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On further examination of the data obtained from the three-dimensional reconstructions we realized
that in the two places where we took the data as being derived from a single channel there was more
than one channel present. Although the conclusions reached from the data would not be altered, we
want to inform the readers of this error.

For the data shown in Fig. 2 on page 265, although only one fluorescence transient was detected,
there was a second caffeine-activated channel that opened before and closed after the fluorescence tran-
sient. Any fluorescence increase due to Ca influx through that channel was out of the image field and,
therefore, would not contribute to the fluorescence measurements obtained for the figure. However,
the brief closures in the current trace could have come from either channel. When constructing the fig-
ure, we had assumed all of the brief closures were from the channel of interest. To estimate how much
of an error this assumption would produce, we recalculated the slope of AF,,; (or signal mass) versus
charge (AQ) assuming the opposite situation (all of the brief closures being from the other channel).
The average difference in the slopes for all six planes remained nearly the same (—1.8 = 0.7% versus
—1.3 = 0.7% for original versus recalculated data, respectively). The latter value is the same as that indi-
cated in the original text by plotting AF,,; versus time instead of charge. Therefore, the brief closures
did not contribute significantly to the differences among the slopes of AF,,, versus AQ as viewed from
each optical plane.

The stretch-activated channel current (referred to at the top of the second column on page 266), re-
corded in a cell-attached patch, could have been derived from more than one channel. However, unlike
for the caffeine-activated channels, the opening of more than one channel in the cell-attached patch
would not have altered the slope of AF,,, versus AQ because both measurements were obtained from
the same patch with the channels essentially in the same plane. Also, there was essentially the same aver-
age difference in the slopes of AF,,,; versus AQ or versus time (—4.5 = 4.9% and —3.3 = 5%, respec-
tively). Both values were also in the original text.

We regret we did not catch these before the publication of the paper and hence did not include the
above in the published analysis. However, none of what we have described above would have changed
the conclusions based on this data.

Correction 539
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Using Total Fluorescence Increase (Signal Mass) to Determine the Ca?*

Current Underlying Localized Ca?* Events
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ABSTRACT The feasibility of determining localized Ca?* influx using only wide-field fluorescence images was
explored by imaging (using fluo-3) single channel Ca?* fluorescence transients (SCCaFTs), due to Ca?t entry
through single openings of Ca?"-permeable ion channels, while recording unitary channel currents. Since the
image obtained with wide-field optics is an integration of both in-focus and out-of-focus light, the total fluorescence
increase (AF,, or “signal mass”) associated with a SCCaFT can be measured directly from the image by adding
together the fluorescence increase due to Ca?* influx in all of the pixels. The assumptions necessary for obtaining
the signal mass from confocal linescan images are not required. Two- and three-dimensional imaging was used to
show that AF,, is essentially independent of the position of the channel with respect to the focal plane of the
microscope. The relationship between Ca?* influx and AF,,,; was obtained using SCCaFTs from plasma membrane
caffeine-activated cation channels when Ca?* was the only charge carrier of the inward current. This relationship
was found to be linear, with the value of the slope (or converting factor) affected by the particular imaging system
set-up, the experimental conditions, and the properties of the fluorescent indicator, including its binding capacity
with respect to other cellular buffers. The converting factor was used to estimate the Ca** current passing through
caffeine-activated channels in near physiological saline and to estimate the endogenous buffer binding capacity.
In addition, it allowed a more accurate estimate of the Ca?* current underlying Ca?* sparks resulting from Ca?*
release from intracellular stores via ryanodine receptors in the same preparation.
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INTRODUCTION Fluo-3 and other such Ca?* indicators have been em-

ployed to record localized Ca?* fluorescence transients
such as “Ca?* sparks” and “Ca?* puffs” due to Ca®* re-
lease from intracellular stores through ryanodine recep-
tors or IP3 receptors, respectively (Parker and Yao,
1991; Cheng et al., 1993; Lopez-Lopez et al., 1995;
Nelson et al., 1995; Klein et al., 1996; Bootman et al.,
1997; Koizumi et al., 1999). In addition, Ca®>" fluores-
cence transients due to Ca?" influx through a single
opening of plasma membrane caffeine-activated channels
(Zou et al., 1999), and later, L-type Ca*" channels (Wang
et al., 2001) and stretch-activated channels (Zou et al.,
2002), have also been recorded using these indicators.

One goal of these types of studies is to relate the
observed localized fluorescence transients to the un-
derlying Ca?* currents. This would make it possible to
obtain the Ca%" current passing through plasma
membrane nonselective cation channels in physiological
saline or underlying Ca?* sparks and puffs. However,
specialized methods are required to obtain this rela-
tionship with nonratiometric Ca?* indicators. For a
brief overview of some of these methods see Zou et
al. (2004).

Calcium ions play an important role in cell function,
acting as effectors and/or signaling molecules for a
variety of cellular biochemical and physiological pro-
cesses. The development of a variety of Ca’*-sensitive
fluorescent indicators and advancements in imaging
technology have enhanced the ability to follow both
global and localized changes in intracellular Ca?* at ever
improving temporal and spatial resolution. Ratiometric
Ca?* indicators like fura-2 permit the measurement of
intracellular Ca?* concentration (Grynkiewicz et al.,
1985). But, they tend to have a limited dynamic range
and a significant fluorescence background, which re-
duce their sensitivity to small local increases in Ca?*. On
the other hand, certain nonratiometric Ca2* indicators,
such as fluo-3, although not able to give a dynamic
direct read-out of the Ca%* concentration, have very low
fluorescence when not bound to Ca?* and have a signif-
icant increase in fluorescence intensity upon binding
Ca?* (e.g., ~200 times for fluo-3; Harkins et al., 1993).
Therefore, they can be especially useful for following
small, local changes in Ca®" inside the cell.
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Sun et al. (1998) first introduced the insightful “sig-
nal mass” concept into fluorescence measurements of
the Ca?* flux underlying local Ca’* events using confo-
cal microscopy. They suggested that integrating the
one-dimensional confocal linescan fluorescence signal,
AF/F, over three dimensions would provide the signal
mass due to the Ca%" flux associated with Ca?* puffs.
The rate of rise of the signal mass, therefore, could pro-
vide an estimate of the Ca?' current generating the
fluorescence increase; and the peak, an estimate of the
total Ca?" flux (neglecting Ca?* removal mechanisms,
which are on a much slower time scale). However, to
ensure the accuracy of this method requires (a) that
the Ca?* fluorescence event be in sharp focus and the
scanning line pass through its center, (b) that the fluo-
rescence profile be spatially symmetrical, which may
not be the case (for examples, see Shen et al., 2004;
Figs. 2 and 7 in Wellman and Nelson, 2003, and Chan-
dler et al., 2003), and (c) that the event be separated
spatially from other fluorescence events.

Following its first use by Sun et al. (1998), the idea of
using signal mass measurements has been adopted by a
number of investigators, using confocal microscopy, to
obtain measurements of the Ca?* current underlying
Ca?* fluorescence events and/or the number of ryano-
dine receptors involved in such events or to compare
fluorescence events in different preparations (Gonza-
lez et al., 2000; Hollingworth et al., 2001; Wang et al.,
2001; Chandler et al., 2003; Zhou et al., 2003). How-
ever, calculating signal mass directly from linescan im-
ages could involve significant errors even if all of the as-
sumptions mentioned above were met. This is because
the signal-to-noise ratio decreases farther away from
the Ca®" influx site and the contribution of the noisier
signal to the signal mass gets amplified due to the
weighting based on the distance from the influx site
(Sun et al., 1998; Rios and Brum, 2002). In an attempt
to solve this problem, alternative methods have been
developed for calculating the signal mass using the full
spatial width at half maximum amplitude of the AF/F
signal (Shirokova et al., 1999; Hollingworth et al., 2001;
Chandler et al., 2003).

