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ARTICLE INFO ABSTRACT

Keywords: Cellular Ca®* signals are often constrained to cytosolic micro- or nano-domains where stochastic openings of

Ca®* imaging Ca®* channels cause large fluctuations in local Ca** concentration (Ca®" ‘noise’). With the advent of TIRF
2+ . . . . . .

Ca2+ puffs microscopy to image the fluorescence of Ca®*-sensitive probes from attoliter volumes it has become possible to

Ca”" noise

directly monitor these signals, which closely track the gating of plasmalemmal and ER Ca®*-permeable chan-
nels. Nevertheless, it is likely that many physiologically important Ca®* signals are too small to resolve as
discrete events in fluorescence recordings. By analogy with noise analysis of electrophysiological data, we ex-
plore here the use of statistical approaches to detect and analyze such Ca®* noise in images obtained using Ca®* -
sensitive indicator dyes. We describe two techniques - power spectrum analysis and spatio-temporal correlation -
and demonstrate that both effectively identify discrete, spatially localized calcium release events (Ca®* puffs).
Moreover, we show they are able to detect localized noise fluctuations in a case where discrete events cannot

Noise analysis

directly be resolved.

1. Introduction

Ca®™ ions serve enormously diverse signaling functions in almost
every cell of the body [1,2]. Much of the versatility and specificity of
cytosolic Ca®* signals derives from the fact that they can be highly
localized in both space and time; a consequence of the rapid flux of
Ca®* through channels in the plasma and endoplasmic reticulum (ER)
membranes [1,2] and its subsequent constrained diffusion in the face of
cytosolic buffers [3-5] and possible physical confinement within cel-
lular microdomains [6]. A consequence of the minute size of relevant
sub-cellular volumes is that stochastic variations in local Ca®* con-
centration become appreciable. For example, a 1 um cube of cytosol
(1fL; 10~ '® L volume) at a basal free [Ca®"] of 100 nM contains on
average just 60 free ions. From binomial statistics the standard devia-
tion of fluctuations around this mean is about 8 Ca®>* ions. Beyond this,
much larger fluctuations will arise in small cytosolic volumes around
Ca®* channels as they stochastically open and close [7,8]. Thus, the
localized changes in [Ca®*] that play vital roles in modulating the
activity of ion channels, buffers, enzymes and other proteins [1,2]
cannot be understood simply in deterministic terms of average con-
centrations. Instead, we must take into account the stochastic, spatially
inhomogeneous temporal fluctuations in local Ca®>* concentration.
Here, we describe our efforts to detect and analyze such Ca®* ‘noise
‘from live cell imaging data.

Minimally invasive optical imaging techniques, in conjunction with
Ca>*-specific fluorescent indicator dyes, provide a sensitive means to
measure and visualize Ca%* elevations with sub-cellular resolution. The
advent of total internal reflection fluorescence (TIRF) microscopy has
considerably improved the resolution of local [Ca®*] signals as compared
to conventional wide-field or confocal fluorescence microscopy: the cri-
tical difference being the volume from which fluorescence of a Ca®™ in-
dicator dye is collected. The magnitude of stochastic free Ca®* fluctua-
tions relative to the mean is inversely proportional to the square root of
volume [9], and fluctuations arising from gating of a single Ca®>* channel
increase in amplitude and kinetic resolution of channel gating as the cy-
tosolic volume around the pore from which fluorescence is measured is
reduced. Indeed, in a detailed computational study, Shuai & Parker [10]
found that optimal kinetic resolution could be expected only by mon-
itoring fluorescence from sampling volumes of 0.1 fL. or smaller. Record-
ings over larger volumes, as in wide-field fluorescence microscopy,
average out fluctuations in the Ca®* signal and fail to resolve Ca®* flux
through individual channels. TIRF microscopy is a near-field imaging
technique where fluorescence excitation (the evanescent wave) is confined
to an exponentially decaying (~ 100 nm) field adjacent to the cover glass
[11]. The lateral (x—y) resolution in this optical plane is about 400 nm, so
that fluorescence can be monitored from regions of interest encompassing
attoliter (400 x 400 X 100 nm = 16 aL) volumes around channels located
within the evanescent field.
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We have previously used TIRF microscopy to image Ca>* fluores-
cence transients arising from single voltage- and ligand-gated Ca®*-
permeable channels [12,13] and to dissect the individual contributions
of tightly clustered inositol trisphosphate receptor/channels (IP3Rs) in
the ER membrane during localized Ca®* release events (Ca®™ puffs)
[14]. Our goal here was to develop generalized approaches to analyze
local Ca®>* fluctuations in TIRF imaging data, with the aims of im-
proving detection of single-channel Ca®* signals and determining
whether fluctuation analysis may reveal information about biologically
important signals that are otherwise too small to directly resolve.

