultured smooth muscle cells from
rat aorta.  We extend those observations to
individual cultured swine aortic smooth muscle cells
attached to a substrate, and examine detailed
kinetics of the calcium transient. Rapid imaging of
cells, taking pairs of images every 2-3 s, allows us
to resolve features in the [Ca2 ]i response curves
that are not readily apparent with slower imaging.
For example, the data on the decline of the
ATP-induced calcium transient shown in Figure 3
give no indication of the subtle features we note
with the data of Figures 4 and 5. The slight
secondary calcium transients observed in Figures 4
and 5 would be missed entirely if pairs of images
were collected more slowlg The asynchronous
sustained oscillations of [Ca*']; shown in Figure 6
would appear as noise with lower time resolution
data collection. The pattern of these oscillations
varies widely from cell to cell as has been reported
for other cells [29, 30]; the data reported in Figure 6
are typical of our observations of more than 150
SMCs. We find that most (~70—80%) of the cells
with resting levels of [Ca®")i near 100 nM display
calcium oscillations after the ATP-stimulated
transient when observation times extend for 2
minutes or longer, and that the oscillations require
the continued presence of the stimulant. A more
detailed study of these oscillations is in progress.
The data shown here support the postulate that
desensitisation of the ATP-induced calcium response
occurs with continued exposure to ATP and
extracellular calcium. After an initial exposure of
the cells to ATP for approximately 100-200 s and a
brief (50-150 s) wash, an identical dose of ATP
produces a significantly decreased calcium response.
Benham and Tsien [21] have shown that ATP-
activated Ca®' channels in aortic smooth muscle
inactivate within ~2 s after application of 1 uM
ATP. As the decline of the whole-cell Ca**
response to ATP we find has a considerably longer
time course than 2 s, either a second mode of desen-
sitization or altered ATP-activated Ca®* channel
activity in our cells is indicated. The fommer is
supported by the fact that stimulation of SMC with

ATP in Ca2+-free, EGTA-containing HBS produces
the initial [Ca ], transient (not shown), implicating
release of calcium from intracellular stores as the
primary source of the initial rise in [Ca®*];.

Elevated intracellular calcium levels are also
observed after the addition of Br-A23187. The
fluorescence ratio in these cells does not, however,
reach Rmax levels and, in the cells examined, this
response is less in magnitude than the initial
response to ATP. The subsequent decline of
calcium levels to a steady though elevated level
suggests that SMCs regulate their calcium levels to
some degree in the continued presence of the
1onophore The addition of Br-A23187 together
with Mn®* leads to a quenchmg of Fura-2
fluorescence, suggesting that Mn?* is entering ion
channpels opened by the ionophore [3]. The fact that
not all of the cell-associated fluorescence is
quenched by this treatment and that the rauo values
of the cells drop dramatically when Mn** is added
(Figs 3, 6) indicates that not all of the Fura-2/AM is
completely hydrolysed by SMCs. This result
complicates our measurement of [Ca"*ll since the
contribution of Fura-2AM fluorescence tends to
artifactually depress measured [Ca**}i Since the
Fura—-2/AM may redistribute within a cell during our
measurement interval, we have chosen not to
attempt a further correction for this artifact.

Careful examination of Plate 9 shows that the
apparent distribution of [Ca2+]i is heterogeneous,
even in unstimulated cells. It is quite likely that
some of the Fura—2 anion is entrapped within
organclles such as sarcoplasmic reticulum and
rmtochondna and that these regions report higher
[Ca ]1 than does the cytosol. A recent report [25]
indicates that interaction of Fura-2 with intracellular
macromolecules can greatly affect both K4 and the
spectral properties of Fura—2. This fact, coupled
with an uncertainty in the true intracellular viscosity
of an individual cell cast doubt on the accuracy of
the absolute calibration of calcium that we report.
However, the details of kinetics described here are
not significantly affected by such uncertainties.

In conclusion, the charge-coupled device imaging
system we describe is well suited to the rapid and
accurate ratiometric imaging of [Ca ], in individual
cells and of multiple cells in the same field of view.
The data reported here describe subtle features in
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the calcium transients in SMC exposed to ATP and
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