Confocal microscopy is used for most studies of lo-
calized Ca?* fluorescence events because of its small
depth of field, which minimizes the collection of out-of-
focus light. However, for the application of the signal
mass method, there are theoretical advantages pro-
vided by wide-field microscopy, because the wide-field
microscope will collect light from not only the in-focus
plane but also the out-of-focus planes. Therefore, a
wide-field image itself should be an integration of the
fluorescence along the optical axis. At each point in
time, the fluorescence signal mass could be obtained in
a straightforward manner by adding together the fluo-
rescence increase due to Ca?* influx in all of the pixels

(Zou et al., 1999; Fogarty et al., 2000; ZhuGe et al.,
2000; Zou et al., 2002). As a result, the first two require-
ments that apply to confocal microscopy should not be
necessary for wide-field imaging. Computer simulations
have been used to show that the signal mass obtained
this way should provide a good measure of the underly-
ing current whether or not the fluorescence event is in
focus (Zou et al., 1999; ZhuGe et al., 2000). However,
there has not been a systematic experimental establish-
ment of this point (Zou et al., 2004).

The present study was performed (a) to experimen-
tally determine the validity of using signal mass or
AF,;,y measurements with wide-field microscopy for ob-
taining Ca%" currents, especially to demonstrate that
measurements of AF ., are independent of the focal
plane, and (b) to use the method to determine the
Ca?* current when it cannot be measured directly. In
addition, some of the characteristics of fluo-3 and en-
dogenous buffers are explored. For this purpose, we
have mainly used the properties of an 80-pS, plasma
membrane, Ca?*-permeable, nonselective cation chan-
nel that appears to be directly activated by caffeine
(Guerrero et al., 1994a,b). The open time of the chan-
nel can be long and the channel density is low, possibly
10-15 channels per cell (scattered over the cell surface;
Zou et al., 1999). These characteristics make it possible
to record the unitary currents in the whole-cell record-
ing configuration of the patch clamp. Also, as we have
shown previously (Zou et al., 1999) with physiological
concentrations of Ca%* in the extracellular fluid, it is
possible to record the fluorescence transient associated
with Ca?* entering the cell during a single opening of
this channel (single channel Ca%" fluorescence tran-
sient [SCCaFT]). All of the properties of this channel,
especially those that enable simultaneous recording of
the SCCaFT and the unitary current (without the mem-
brane deformation associated with cell-attached patches
as would be required with Ca?* channels), make it a good
choice for our present study.

MATERIALS AND METHODS

Single Smooth Muscle Cell Preparation

Smooth muscle cells were enzymatically dispersed from the stom-
ach of the toad Bufo marinus as previously described (Fay et al.,
1982; Lassignal et al., 1986) and used on the same day. All exper-
iments were performed at room temperature.

Patch-clamp Recordings and Data Processing

The currents passing through caffeine-activated channels and
stretch-activated channels were recorded with an Axopatch-1D
amplifier (Axon Instruments, Inc.) using the whole-cell and cell-
attached patch configurations, respectively. Currents were low-
pass filtered at 200 Hz and sampled at 1 kHz. Brief transitions to
the closed or open state could be masked by the filtering. There-
fore, what we refer to as channel open time may correspond to a
channel burst time. Sometimes a digitally generated 60-Hz signal
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was subtracted to reduce the background noise. Caffeine-acti-
vated channels were opened by applying caffeine to the cell by
pressure ejection from a glass pipette using a picospritzer (Gen-
eral Valve Corp.), and stretch-activated channels were opened by
applying suction to the patch pipette (Zou et al., 1999, 2002).

Single discrete channel openings (or short bursts) were usu-
ally selected for the measurements described below. Total charge
entry during channel openings was obtained by integrating the
unitary channel current over time.

Wide-Field Digital Imaging and Fluorescence Measurements

Two-dimensional Imaging. Methods for two-dimensional (2D)
Ca’* fluorescence imaging and data processing were similar to
those used by Zou et al. (1999, 2002). Fluorescence images were
acquired using a custom-built high-speed digital imaging micro-
scope with fluo-3 as the Ca?* indicator. The standard system set-
up was the same as that diagramed in ZhuGe et al. (1999) except
that a different oil immersion objective lens (60X magnification
with a numerical aperture of 1.4) was used. We generally focused
at the middle of the cell. Each image was composed of 128 X 128
pixels, each usually 0.333 wm square. At each pixel, the fluores-
cence at rest (F)) was subtracted from the fluorescence (F) for
cach image in the image set, and the difference was used to con-
struct the images (AF' = F — F, or AF/F, = [F — Fy]/F,), which
were then smoothed (with a 3 X 3 kernel approximating a Gaus-
sian with o = 1 pixel) before display.? The resting fluorescence,
Fy, was usually obtained by averaging the fluorescence intensity
of 10 consecutive images when there was no fluorescence tran-
sient. The pixel with the maximum fluorescence increase for the
transient was taken as the location of the channel and its fluores-
cence time course plotted in the figures. Measurements of fluo-
rescence are given in units of photons detected by the camera.

The outline of the cell in the fluorescence ratio images was de-
termined by applying a fluorescence intensity threshold. Several
image sets were generally obtained from the same cell. To facili-
tate capturing the desired transients/channel openings we usu-
ally used a circular image buffer protocol (Zou et al., 1999; soft-
ware provided by K.D. Bellve, Biomedical Imaging Group, Uni-
versity of Massachusetts Medical School). The read-camera control
signal (sampled at 1 kHz) was simultaneously recorded with the
current to facilitate the temporal alignment of the fluorescence
trace with the corresponding current trace.

ITo simplify the notation, all of the variables with a “A” prefix are
time dependent except when denoted with “max” in the subscript.

2The construction of fluorescence images from either confocal or
wide-field microscopy usually involves normalizing the fluorescence
at each pixel to the resting fluorescence as AF/F, or F/F,. For wide-
field fluorescence imaging of a macro fluorescence event occurring
throughout the cell as would occur by activation of whole-cell Ca?*
current in a spherical or cylindrical cell, this procedure is appropri-
ate in order to normalize for the effect of indicator concentration
and/or cell depth. It might also be appropriate for confocal imaging
of localized fluorescence events to normalize for the effect of indica-
tor concentration where the fluorescence from each pixel is theoreti-
cally from a thin slice of the cell. However, the normalization of local-
ized fluorescence events obtained with wide-field imaging can be mis-
leading. This occurs because the same event (AF) occurring near the
center of the spherical or cylindrical cell (the thicker part of the cell)
would produce a smaller percent increase in fluorescence than at the
edge (the thinner part of the cell) (Zou et al., 1999). Therefore, we
chose to display most of our images without normalization by the
resting fluorescence and used only the increase in fluorescence, AF,
instead.
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Three-dimensional Imaging. Three-dimensional (3D) imaging
was used to provide images at planes above, below, and at the lo-
cation of the channel. The digital imaging microscope was
equipped with a computer-controlled piezoelectric focus drive to
move the microscope objective lens, thereby scanning the focal
plane of the objective lens through the thickness of the cell (for a
more complete description see Kirber et al., 2001). The lens was
moved at a constant velocity of 0.5 wm/ms and images continu-
ously acquired every 2 ms. There was a turnaround time of 2 ms at
the top and 5 ms at the bottom when the lens stopped moving so
as to change direction from upward to downward or vice versa
(Fig. 2 B). The images acquired during the turnaround times
were discarded. We used this protocol because the coupling of
the objective lens (60X water immersion, NA = 1.2) to the cover-
slip through the water immersion medium prevented us from
moving the objective lens quickly enough in steps. We obtained a
set of six images from six 1-pwm-thick planes on average every 15.5
ms. The displayed AF/F, images were obtained by deconvolution
to remove the out-offocus light (Fig. 2 A) from the stacks of opti-
cal images using the image restoration algorithm developed by
members of the Biomedical Imaging Group (Carrington and Fo-
garty, 1987; Carrington et al., 1995). This algorithm takes into ac-
count the additional blurring resulting from the movement of the
objective lens during image acquisition (see Kirber et al., 2001).