To test and apply our computational approaches we continued to
use the IPsR as a well-characterized model system for Ca®** imaging.
The IP3R is a Ca®* -permeable channel in the ER membrane, responsible
for liberation of Ca®™ into the cytosol in response to binding of IP; and
cytosolic Ca2™ itself [1]. Co-activation by Ca®* imparts a property of
Ca®"-induced Ca®>* release (CICR), such that Ca®>* flux through one
IP3R promotes the opening of neighboring channels. This potentially
regenerative process is constrained by the cellular organization of
functional IP3Rs into stable clusters of several channels [15,16], so that
stimulation of IP; signaling may evoke Ca2™ release from individual
channels evoking fluorescence signals called blips [17], or the con-
certed opening of multiple channels in a cluster to generate a larger
Ca®™ puff [14]. Blips and puffs can be directly resolved as discrete
events in TIRF images and thus serve as a useful control to demonstrate
the effective use of power spectra and correlations in identifying active
Ca®”" release sites and characterizing single-channel release events
within cells. Further, we explore the use of these techniques to identify
local IP;-mediated Ca®* signals that are too small to resolve directly as
discrete events

2. Development of analytical methods

In this section we lay out the conceptual principles we use to ana-
lyze Ca®™* fluctuations — identifying potential noise sources in fluores-
cence images, and introducing the power spectra and cross-correlation
techniques we apply.

2.1. Noise sources in fluorescence ca®* imaging

We begin by considering potential sources and characteristics of
fluorescence fluctuations arising from small cytosolic volumes as im-
aged by TIRF microscopy.

(i) ‘Instrumental noise‘: This includes fluctuations from sources in-
cluding variations in laser power or pointing stability, camera gain,
and mechanical vibration which are expected to be uniform over
the entire imaging field; and sources such as camera dark noise
that are uncorrelated between different camera pixels.

(ii) ‘Photon shot noise”: stochastic fluctuations in the number of pho-
tons collected per pixel per unit time. For photon shot noise, the
variance (power) increases linearly with the mean number of
photons (intensity) and is uncorrelated across different pixels.

(iii) ‘Molecular shot noise’: Statistical fluctuations in the numbers of
Ca®*-bound indicator molecules within a local volume. These
fluctuations arise due to binding/unbinding kinetics of Ca** to the
dye, diffusion of free and indicator-bound Ca®* molecules in and
out of the local volume, and binding and unbinding of Ca>* ions to
cellular buffers. Because of optical blurring fluctuations may be
correlated across a few adjacent camera pixels, corresponding to
distances of a few hundred nm in the specimen.

(iv) ‘Ca®™ channel noise’: Fluctuations in the total number of Ca®* ions
within a local cytosolic volume resulting from flux through sto-
chastic gating of Ca>* channels. In the case of rapid binding and
unbinding to the indicator the fluctuations in fluorescence will
approximately track fluctuations in local free [Ca®*]. These fluc-
tuations may be temporally correlated across several hundred nm
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in the specimen owing to the rapid diffusion of Ca®* ions and Ca®*
-bound indicator molecules over this short distance scale.