Determining the Ca®* Current from the Total Fluorescence
Change (AF, ) or Fluorescence Signal Mass

Signal mass measurements were obtained from an image area
that was large enough to cover the entire fluorescence increase
as determined from the AF or AF/F, images (e.g., an area within
a box like that shown in Fig. 1 A). Total fluorescence was mea-
sured from the raw images (not the AF/F, images) by summing
the fluo-3 fluorescence from all the pixels. To estimate Ca*" en-
try into the cytoplasm, the change in total fluorescence (AF,,)
was determined by subtracting the total fluorescence before the
channel opened from the total fluorescence at each time point
during the opening. The charge influx (AQ) was calculated by
integrating current during the channel opening. When there was
a global background fluorescence change (e.g., due to photo-
bleaching), a linear extrapolation obtained from the baseline
change before the transient was used to correct for background
changes during the transient.

When Ca?* enters into the cytoplasm, due to either release
from intracellular Ca®* stores or influx from the extracellular
fluid, it will either remain free or it will bind to endogenous cel-
lular buffers or fluorescent indicators like fluo-3. During a chan-
nel opening, AF,, can be taken as an estimate of the amount of
Ca?" that entered the cytoplasm and bound to fluo-3 at any time
(Zou et al., 1999; Fogarty et al., 2000; ZhuGe et al., 2000; Zou et
al., 2002). In addition, neglecting Ca®* removal from the cyto-
plasm, AF, ., will be, as shown below, linearly related to the Ca?*
influx (ACa®", the number of Ca ions entering the cytoplasm)
over the same time period.

Determining the Relationship between AF,,,, and ACa®*. From pre-
vious simulations, it was suggested that during the channel open-
ing, at least for short time periods and for Ca*" currents in the
range of a few pA, there is a linear relationship between AF,, .,
and ACa?* (Zou et al., 1999; ZhuGe et al., 2000). If this is the
case, then AF,,, in units of detected photons, and ACa** can be
linked by a constant, k:

ACa®" = k- AF,,. (1)

The value of the constant, or converting factor, is affected by
two components. The first is a fluorescence factor (f), which is
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the measured fluorescence (in detected photons) per Ca®'-
bound fluo-3 molecule. The measured change in fluorescence
will be related to the change in the amount of Ca?*-bound fluo-3
molecules (ACaFluo-3) as follows:

AF o = f- ACaFluo-3. (2)

The value of fresults not only from the intrinsic properties of
fluo-3 itself, but it is also a function of the image exposure time,
laser excitation power, lens properties (e.g., magnification and
numerical aperture), and other properties (e.g., camera, filters,
mirrors, etc.) of the specific imaging system setup. Here, we have
neglected the change in fluorescence due to the change in the
amount of Ca?*free fluo-3 molecules (<~0.5%).

The second component is a buffer adjustment factor (f,),
which takes into account the amount of Ca?" that binds to buff-
ers other than fluo-3. Free Ca%*, which is assumed to be small un-
der our experimental conditions, is included in f, for the analysis
here. Therefore, f, is equal to the number of Ca®* ions that en-
tered the cell (ACa%") for each Ca?* ion that bound to fluo-3
such that

ACa®" = f,- ACaFluo-3. (3)

The value of the buffer adjustment factor is dependent on the in-
tracellular environment and the concentration of fluo-3.

It is straightforward to see from the above that k is simply the
buffer adjustment factor divided by the fluorescence factor or

ACa®" = k- AF = (fy/f) - AF gy (4)

For the opening of a Ca?*-permeable nonselective cation chan-
nel, the total charge entry over time (AQ), which is directly pro-
portional to ACa®" (provided that the Ca®* current is a constant
fraction of the total channel current), is obtained by integrating
the channel current during the opening.

The converting factor, k, can be experimentally determined
from the AF,,, that occurs when a known amount of Ca’* enters
the cell. To do this, a 90 mM Ca®* bathing solution (see below)
was used so that all of the inward current was due to Ca®>* entry
when a caffeine-activated channel opened. In this case, the num-
ber of Ca ions coming into the cell (ACa?*) equals AQ divided by
the charge of a Ca ion (3.2 X 107! C). With AF,,, measured
over the same period of time, from Eq. 1, we have k= AQ /(3.2 X
10719 - AF,.). For these measurements, the values of AF,, and
AQ were usually taken from the time just before the channel
opened until just after the channel closed and therefore are de-
noted as AF,1max and AQ, .. (see Fig. 3). AF,,1ma and AQ, . can
be obtained with higher accuracy by averaging through the base-
line and the near steady-state plateau and this method was used
to obtain the converting factor and related results.

The value of k, through its dependence on f(Eq. 4) changes if
the imaging system set-up is changed and is also affected by the
image exposure time. All of the images involved in determining &
and related measurements were obtained in “full-frame rate”
mode where images were acquired every 10 ms with a 10-ms expo-
sure time. To apply the value of k to measurements where the im-
age exposure time is different, the value of the measured AF,,
has to be normalized so that the effective exposure time is 10 ms.
For example, if the k were to apply to the results shown in Fig. 1
(where images were acquired every 15 ms with a 6-ms exposure
time), the value of AF,,,; would have to be multiplied by 10/6.

On the other hand, f,is a function of the intracellular environ-
ment (particularly the concentration of fluo-3) and not the imag-

ing system setup. Therefore, if we obtain the converting factor for
one imaging system setup using a known Ca®* current as de-
scribed above and separately obtain a measure of fusing the same
set-up, we can then obtain the value of f,. Moreover, if we should
choose to use a different set-up, with the value of f, known, we
can calculate the new converting factor by merely obtaining f
with this set-up. f, can also be used to estimate the equivalent
binding capacity of the endogenous buffers (see DISCUSSION).
Therefore, it is useful to be able to obtain values for fand f;.

Determining the Fluorescence Factor, [, for Ca**-bound Fluo-3 Mole-
cules and the Buffer Adjustment Factor, f,, When Ca®" and fluo-3 are
in equilibrium (as at rest):

[CaFluo-3] = [Ca®" ] [Fluo-3],/ (K4 + [Ca’"]). (5)

Here, [CaFluo-3] is the Ca?"-bound fluo-3 concentration, [Fluo-
3]t is the total fluo-3 concentration, K, is the dissociation con-
stant for fluo-3 and Ca®* (estimated to be 1.18 uM inside the cell;
Smith et al., 1998), and [Ca?"] is the free Ca?" concentration.
Neglecting the fluorescence from Ca?*-free fluo-3, from Egs. 2
and b5:

[ = Fyw/CaFluo-3 = F ./ (A, V- [CaFluo-3]) (6)
= F (K, +[Ca” 1)/(A, - V- [Fluo-3];- [Ca® )

Fiow 18 the measured resting fluorescence in detected photons, A,
is Avogadro’s number, and V is the volume containing the fluo-3
molecules from which the F ., measurement is obtained. When
[Ca%"] is saturating, [CaFluo-3] essentially equals [Fluo-3]| and,
therefore, Eq. 6 reduces to

f=Fou/(A, V- [Fluo-3]y). (6a)

Experimentally, f was obtained using rectangular glass capil-
lary tubes with a light path length of 20 pm (Vitro Dynamics
Inc.). They were filled with a physiological saline solution con-
taining 2 mM Ca?* and 1, 5, or 10 pM fluo-3 penta-potassium
salt. The same imaging system setup used for the experiments
with isolated cells was used, and F,, was usually measured from
the central 100 X 100 pixels of the image field. The volume of
the segment of the tube, from which the measurements were ob-
tained, was the area of the central image field times the light
path length of the tube. From this volume, the measured F,,
and the total concentration of fluo-3, we could obtain ffrom Eq.
6a. Because other configurations of the imaging system (with dif-
ferent objective lenses) were also used, f could be obtained for
cach configuration and will be detailed in the text where appro-
priate. The advantage of using the glass capillary tubes to deter-
mine finstead of an estimated segment of the cell volume (see
ZhuGe et al.,, 2000) is that the value obtained using capillary
tubes is independent of the estimates of the cell volume, the rest-
ing Ca?* concentration, and the K,. Values of fgiven in the text
were normalized to a 10-ms exposure time. Once fand k have
been obtained, the buffer adjustment factor, f, can be deter-
mined using Eq. 4.