We present here computational tools to detect and analyze Ca®*
channel noise. Inherently, this will be present together with the other
noise sources listed above. With the exception of instrumental noise,
these sources cannot be mitigated; instead we seek to identify and
measure them based on their different characteristics, so they may be
subtracted from the total noise variance to reveal that component re-
sulting from channel noise. Drawing inspiration from Katz and Miledi’s
seminal study on electrophysiological recordings of endplate noise
[18], we applied two techniques - power spectrum and spatio-temporal
correlation analysis - to identify and characterize noise fluctuations in
Ca®”" imaging data obtained using TIRF microscopy.

2.2. Power spectrum analysis

The Power Spectrum or spectral density function S(f) of a time trace
describes how power (variance) of the data is distributed in the frequency
domain, and is a powerful tool for recognizing signals or periodicities in
underlying data. Power spectra have been extensively applied to electro-
physiological data to analyze underlying channel properties [18-20]. We
extend this approach to fluorescence image sequences obtained by TIRF
microscopy. We first consider spectral analysis of individual, sub-femto-
liter volumes of interest, and then describe the spatial mapping of multiple
spectra across the x—y imaging plane.

A primary motivation for undertaking power spectrum analysis is to
discriminate among the four noise sources listed above. As a function of
fluorescence excitation intensity we expect that the total noise power
(variance) of instrumental noise sources such as laser power fluctua-
tions will increase as the square of intensity, but be independent of
sources such as dark noise of camera pixels; that photon shot noise will
increase as a linear function of intensity; and that both molecular shot
noise and Ca®* channel noise will increase as the square of intensity. A
further discrimination between these noise sources is possible by con-
sidering their spectra, as reflecting the kinetics of the underlying pro-
cesses generating the fluctuations. The spectrum of instrumental noise
is unknown but in our recordings we find it can be ignored as negli-
gible. Photon shot noise is equal at all frequencies (‘white’ noise),
yielding a flat spectrum across the bandwidth of the recording system.
The kinetics of molecular shot noise are governed by binding/un-
binding of Ca®" ions to indicator dye, and the diffusion of these enti-
ties. These are both fast processes so we expect the spectrum of mole-
cular shot noise to roll off at frequencies that will typically be higher
than expected from Ca®* channel noise.

In our experiments the camera frame rate ranges between
125—500 Hz. A single pixel encompasses 333 nm at the specimen and
the associated TIRF volume, calculated using eq.11 from [10], is ap-
proximately 14 al. For a diffusion coefficient of 200 pm?s~! (approxi-
mately that expected for free Ca?™ and Ca®™ indicator) the cutoff fre-
quency within this volume (purely due to diffusion) is predicted to be
about 555 Hz. Thus, the spectrum of molecular shot noise would appear
flat within the bandwidth of our recordings. Different to this, mem-
brane channels typically gate with mean open times in the millisecond
range. For a channel alternating between open and closed states, the
resulting spectrum of ion flux through the channel is a Lorentzian
function of frequency with a cutoff (half-power frequency) given by
fc = 1/(2nt) where t is a measure of the mean channel open and close
times as 7 = To,To5/(ton + Tor) [19]. Under conditions of low open
probability (7,5 > 1,,) the cut off frequency of the spectra then provides
a measure of mean channel open time. In terms of local Ca®*-depen-
dent fluorescence signals we therefore expect that the spectrum gen-
erated by an actively gating Ca>* channel will primarily show a Lor-
entzian with cutoff frequency determined by channel kinetics and this
spectrum, for a given volume, would typically have a lower cut off
frequency than molecular shot noise.
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2.3. The power spectrum map

We construct a 2D ‘power spectrum map’ (PSM) by implementing
the power spectra analysis on 3D fluorescence image sequences. Local
fluorescence transients arising from channel activity are expected to
show most power at low frequencies, superimposed on a flat spectrum
of photon and molecular shot noise. To isolate the component resulting
from Ca®* fluctuations we thus calculate the difference between power
averaged over a low frequency range < Prpr > (typically
0.1 < f< =5Hz) and power averaged over a high frequency
range < Pypgr > (f > 50 Hz). By mapping the numerical value of this
difference for all spatial coordinates we generate a pictorial re-
presentation of regions exhibiting transient local Ca®” release.

2.4. Spatio-temporal correlation analysis

In addition to differences in their frequency spectra, we further
expect that the various noise sources will differ in the extent to which
fluctuations are correlated both in time and in space across the imaging
field. For any given pixel we thus cross-correlate the fluorescence time
trace at that pixel with fluorescence traces from neighboring pixels at
varying distances. Photon shot noise is independent for each pixel, so
the cross correlation is expected to result in zero average value. For
molecular shot noise a small correlation may be expected between
closely adjacent pixels, because light emitted by a given indicator
molecule would be blurred across the camera sensor by the point-
spread function of the microscope optics. However, any temporal cor-
relation would be present at only very short lags given the rapid ki-
netics of molecular shot noise. Different from this, fluorescence tran-
sients arising from Ca®* flux through channels will typically persist for
longer times and spread over wider spatial extents due to diffusion of
the Ca®*-dye complex in the cytosol.

Different from the power spectra calculations that consider only
temporal data, the cross correlation calculations take into account both
the spatial and temporal characteristics of imaged data.

2.5. The correlation map

We visualize spatio-temporal correlations within the 3D fluores-
cence image stacks by constructing a 2D ‘correlation map’ (CRM).
Analogous to the PSM, the CRM is a pictorial representation of local,
spatially and temporally correlated Ca®* fluorescence activity. To
construct a correlation map we cross-correlate the fluorescence trace of
each pixel with fluorescence traces from its eight nearest neighbors and
sum the resultant averaged cross-correlation up to a specified time lag.
This summed averaged correlation value is the numeric value asso-
ciated with each pixel in the correlation map. The choice of time lag is
chosen to be neither too small as to pick up spurious molecular shot
noise spatial correlations due to optical blurring nor too long as to
decrease the cross correlation value from a local Ca®>" release event.

3. Methods
3.1. Cell culture and imaging

Ca®" image data were obtained from two cell types; cultured SH-
SYS5Y neuroblastoma cells, and Xenopus oocytes.

SH-SY5Y cells were cultured and loaded for imaging using mem-
brane permeant esters of fluo 4, EGTA and caged i-IP; (c-iIP3) as de-
scribed [21]. A single flash of UV light (350-400 nm) from an arc lamp
focused to uniformly illuminate a region slightly larger than the ima-
ging frame was used to uncage i-IP;, a metabolically stable iso-
propylidene analog of IP3;, which evoked activity persisting for a few
minutes [21].

Stage V-VI Xenopus laevis oocytes were purchased from Ecocyte
Bioscience International (Austin, Texas) and prepared for imaging as
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described [22]. About an hour prior to [Ca%*); imaging, oocytes in
Ca®” -free Barth’s solution were injected with low affinity fluo-4 dex-
tran (Kq4 for Ca?* ~ 3 uM) to a final concentration of 40uM, assuming
even distribution throughout a 1 pl cytosolic volume [22]. Microinjec-
tion of IP3 into oocytes during imaging was performed using a Drum-
mond nanoinjector mounted vertically on a hydraulic micro-
manipulator affixed to the microscope frame. A glass pipette filled with
IP; solution was inserted vertically down through the entire oocyte to a
pre-established position, with the tip positioned a few pm inward from
the plasma membrane and centered within the image field [22]. 10 pl of
100 pM IP; was injected into the oocytes.

For both cell types, [Ca®*]; changes were imaged using TIRF mi-
croscope systems constructed around Olympus IX 70 microscopes
(Olympus, Center Valley, PA) with a 60 X TIRF objective (NA,1.45) as
described [21]. Fluo-4 fluorescence was excited by 488 nm laser light
within an evanescent field extending a few hundred nanometers into
the cells, and emitted fluorescence was imaged at (A > 510nm) at a
resolution of 128 x 128 pixels (1 pixel = 333 nm) using a Cascade 128
electron-multiplied ccd camera (Roper Scientific, Tucson, Az) at a
frame rate of 125 s~ ! for SH-SY5Y cells and 500 s* for oocytes. Image
data were acquired as stack files using MetaMorph v 7.7 (Universal
Imaging/ Molecular Devices, Sunnyvale, CA) for offline analysis using
MetaMorph [21].