Determining the Ca** Current Underlying a Fluorescence Transient.
For a nonselective Ca%"-permeable plasma membrane cation
channel, integrating the current during the channel opening will
provide AQ, ... With ACa®*, .. obtained from AF .., using Eq.
1, the fraction of the current carried by Ca?* is simply 3.2 X 10719+
ACa®" ./ AQua Or 3.2 X 10719+ k + AF aimax/ AQumax- The actual
unitary Ca?* current is determined by multiplying the total uni-
tary channel current at the same membrane potential by this
fraction.
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Alternatively, the rate of rise for ACa?* with time during the
channel opening can be used to obtain the underlying Ca®* cur-
rent (ig,):

19 19

i, = 8.2 X 10 “ACa* /At = 3.2 X 107 k- AF /A7)
This equation is especially useful for those fluorescence tran-
sients where the underlying current cannot be recorded and/or
the duration of the channel openings is not known (like for
Ca?* sparks). But there are also limitations with this method (see
DISCUSSION).

For measurements of the fraction of the current carried by
Ca’* through caffeine-activated channels, there was no signifi-
cant difference in AF,, .. between the two groups of cells: one
bathed in the 90 mM Ca?" solution used to determine k and the
other bathed in 1.8 mM Ca?".

Criteria for Data Selection for Analysis

For most of the fluorescence transients analyzed, it was necessary
that (a) the transient of interest be separated in time and space
from other transients; (b) AF,,, measurements, though confined
to a limited region of the cell, include all of the fluorescence sig-
nal associated with the transient within the field of view of the
camera; (c¢) the transient not be so out of focus that it was hard to
distinguish the transient from the noise, (d) the underlying chan-
nel opening be sufficiently long; and (e) for measuring charge
influx, AQ, the channel current associated with the transient be
free of interfering currents from other channel openings.

For two of the 3D transients where there were interfering cur-
rents, instead of plotting AF,,, versus AQ, we plotted AF,, ver-
sus time. We could do this because there appeared to be no sig-
nificant closures (i.e., the channel was essentially always open so
AQ would increase linearly with time) judging from the in-focus
AF, which clearly reflects the openings and closings of the chan-
nel (Zou et al., 1999; Video 1, available at http://www.jgp.org/
cgi/content/full/jgp.200409066/DC1). Statistical data are ex-
pressed as the mean = SEM.

Obtaining the Point Spread Function (PSF) of the Microscope

To help compare the results here using our custom-built micro-
scope with what might be obtained using other (commercially
available) microscopes (see DISCUSSION), the microscope PSFs
were obtained using fluorescent microspheres (PS-Speck Micro-
scope Point Source Kit). The microspheres (0.175 pm) were di-
luted in 90% glycerol mounting medium, applied to a No. 1.5
glass coverslip, and sealed onto a glass slide. Only isolated, indi-
vidual beads lying on the coverslip surface were used. Images
were acquired as optical sections by moving the objective lens
over a range of =10 wm from the microsphere.

Solutions

The bathing solution used for the experiments described here
usually contained (in mM) NaCl 130, KCl 3, CaCl, 1.8, MgCl, 1,
and Hepes 10 (pH adjusted to 7.4 using NaOH). The usual
whole-cell pipette solution contained (in mM) KClI 137, MgCl, 3,
Hepes 10, Nay,ATP 3, and fluo-3 pentapotassium salt 0.05 (pH ad-
justed to 7.2 using KOH). At times we also used a bath solution
that contained (in mM) NaCl 127, KCl 3, CaCl, 1.9, MgCl, 1, and
Hepes 10 (pH adjusted to 7.4 using NaOH); and a pipette solu-
tion that contained (in mM) KCl 130, MgCl, 1, Hepes 20,
Na,ATP 3, NagGTP 1, and fluo-3 pentapotassium salt 0.05 (pH
adjusted to 7.2 using KOH). A high [Ca?"] bath solution, used
for calibration purposes with caffeine-activated channels so that
at negative potentials the only charge carrier of the inward cur-

263 70U ET AL.

rent would be Ca?*, contained (in mM) CaCl, 90 and Hepes 10
(pH adjusted to 7.4 using Ca[OH]y). In the text, we designate
the latter as the 90 mM Ca?* solution.

For most of the experiments described here, we wished to re-
move any possible contributions from intracellular Ca®* stores,
therefore thapsigargin (1 pM) was added to the bathing solu-
tions and ryanodine (100 wM) was included in the patch pipette
solution. Caffeine (20 mM in the bathing solution) was also ap-
plied to the cells before the beginning of experiments using the
Picospritzer. These treatments have been previously employed to
successfully block effects from the intracellular stores (ZhuGe et
al.,, 1999; Zou et al., 1999). The stock solutions for thapsigargin
(10 mM) and ryanodine (100 mM) were in DMSO and stored at
—20°C.

Online Supplemental Material

The online supplemental material (Fig. S1 and Video 1) are
available at http://www.jgp.org/cgi/content/full/jgp.200409066/
DCI. Fig. S1 shows the total fluorescence of a microsphere as a
function of its distance from the focus point of the microscope
(for both the microscope used in the present study and one that
is commercially available). This figure demonstrates that our
findings concerning the signal mass method would also be valid
for other wide-field imaging systems (see Discussion). Video 1
shows the sensitivity of the in-focus SCCaFT to the openings and
closings of the channel.

RESULTS

Total Fluorescence Increase, AF,
Charge Entry, AQ

Is Linearly Related to

otal>

When caffeine was applied to a toad stomach smooth
muscle cell with the whole-cell membrane potential held
at —80 mV, the inward unitary currents and the fluores-
cence increase associated with Ca?* entering the cell
were recorded simultaneously (Fig. 1, A and B). Tempo-
ral integration of the unitary current provided the time
course of total charge entry (AQ) and spatial integration
of the change in fluorescence at each pixel (AF) pro-
vided the time course of the increase in total fluores-
cence (AF,,) associated with the channel opening (Fig.
1 B). Except when channel closures occurred, AQ in-
creased linearly with time, suggesting a constant Ca?* in-
flux. These closures also affect the time course of AF,,,.
However, even with the presence of brief closures, we
found that there was a linear relationship between AF,
and AQ (and therefore ACa%?") during a channel open-
ing (r? = 0.99; Fig. 1 C). Therefore, the relationship be-
tween AF,,; and AQ provides a better way of characteriz-
ing these events than the changes of AF,, with time. A
linear relationship between AQ and AF,,,; was obtained
from at least 31 transients in 16 cells with different solu-
tions, suggesting that for our experimental conditions,
the value of the converting factor (and therefore f,) does
not change over the time period of a channel opening.

AF,,, Measurements Are Independent of the Focal Plane

Because the light detected using wide-field microscopy
comes from both in- and out-of-focus planes, a 2D wide-
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Ficure 1. There is a linear rela-
tionship between Ca?* influx
and fluorescence “signal mass”
(AF ) that appears not to be
affected by the relative position
of the transient to the focal plane
of the wide-field microscope. An
in-focus transient and an out-of-
focus transient were detected
from the same cell. A series of B
seven sequential images, starting
from the one preceding the
channel opening, are displayed

@
for each transient (A for the in- g o
focus and E for the out-of-focus < |2
transients). The images were ob- g|s
tained at the time points indi- WS
cated by the correspondingly L(Lllg &

numbered arrows in B and D,
respectively. Shown in B and D
are the measurements associated
with the transients: the local fluo- A MAL AR
rescence increase at the channel 124506 7
(AF, green trace), the total fluo-
rescence increase (AF,,, red
trace) within the color coded
boxes, the unitary current record
(i, black trace), and the integra-
tion of the current (AQ, blue
trace). During the channel open-
ing, the relationship between AQ
and AF,. can be fitted by a
straight line for both the in-focus
transient (r> = 0.99, maroon
colored trace, C) and the out-of-
focus transient (r? = 0.99, indigo
colored trace). The slopes are
114 vs. 100 detected photons per
femtoCoulomb, respectively. This
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AF

suggests that there is also a linear relationship between ACa and AF,,,. For the in-focus transient (B), AF,,, increases nearly linearly with
time during the channel opening. However, for the out-of-focus transient (D), the rate of rise of AF,,, declines after ~200 ms. From a plot
of AF,; versus charge influx over the entire opening, it was determined that most of the decline (~2/3) is due to the fluorescence from
Ca?*-bound fluo-3 extending beyond the measured region and the rest, an increasing number of fast closures. For better visualization of
the transients, AF images are shown here instead of the raw images from which AF,,, was obtained. The areas used to obtain the signal
mass measurements are indicated in the left-most images. Images were obtained every 15 ms with an exposure time of 6 ms. Bars, 5 pum.
This set of whole-cell recordings from the caffeine-activated channel was obtained with the pipette solution containing (in mM) KClI 130,
MgCl, 1, Hepes 20, Na,ATP 3, NasGTP 1, and fluo-3 pentapotassium salt 0.05 (pH = 7.2); and the bath solution containing (in mM) NaCl