3.2. Computational analysis

All raw image stacks obtained in (x,y,T) format from experiments
were processed using custom Matlab codes to calculate power spectra
and correlation maps. All codes were written using Matlab (R2011b;
The Mathworks, Inc., Natick, Massachusetts, United States), and are
available on request.

4. Results

We illustrate here the application of power spectrum and cross
correlation techniques to analyze Ca®* noise in representative live cell
TIRF imaging data obtained from SH-SY5Y cells and Xenopus oocytes.
We first validate these approaches in studying local Ca*>* puffs in SH-
SY5Y cells, and then apply them to Ca®* signals evoked in oocytes by
picoMolar concentrations of IP; where localized transients cannot be
discerned by conventional analysis.

4.1. Power spectra of Ca®* fluorescence fluctuations

Local Ca®* puffs were imaged in TIRF using SH-SYSY cells loaded
with fluo4, caged i-IP; and the slow Ca?™ buffer EGTA [21,23]. A long
baseline (~ 5000 frames; 125 frames s~ ) was recorded, and a further
6000 frames following photorelease of i-IP3.

Fig. 1 illustrates the calculation of power spectra from a 3 X 3 pixel
region of interest (ROI) positioned at a local Ca%™" puff site. A Matlab
filter ‘Sgolayfilt’ was applied to the fluorescence time traces (upper gray
traces in Fig. 1A) to strip any gradual increase in basal fluorescence
(lower colored traces). Filtered traces at baseline are shown in blue, and
following photorelease of i-IP3 in red. Traces were then sub-sectioned in
time, and Fig. 1 B, C show representative sections (1024 frames each)
on an expanded scale. Power spectra for all sections were calculated
using fast Fourier transforms, and the mean spectra are plotted in
Fig. 1D for 4 baseline sub-sections and Fig. 1E for 5 sub-sections during
which puffs were evoked. Because power spectra were calculated from
raw fluorescence traces, power is reported in arbitrary units, re-
presenting the variation in recorded intensity per unit frequency.
Comparing the two spectra, the baseline is flat (Fig. 1D), whereas the
spectrum in the presence of Ca®* puffs (Fig. 1E) shows an excess of low
frequency power, decreasing to the shot noise-dominated floor at high
frequencies.

For every individual averaged spectrum, three quantities were
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Fig. 1. Calculation of power spectra from fluor-
escence at a single 3 X 3 pixel ROL (A) Image
panels show the raw fluorescence image of a
field containing three SH-SY5Y cells (outlined in
green) at rest, and a AF/F, ratio image illus-
trating a Ca®* puff evoked after photorelease of
i-IP3 (right). The red spot marks the 3 x 3pixel
ROI from which records were obtained. The gray
trace shows fluorescence measured from the ROI
centered on the puff site before and after pho-
torelease of i-IP; (when indicated by dotted
line). Colored traces were derived by stripping
gradual changes in fluorescence using a
Sgolayfilt filter. (B, C) Individual time sub-sec-
tions (1024 frames) from baseline and signal
traces, respectively, shown on an expanded
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spectra from 4 baseline sub-sections, and 5 sub-
sections after photorelease of i-IP3. Circles mark
averaged power over a low (0.1—-5Hz) fre-
quency range (Pipr), and triangles mark aver-
aged power over a high (50 —62Hz) frequency
range (Pygpr). The excess power ratio n is calcu-
lated as (Prrr-Purr)/Purr- In D, n = -0.05, and in
En = 2.88.
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calculated; mean power over a low (0.1 —5 Hz) frequency range (PygRr),
mean power over a high (50—62Hz) frequency range (Pypr), and
normalized excess power ratio (1), defined as n = (Prrr-Purr)/Purr-
The high frequency power is dominated by photon shot noise, and is
thus linearly proportional to fluorescence intensity. By dividing the
excess low frequency power by Pyrr we thus normalize 1 for variations
in basal fluorescence that may result from factors such as differences in
dye loading and regional variations across the cell.