127, KCl 3, CaCl, 1.9, MgCl, 1, and Hepes 10 (pH = 7.4).

field image is actually an integration of light through-
out the depth of the cell. Therefore, theoretically, for
the same Ca?* influx, AF,,, should not change regard-
less of the location of the channel relative to the plane
of focus. For example, if the transient in Fig. 1 A was
not in focus, we still would have expected the relation-
ship between the AF,, and AQ to be the same. Al-
though this could be predicted from computer simula-
tions (Zou et al., 1999; ZhuGe et al., 2000), we per-
formed two sets of experiments to determine if this was
indeed the case.

In the first set of experiments, we obtained different
SCCaFTs in the same cell that were either in or out of

focus depending on their location. For some other
cells, recordings of in- and out-of-focus SCCaFTs were
obtained with the objective lens moved to different po-
sitions along its optical axis. Therefore, SCCaFTs from
the same location could be recorded either close to or
farther away from the focal plane. An example is shown
in Fig. 1 (B and D) with a pair of SCCaFTs recorded
from the same cell, one from its punctate appearance
being in focus (Fig. 1 A) and the other from its diffuse
appearance, out of focus (Fig. 1 E). A plot of AF,, ver-
sus AQ showed nearly the same slope for both tran-
sients (Fig. 1 C). For the cell in Fig. 1, we obtained
three in-focus transients from the same location (as
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Ficure 2. Continuous 3D imaging shows a similar relationship between AF and AQ from images of a SCCaFT in different focal
planes. A SCCaFT was detected using a continuous 3D imaging technique. Restored AF/F, images are shown at different focal planes
during the 227 ms from before the channel opened until after the channel closed (A). The 3D restoration was per formed using the point
spread function acquired by imaging a fluorescent bead with the same protocol. The first image in the sequence is at the top left, acquired
near the top of the cell. The image acquisition sequence then runs down the first column (toward the bottom of the cell) and back up the
second column and so on, as indicated by the arrows above and below the images with the last image at the bottom right. The channel
appears to be located within the top two slices. At an image pixel size of 300 nm square, 3D imaging was accomplished by continuously
scanning the focus of the objective lens through the cell. A schematic drawing of the time course of the position of the objective lens is
shown in B. Fluorescence images were continuously acquired over a 6-pum depth of the cell as the objective moved at a constant velocity of
0.5 wm/ms. With a 2-ms exposure time, each image represents a 1-pm-thick slice of the cell. The time course of fluorescence changes
(AF/F,) from the restored images at each plane, measured in a 1.5-pm square box overlaying the transient, were plotted above the current
trace (C). AF,,, was obtained from the unrestored images at each plane and is plotted versus the total charge accumulated due to the
channel opening at the time each image was acquired (D). The slopes of the least squared fits to AF,, versus AQ at each level are nearly
the same being on average within 1.8% of that of the most in-focus plane (level 5). The slopes (in detected photons/fC) and r? values for
levels 1-6, respectively, are 37.4, 0.94; 37.7, 0.87; 38.8, 0.90; 38.5, 0.94; 39.0, 0.99; and 38.8, 0.99. The AF,,, plots for each level were shifted
vertically to avoid overlapping. Because of a small amount of hysteresis associated with lens movement, AF,,,; during the upward excursion
is slightly different from that during the downward excursion. Bath and pipette solutions are the same as for Fig. 1.

shown in Fig. 1 A), one out-of-focus transient from a lo- in Fig. 1 E). The slopes from plots of AF,,,, versus AQ
cation close to that of the in-focus transients, and two (for approximately the first 200 ms) of the three in-
out-of-focus transients from a third location (as shown focus transients were close with values of 114, 93, and
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A

FiGure 3. Obtaining the converting factor between
AF . and Ca®* influx using a known Ca®* current. (A) B
Selected images obtained at the times indicated by the
correspondingly numbered arrows in B. (B) Local fluo-
rescence increase (AF) at the channel (green trace),

AQ (due solely to Ca®* entry, blue trace) with time
associated with the opening of the caffeine-activated
channel. The relationship between the total fluorescence
increase and total Ca®*" entry, shown for the channel
opening defined between the two vertical lines in B, can
be fitted by a straight line (r? = 0.99, C). Indicated in B
and C are measurements of AF,, .. and AQ, .., the
values of the total increase in AF,,, and AQ, respectively,
from the time before the channel first opened to the
time at the first long closure. The images were acquired AQ
every 10 ms with a 10-ms exposure time. Bar, 5 pm. The
90 mM Ca?* bath solution and the usual pipette solution
were used.

AF . (red trace), the Ca*" current (black trace), and T -----

AF,

100 (or 102 = 6) detected photons per femtoCoulomb
(fC). The slopes of the three out-of-focus transients
shared similar values of 96, 100, and 78 (or 91 = 7) de-
tected photons per fC. 13 additional transients were ob-
tained from 4 other cells. When comparing the slopes
of the more out-of-focus transients with that of the most
in-focus transient in the same cell (as in Fig. 1 C), the
difference on average for 12 pairs was 7.6 * 5.5%. In
general it appears that for the same charge influx, the
measured total fluorescence change, AF,, is indepen-
dent of the focal plane (within certain limitations, see
below and DISCUSSION).

In the second set of experiments, the same Ca?* tran-
sient was measured from six different focal planes, tak-
ing advantage of the fast 3D imaging capability of our
imaging system. As shown in Fig. 2 A, the SCCaFT ap-
peared to be located close to planes 5 and 6 (where it
was most punctate in appearance). It was most out
of focus in plane 1 based on its extremely diffuse ap-
pearance. From the in-focus planes, the fluorescence
change (AF/F) in the vicinity of the channel is much
greater with a more rapid rise and fall and with a
steeper spatial gradient than for those planes that are
more out of focus (Fig. 2 C). However, the slopes for
the linear relationship between AF,, obtained from
the unrestored images, and AQ are essentially the same
for all of the six planes (Fig. 2 D). When obtained from
the more out-offocus planes, the slopes differed by
—1.8 = 0.7% compared with that from the most in-
focus plane (as in Fig. 1 C). The fact that the slopes of
the six linearly fitted curves are essentially the same
demonstrates that the same Ca?* current can be deter-
mined based on AF,,, (fluorescence signal mass) mea-
surements from both in- and out-of-focus wide-field im-
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ages. A similar result was obtained from a stretch-
activated channel current in another cell where the dif-
ference of the slopes was —4.5 * 4.9%.

There were other 3D experiments where we were able
to obtain the fluorescence transient in all six planes, but
because there were interfering openings in the current
trace, we could not obtain the charge influx underlying
the transient. Two of these transients were judged to be
free of long closures using the technique described
near the end of MATERIALS AND METHODS. Since the
same Ca%" current underlies the fluorescence changes
in all of the planes, we would expect the same AF,, in
each plane. We compared AF, versus time, instead of
charge influx, for the out-of-focus planes with that of
the most in-focus plane for these two transients. The dif-
ference in slopes was 10.3 = 2.0% and —4.7 = 5.2%.
Application of this analysis to the two transients de-
scribed in the previous paragraph resulted in the differ-
ence in slopes of —1.3 £ 0.7% and —3.3 £ 5.0%.

In summary, it appears that AF,, is directly related
to the underlying Ca?* current; and therefore the Ca%*
current can be determined using wide-field microscopy
even if the channel is not in the focal plane of the 2D
image. To do this requires obtaining the converting fac-
tor between AF,,,, and ACa?*.