Because photon and molecular shot noise are uncorrelated across
adjacent pixels whereas Ca®" fluorescence fluctuations are correlated
across a distance set by diffusion in the cytosol, we averaged fluores-
cence signals over several pixels within a ROI before calculating power
spectra. Fig. 2 illustrates the effect of increased spatial averaging of
fluorescence at a ROI centered on a puff site (left panels A-D) and the
corresponding spectra (right panels A-D). The choice of area over
which to average is a compromise: shot noise is averaged in proportion
to the area, whereas the Ca®* signal diminishes as the ROI area is in-
creased beyond the extent of its diffusional spread. Thus, the excess
power ratio n increases with increasing area of ROI, but to a dimin-
ishing extent with larger areas (right hand panels Fig.2 A-D). The re-
duced noise in power spectra from larger ROIs enables more accurate

fitting of Lorentzian functions to the data (red curves in Fig. 2A-D),
which we use to characterize puff kinetics as described in section 4.4.
Although by taking a ratio, n normalizes for differences in basal fluor-
escence, we note that values of n can only be directly compared for ROIs
of the same size.

4.2. Power spectrum maps identify active puff sites

To create a spatial map visualizing differences in Ca®*-dependent
fluctuations across the imaging field we generate power spectrum maps
(PSMs), representing n values on a pseudocolor scale. Fig. 3 illustrates
the procedure, applied to an image stack acquired before and after
photorelease of i-IP5 in SH-SY5Y cells (Fig. 3A) to evoke Ca®™* puffs. We
chose to calculate n values after sub-sampling over ROIs of 3 x 3
camera pixels to generate frames with final dimensions of 42 x 42
pixels. Although larger areas would yield higher values of n they would
result in a coarser mapping, and a 3 X 3 pixel ROI gave a sufficient
reduction in noise to allow us to detect small Ca®* fluctuations. No
Ca®* puffs were evident in the fluorescence records prior to i-IP3 re-
lease, and values of n were near zero across PSMs generated from time
sub-sections during this baseline period (Fig. 3B). Following i-IP;
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Fig. 2. High frequency shot noise diminishes with increasing spatial averaging of fluorescence, leading to an increase in excess power ratio, 1. (A) The trace on the
left shows fluorescence monitored from a single pixel centered on a puff site, and the plot on the right shows the power spectrum obtained from this trace. (B-D)
Corresponding fluorescence traces and power spectra obtained from progressively larger regions of interest (respectively, 3 X 3, 9x9, and 15x15 pixel ROIs) centered
on the same puff site. Respective values of excess power ratio n are indicated, and red curves show Lorentzian functions fitted to the data over all frequencies.

release recurrent puffs arose at several locations in the cells, and PSMs
from time subsections showed “hot spots” (Fig. 3C,D; left panels) at
locations corresponding to active puff sites in the fluorescence images
(Fig. 3C,D; traces on right).

Hot spots showing greater n values corresponded to sites that ex-
hibited larger and/or more frequent puffs in the raw fluorescence re-
cord (e.g. compare sites P4 and P3 in the PSM of Fig. 3C). The mag-
nitude of 1 is more strongly dominated by the amplitude of individual
Ca®" events than by their frequency, because excess low frequency
power from a puff is proportional to the square of its amplitude but
scales about linearly with puff frequency. For example, a single large
puff at a site would generate an n value about 10- times greater than
that of ten smaller amplitude puffs that together release an equivalent
amount of Ca®>* over the same time period.

4.3. Mean and maximum power spectrum maps

To visualize cumulative activity over multiple time sub-sections we
generate maps depicting either an average of PSMs across individual
time-subsections (Fig. 3E), or the maximum n value observed in the
PSM for any sub-section (Fig. 3F).