Determining the Converting Factor (k), the Fluorescence Factor
(f), and the Buffer Adjustment Factor (f,)

The converting factor between AF,,, and ACa?* can be
determined using the 90 mM Ca?* bath solution such
that Ca2?* is the only ion available to carry the inward
current (Fig. 3). There was a linear relationship be-
tween AF, and AQ during the time of the channel
opening (Fig. 3 C). With Ca?* being the only charge
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FIGURE 4. Determination of the fluorescence factor, f, for Ca*-
bound fluo-3 molecules. The fluorescence emission is linearly
related (r?> = 1.0) to the number of Ca?"-bound fluo-3 molecules.
Measurements were obtained from a 100 X 100 pixel area from
rectangular glass capillary tubes. For the 60X magnification
objective lens (NA = 1.4, used for most of the experiments), f,
determined by the slope (Eq. 6a), is 2.34 detected photons per
Ca%"-bound fluo-3 molecule. Each point is the mean * SEM for
seven or eight sets of glass capillary tubes. For the 40X magnifica-
tion objective lens (NA = 1.3), measurements were taken with
three sets of glass capillary tubes, yielding a slope of 0.8 detected
photons per Ca%"-bound fluo-3 molecule (r* = 0.998). For measure-
ments for both lenses, the value at each point was usually taken
from the average of a number of recordings at 2- and 4-ms exposure
times. The pixel size was 0.333 wm; and the light path length,
20 pm. The slopes were normalized for a 10-ms exposure time.

carrier, the total charge entry, AQ,,,, directly provides
the number of Ca ions that entered the cell (ACa%*, . =
AQ,/3.2 X 10719). The converting factor can be ob-
tained from the ratio of ACa®>", . to AF,1max A linear
relationship between AF,,, and AQ was obtained for 10
transients in 7 cells, and the average ratio of ACa%* , to
AF ,aimax fOr these transients provided a converting fac-
tor of 1.65 = 0.12 Ca%* jons per detected photon for a
10-ms exposure time. These results were obtained at
—80 mV to increase the size of the unitary current un-
der whole-cell current recording conditions.

To determine f, fluorescence emission was obtained
using capillary tubes containing 1, 5, and 10 pM fluo-3
concentrations in the presence of 2 mM (saturating)
Ca?* as described in MATERIALS AND METHODS. Mea-
surements were obtained with an exposure time of 2 or
4 ms and normalized to a 10-ms time period. Using Eq.
6a and measurements with the standard setup, we
found that fis equal to 2.34 detected photons per Ca?*-
bound fluo-3 molecule (Fig. 4).

With the values of fand k known, f;, can be deter-
mined from Eq. 4 and is equal to 3.86, i.e., on average
3.86 Ca%* ions enter the cytoplasm for every Ca ion that
binds to fluo-3. Therefore, ~26% (=1/3.86) of the
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Ca?* that entered the cytoplasm binds to fluo-3 with
the rest binding to endogenous buffers except for a
very small amount of free Ca’" (see DISCUSSION). A
similar value was obtained by Chandler et al. (2003)
from their computer simulations of Ca?* sparks in frog
skeletal muscle using 100 uM fluo-3, and it is a little less
than one half of the value that can be derived from the
release flux data of Rios et al. (1999) with an average
estimated fluo-3 concentration of 260 M.

Determining the Fraction of the Current Carried by Ca®" and
the Unitary Ca®" Current for Nonselective Cation Channels

Using the converting factor obtained with the 90 mM
Ca?" solution, we determined the fraction of the cur-
rent carried by Ca?* for the caffeine-activated channel
at —80 mV using the standard solutions with the ex-
tracellular solution containing physiological levels of
Ca?*. For 15 transients in 6 cells, there was a linear rela-
tionship between AF,; and AQ over the time of the
channel opening (as in Fig. 1 C). ACa?*,,, can be ob-
tained from the AF,, ., that accompanied a channel
opening and the converting factor (Eq. 1). The frac-
tion of the current carried by Ca?* could then be calcu-
lated from 3.2 X 10719 - ACa?*, . /AQ, .. In this case
AQ,. the integral of the current during a channel
opening, includes the current carried by other cations
in addition to Ca%*. To use the converting factor in this
way requires that the same imaging system setup and
pipette (intracellular) solution (including the concen-
tration of fluo-3) be used for both groups of cells. For
the 15 transients, the fraction of the inward current car-
ried by Ca%* is 20.2 £ 0.8%. This makes the Ca?* cur-
rent 1.4 pA for a 7.1-pA total inward unitary current at
—80 mV. The value of 20.2% is close to that (18.9%)
found by Guerrero et al. (1994b) using a different
methodology and somewhat different solutions (but
with the same extracellular Ca?" concentration) and is
in the upper range for other nonselective cation chan-
nels where Ca®?t fluxes were obtained (Neher, 1995;
Burnashev, 1998; Ohyama et al., 2000; Zou et al., 2002).

Although the openings of caffeine-activated channels
tend to be long, brief openings were also examined and
included in the above result. The relationship between
the fraction of current carried by Ca?" and the value of
the measured AF,; is independent of the duration of
the channel opening (Fig. 5). Illustrated in Fig. 5 is an
example of a very brief, spark-like SCCaFT recording
with a channel opening lasting <12 ms. This SCCaFT
resembles a Ca?* spark in a number of characteristics:
its rise time, percent change in fluorescence, t, 9, and
full width at half maximum (FWHM) are all in the
range of those for a Ca?" spark in the same cell type
(ZhuGe et al., 2000). More importantly, its signal mass,
when corrected for differences in f (see DISCUSSION), in-
dicates a similar increase in the number of Ca?*-bound
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Ficure 5. Total fluorescence increase is a valid measurement for
Ca®" entry independent of the duration of the underlying channel
opening. A brief, spark-like, fluorescence transient was recorded
with the underlying channel opening (or burst time) of ~12 ms. A
series of consecutive images (starting from the one immediately
preceding channel opening) is displayed from top to bottom (A).
Both AF and AF,, are plotted in B against time. The diamond-
shaped points in the AF trace indicate the time for the sequence of
images in A. The rise time of AF was 10 ms, change in fluorescence
was ~15%, t,,5 of decay was <20 ms, and the full width at half
maximum (FWHM) ~2 pm at the peak. Because of the filtering,
the channel opening in the current trace appeared distorted, and
the recorded peak unitary current of 6.8 pA is less than the average
peak value of 7.1 pA. We can obtain an average current of at least
4 pA by dividing the total charge influx by the maximum channel
open (or burst) time of 12 ms. Because on average 20.2% of the
current is carried by Ca?*, the average Ca’" current passing
through the channel is at least 0.81 pA, in the range of the average
Ca?" currents underlying sparks as estimated from the Ca®* spark
signal mass in DISCUSSION. For a group of 15 transients, there is no
apparent relationship (C) between the value of the measured
AF yaimax (dependent mainly on the channel open duration)
and the fraction of current carried by Ca**. Standard bath and
pipette solutions were used in these experiments. The images
were acquired every 10 ms with a 10-ms exposure time. Bar, 5 pm.

fluo-3 molecules to that expected on average from a
Ca?* spark (~7,000 versus 10,000, respectively). There-
fore, the converting factor obtained from the present
study could also be applicable for determining Ca®* cur-
rent underlying sparks in these cells (see DISCUSSION).

DISCUSSION

The results shown in this study provide experimental
evidence that Ca?* flux through a single channel can
be quantitatively measured using wide-field micros-
copy with single wavelength fluorescent indicators
(e.g., fluo-3) by measuring total fluorescence increase
(AF 1, or signal mass). With a known Ca?* current for
calibration, a converting factor between AF,,, and the
underlying Ca%" influx was obtained as a characteristic
of the cell and the imaging system. The converting fac-
tor could then be applied to obtain other Ca?* currents
(e.g., that normally pass through caffeine-activated
channels or that underlie Ca?* sparks) under the same
experimental conditions. Furthermore, the endoge-
nous buffer binding capacity can also be estimated
from the calibrated fluorescence measurements (see
below).

A wide-field imaging microscope collects light not
only from the two dimensions of the focal plane but
also above and below it. The illumination intensity and
the collection angle are essentially unchanged, at least
within the range of the cell thickness (a few microme-
ters). Therefore, the same fluorescence intensity and
the same fraction of the entire fluorescence emission
would be collected whether the transient is in or out of
focus. However, an out-of-focus transient forms an en-
larged image with less intensity at each pixel. This re-
sults in a decrease in signal-to-noise ratio not only for
each pixel but also for AF . The latter occurs also be-
cause measurements have to be obtained from a larger
image area in order to gather all the fluorescence from
an out-of-focus transient. This decrease in overall sig-
nal-to-noise ratio may prevent the technique from be-
ing used for transients that are far out of focus. Never-
theless, this method should prove useful for channels
within at least 4 pm of the focal plane, as determined
from the 3D images (Fig. 2).

To determine if our findings here would also be valid
for other wide-field imaging systems, we compared
the total fluorescence measurements (background cor-
rected) using our system with those of a commercially
available digital imaging microscope. We did this by
measuring the total fluorescence from images acquired
for constructing the PSF of each microscope using a
fluorescent microsphere. Each of the images was ac-
quired with the microsphere positioned at a different
distance from the focus point of the camera (see MATE-
RIALS AND METHODS). For our custom-built micro-
scope, across a range of £10 wm, the values of total flu-
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orescence were found to be within 20% of that when
the microsphere was in focus. Similar results were also
obtained with the commercially available microscope
(Fig. S1, available at http://www.jgp.org/cgi/content/
full/jgp.200409066,/DC1). Therefore, the independence
of total fluorescence measurements with respect to the
relative position of the microsphere from the focal
plane is not unique to the custom-built high-speed im-
aging system used in the present study.

The Linear Relationship between AF,,,; and ACa®*

The relationship between AF,, and ACa®" depends
not only on the concentration of fluo-3, but also on
other buffers. Moreover, the constituents are not in
equilibrium during a channel opening. Nevertheless,
we have previously reported from computer simula-
tions with fluo-3 and a fixed buffer (Zou et al., 1999)
that AF,, increases linearly with time during the chan-
nel opening (for a constant Ca?* current from 0.1 to at
least 3 pA, a reasonable range for single channel Ca?*
currents and currents underlying Ca** sparks). Consis-
tent with this simulation, our experimental results also
show a linear relationship between AF,, and ACa®*
(for stretch-activated channels in cell-attached patches
see Zou et al., 2002).

A similar linear relationship can also be found in the
literature for confocal microscopy. Wang et al. (2001)
showed data for openings of L-type Ca’*" channels in
cell-attached patches at the same potential in cardiac
cells, and there appears to be a linear relationship be-
tween signal mass and total Ca®* influx. Also, the signal
mass for oocyte Ca?* puffs and Ca®* blips increases lin-
early with time, which suggests a linear relationship be-
tween signal mass and Ca?* influx assuming a constant
Ca?* current underlying these events (Sun et al., 1998).
Furthermore, simulations of the events underlying skel-
etal muscle Ca%" sparks reveal a near linear relation-
ship between signal mass and the amount of Ca*" re-
lease with Ca?* currents of different durations, and a
near linear rise in the signal mass over time with a con-
stant, though brief, Ca?* current (Chandler et al., 2003).
Therefore, a linear relationship, and hence a constant
converting factor, between signal mass or AF, and
ACa®" may be more common than might be expected.
The actual value of the converting factor would depend
on the experimental conditions.

Two implications are provided by the linear relation-
ship between AF,,, and ACa?*. First, determining an
unknown Ca?" influx using AF,, requires only the
value of the constant converting factor. There would
be no need to develop a (nonlinear) calibration curve
to relate AF, to the underlying ACa?*. Second, the
signal mass method is demonstrated to be valid over
the whole range of ACa?*, from near zero to at
least the maximum ACa?* obtained by the calibration
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method using the 90 mM Ca?* solution (~10° Ca ions
from Fig. 3).

Obtaining the value for the converting factor be-
tween fluorescence events and Ca®* influx is essential
for determining the Ca?* currents underlying fluores-
cence events when the currents cannot be obtained di-
rectly. The converting factor can be obtained with a
known Ca%" current through nonselective Ca?*-perme-
able cation channels (like stretch-activated channels or
caffeine-activated channels) or with the Ca?" current
passing through Ca%*-selective channels.

A possible drawback of using Ca?*-selective channels
as well as stretch-activated channels is that recordings
are obtained in cell-attached patches. In cardiac cells it
appears that membrane deformation during formation
of the “omega-like” cell-attached patch may decrease
the coupling between the L-type Ca?* channel opening
and Ca?" spark generation (Wang et al., 2001). Fur-
thermore, we have noticed a few ms time shift that
sometimes occurs when recording the SCCaFT due to
an opening of the stretch-activated channel, which may
also be due to the geometry of the cell-attached patch.

There are other advantages for using channels like
caffeine-activated channels instead of Ca2?*-selective
channels (Zou et al., 2004). The unitary current for caf-
feine-activated channels at —80 mV is five times larger
than the Ca®" current, making the unitary currents eas-
ier to discern. Because there are only a few caffeine-
activated channels on the entire cell membrane, each
of which has long openings and larger currents, record-
ings can be obtained in the same whole-cell patch-
clamp configuration used to record Ca%" sparks. More-
over, the cytosolic fluo-3 concentration can be approxi-
mated to be the pipette fluo-3 concentration with
whole-cell recordings, making it possible to estimate
the binding capacity of endogenous buffers.

The Buffer Adjustment Factor and Buffer Binding Capacity

The linear relationship between AF,,, and ACa%" sug-
gests that k, and therefore f, is a constant. Computer
simulations similar to those shown in Zou et al. (1999)
were performed to explain this observation using pa-
rameters reported in the literature for smooth muscles.
The simulations involved an endogenous fixed buffer
(k = 115 [see below], k,, = 100 [uM-s] !, k= 100 s71)
as well as fluo-3 (50 pM, k,, = 80 [uM-s] !, k,; = 90571,
diffusion constant = 2.5 X 1077 cm2/s) with a resting
Ca?* level of 50 nM. Results from simulations demon-
strated that f, is indeed essentially constant during a chan-
nel opening and its value is close to that at equilibrium.
This conclusion remains unchanged when the on and off
rates of the fixed buffer were changed by at least a factor
of two, varying the concentration to keep k the same.
Using the value of f, obtained during our experi-
ments, we can estimate the binding capacity of an
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equivalent endogenous buffer, which is a reflection of
the change in Ca?* binding to a particular buffer when
the Ca%" concentration is changed (Neher and Augus-
tine, 1992). The binding capacity (k) of any buffer (B),
at equilibrium with a given Ca?* concentration and for
small Ca?" changes, is kg = d[CaB]/d[Ca] = By - Ky/
([Ca] + K,)? (here, K, is the dissociation constant of
the buffer, By is the total buffer concentration, and
[CaB] is the concentration of Ca2™-bound buffer B). In
the present study, the binding capacity of fluo-3 (k)
was 41 at rest, assuming a total fluo-3 concentration of
50 uM, a K4 of 1.13 uM, and a resting Ca?* level of 50
nM. The fraction of incoming Ca%?" bound to fluo-3,
equivalent to the reciprocal of our buffer adjustment
factor, can be calculated from ky/(kp + kg +1) (kg is
the binding capacity of endogenous buffer). There-
fore, from f; = 3.86 (25.9% of the Ca?" entered binds
to fluo-3) and ky = 41, we obtained the approximate
binding capacity of an equivalent endogenous buffer
(an aggregate of all other buffers) under whole-cell re-
cording conditions of 115. This value for endogenous
buffer binding capacity in toad stomach smooth muscle
cells is in agreement with those determined from other
smooth muscle preparations (see Daub and Ganitke-
vich, 2000, and the references therein).

The Fluorescence Factor

We obtained the values of the fluorescence factor (})
for fluo-3 by measuring the fluorescence emission from
a known amount of Ca?*-bound fluo-3 contained in
glass capillary tubes. Alternatively, it can be obtained by
measuring the fluo-3 florescence emission from a vol-
ume segment of a cell at rest. ZhuGe et al. (2000) ob-
tained a calibration factor (f*! = 2.44 Ca?*-bound fluo-
3 molecules per detected photon) in the same cell type
using this alternative method. For this measurement it
was assumed that the volume segment was a rectangu-
lar cube with a uniform thickness of 8 wm, the resting
Ca?* concentration was 100 nM, the total fluo-3 con-
centration inside the cell was equal to that in the pi-
pette (50 uM), and the K; was 1.1 pM (see Eq. 6). Us-
ing the same imaging system, pixel size (333 X 333
nm), and lens (40X oil immersion lens with a NA =
1.3) as used for Ca?* spark measurements, we deter-
mined f = 0.80 detected photons per Ca?*-bound
fluo-3 molecule directly from rectangular glass capil-
lary tubes without the need for the above assumptions
(Fig. 4). This value is about twice that obtained by
ZhuGe et al. (2000) (f = 1/2.44 = 0.41 detected pho-
tons per Ca?"-bound fluo-3 molecule). While the differ-
ence could come from the cell volume estimate, it could
also be due to the estimate for the resting Ca?* concen-
tration. The values for f obtained using both methods
would be in very good agreement (within ~3%, see Eq.
6) if an estimate of 50 nM intracellular Ca%* (close to the

value obtained by Guerrero et al., 1994b, for toad cells
with 1.8 mM extracellular Ca?*, also see Hollingworth et
al., 2001, for frog skeletal muscle) was used instead of
100 nM (close to the value obtained by Drummond and
Fay, 1996, with 20 mM extracellular Ca®").

Determining the Ca®* Currents Underlying Ca®* Sparks

An important consequence of our measurements with
the caffeine-activated channel is that it leads to an abil-
ity to obtain the Ca?* current underlying Ca?* fluores-
cence events, like Ca2* sparks, where the current can-
not be directly measured. We applied our results to
Ca?* sparks recorded previously by ZhuGe et al. (2000)
who used the same cell preparation we used here.

ZhuGe et al. (2000) employed an averaging technique
using the spark-induced spontaneous transient outward
current (STOC) to temporally align the Ca?* sparks and
then grouped the Ca?" sparks into quartiles according
to their total fluorescence increase or signal mass. From
the initial rate of rise of the averaged signal mass for
each quartile, the underlying mean Ca®* current was es-
timated to be 0.23, 0.66, 0.66, and 1.31 pA, respectively.
These current values were minimum estimates because
they were based on the assumption that all of the Ca?*
released through ryanodine receptors would bind to
fluo-3 (i.e., f, = 1). If our experimentally determined
values of f, (3.86) and also f(0.80) were applied, the cur-
rent estimates would be increased to 0.45, 1.31, 1.31,
and 2.59 pA, respectively. By doing this, we are effec-
tively applying a converting factor of k = 3.86/0.8 =
4.83 (instead of 1/0.41 = 2.44) to the fluorescence mea-
surements of ZhuGe et al. (2000). This accounted for
the binding of the released Ca?* to buffers other than
fluo-3 and removed the assumptions involved in calcu-
lating the fluorescence factor from the cell.

There has been considerable debate as to whether
the smallest of the Ca** sparks is due to the opening of
a single receptor/channel or the concerted opening of
a number of channels (Cannell and Soeller, 1999;
Schneider, 1999; Shirokova et al., 1999; Gonzalez et al.,
2000). Kettlun et al. (2003) estimated, based on their
results from bilayer studies, that ryanodine receptors
from mammalian cardiac cells and amphibian skeletal
muscle have a unitary Ca®* current of ~0.5 pA under
near physiological conditions (1 mM luminal Ca®*,
symmetric ] mM Mg?* and 150 mM K*). The Mg?* and
K* concentrations are similar to those used for study-
ing Ca®* sparks in toad stomach smooth muscle cells
(ZhuGe et al., 2000). If the ryanodine receptor conduc-
tance properties are also similar, then the Ca®* spark
current estimated from the first quartile of signal mass
amplitudes (0.45 pA) is possibly due to the opening of
a single ryanodine receptor. Larger sparks may be gen-
erated by currents of six or more ryanodine receptors,
based on the current calculated from the quartile with
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the largest signal mass being about six times that of the
smallest quartile. If the toad cell sarcoplasmic reticu-
lum Ca?* concentration is closer to 0.15 mM as mea-
sured by ZhuGe et al. (1999), then the unitary Ca?*
currents from ryanodine receptors might be smaller.
Therefore, an average Ca®" spark in the first quartile
might require more ryanodine receptors to open with
possibly the current through one ryanodine receptor
underlying the smallest detectable Ca?* spark.

Our estimates of the Ca?* currents underlying Ca?*
sparks in gastric smooth muscle cells are in the range of
the studies of Wang et al. (2001, 2004), who also used a
calibration standard. They estimated the Ca%" current
underlying Ca?" sparks in cardiac cells from the time
course of the rising phase of the fluorescence transients
obtained with confocal linescan imaging. The fluores-
cence associated with Ca?* influx through L-type Ca?*
channels (which they called “sparklets”) was used as a
calibration standard. Their spark currents varied from
~1 to 10 pA. If the fluorescence transients were re-
corded in focus, they were able to detect a fine structure
in the current amplitude distribution corresponding to
a unitary spark current of ~1.2 pA, which they attrib-
uted to the current due to a single ryanodine receptor.

Estimating the Underlying Unitary Ca** Current from AF,,,
Measurements Alone

Without simultaneous patch-clamp recordings, it is not
that straightforward to obtain the unitary Ca?* current
from the rate of rise of AF,,, using Eq. 7, even with the
assumption that a single channel opening underlies
the fluorescence transient. Although Ca?* influx can
be determined from the converting factor and AF,,,, it
may provide only the average unitary Ca** current dur-
ing the transient. This could happen when continuous
rapid closings and reopenings of the channel occur
and any discontinuities in AF, are not detected. In
this case, AF,, will have a slower rate of rise and, there-
fore, lead to an underestimate of the open channel uni-
tary Ca?* current (Fig. 1 D).

When the transient is a result of openings of more
than one channel, it becomes impossible to estimate
the unitary Ca?* current even if the openings and clos-
ings are synchronized, although it may be possible to
estimate the total underlying Ca?* current. Moreover,
nonsynchronous openings and closings of the channels
may cause AF ., to deviate from linearity over time. For
example, the rate of rise of AF, will decrease when
some of the open channels close at different times.
However, if all the channels opened synchronously (as
suggested by the results of Wang et al., 2004), then
measuring the initial rate of rise of AF,,,; may provide
an estimate of the Ca?* current.

Moreover, the rise time of AF,., is not the best mea-
sure of the channel open time because the spatial inte-
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gration reduces the contribution from the fluorescence
obtained from the location of the channel. On the
other hand, when in focus, the localized fluorescence
change at the channel (AF/F, or AF) is much more
sensitive to the kinetics of its opening and closing
(Video 1, available at http://www.jgp.org/cgi/content/
full/jgp.200409066,/DC1). Therefore, the AF/F, signal
can be used as a reference for channel open and closed
states (Zou et al., 1999). Even the out-of-focus AF/F, or
AF, although not as sensitive to brief closures as those
in focus, can provide a good measure of the single
channel open duration. As a result, the combined mea-
surements of the in-focus fluorescence at the channel
and AF,,, would provide a good means for determin-
ing the Ca?" current. When measuring brief fluores-
cence events (such as Ca?* sparks with the rise time of
AF/F, usually <20 ms), however, a much faster imaging
rate is required to determine accurately the channel
open time and distinguish brief closures and reopen-
ings. Unfortunately, higher time resolution (e.g., 2-ms
exposure times) also engenders a noisier fluorescence
signal.

In conclusion, the calibrated signal mass measure-
ment is a valid method for determining Ca?* influx un-
derlying a fluorescence transient using single wave-
length dyes such as fluo-3. A wide-field microscope has
advantages over a confocal microscope for such mea-
surements because fewer assumptions are required.
Once a system is calibrated with a known Ca?* current
(i.e., the converting factor is obtained), it can be used
to determine the unknown Ca?* influxes or releases
underlying various fluorescence transients when AF,,
can be directly measured.
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