The mean and maximum PSMs highlight different features of un-
derlying puff sites. As noted, the amplitude of a discrete Ca®* signal
weights more strongly in the n value than does the frequency of events.
Thus, the maximum PSM will tend to be dominated by large events,
even if they arise with low frequency and occur even in only a single
time sub-section. In the mean PSM on the other hand, the contribution
of infrequent events will be diluted, and the 1 values will be more re-
presentative of the cumulative Ca®* activity over the entire recording
period.
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P1

.

0 n 5
Fig. 3. Power spectrum maps (PSMs) identify ‘hot-spots’ of puff activity. (A) Raw fluorescence image of the same SH-SY5 cells at baseline, as in Fig. 1A. (B) PSM of
these cells generated from a single baseline time sub-section before photorelease of i-IP;. Values of n are depicted on a pseudocolor scale, as indicated by the color
bar. (C) PSM for a single time sub-section following i-IP; release, showing hot-spots of excess power. White boxes mark 5, 15 x 15 pixel, ROIs (P1-P5) centered on
these hot-spots, and corresponding traces on the right show average fluorescence measured from these ROIs during the time sub-section. (D) PSM and fluorescence
traces for another time sub-section following i-IP; release. (E) Mean PSM averaged from 5 sub-sections following photorelease of i-IP3. (F) Corresponding maximum
PSM derived from the same sub-sections.

This is evident as we compare the mean PSM of Fig. 3E to the
maximum PSM of Fig. 3F: all five sites have lower n values in the
average when compared to the maximum PSM. Site P1 is hard to
identify in the mean PSM (Fig. 3D) but clearly stands out in the max-
imum PSM (Fig. 3E)). Compared to other sites P1 has lower amplitude
puffs hence low n values. In the mean PSM the n value gets diluted
whereas the maximum PSM emphasizes single time subsection where
the maximum amplitude puff occurred.

4.4. Characterization of puff kinetics using Lorentzian fits to power spectra

Ca®™ puffs decay approximately as a single exponential, leading to a
Lorentzian spectrum where the cut-off frequency at half-maximum
power (fc) corresponds to the exponential decay time constant
7 = (27tfc)~!. We can thus derive information about the mean kinetics
of local Ca®* signals by fitting Lorentzian functions to power spectra.

For PSMs we calculate n over 3 x 3 pixel ROIs, but for
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characterization of puff kinetics we averaged fluorescence over 15 x 15
pixel ROIs to reduce photon shot noise and hence allow better fitting of
Lorentzian fits to the spectra (Fig. 2). Fig. 4A shows the averaged
baseline, signal and difference spectra for the site labeled P2 in Fig. 3B.
The baseline spectrum is plotted is blue and is nearly flat. The presence
of Ca®* puffs manifests as a low frequency power increase (f < 10 Hz)
in the spectrum, decaying close to the noise floor at high frequencies (in
red). The difference spectrum, in green, plots the absolute increase in
power resulting from Ca®* puffs. A Lorentzian function fit (using the
built-in Matlab function ‘fit’) to the difference spectrum (black curve)
has a cutoff frequency, fc = 3.7 Hz corresponding to a 7, = 43 ms. To
compare values of puff decay times derived from power spectra with
the direct measurements of the time course of fluorescence signals from
traces like that in Fig. 2D, we measured the times it took for individual
puffs to decay by a factor of 1/e from their peak (z,,5). For example, at
site P2, the mean decay time measured from fluorescence records of
puffs was 50 = 3ms (n = 32 puffs), slightly longer than that (43 ms)
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Fig. 4. Determination of puff kinetics from
Lorentzian fits to power spectra. (A) Spectra for
Site P2 of Fig. 3, showing the mean baseline
spectrum (blue), mean spectrum after evoking
P puffs (red); and the difference of these spectra

}/ (green). A Lorentzian fit, over frequency range
£ 0.1-20 Hz, to the difference spectrum is shown
in black, with cutoff frequency fc = 3.7 Hz. (B)

Scatter plot of puff decay time constants mea-

sured directly from fluorescence records (t pusr;

y axis) against puff decay times derived from

the cut-off frequency of Lorenzian fits to the

power spectra (T ¢; X axis). Gray triangles re-
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derived from the spectral cutoff frequency.

The gray symbols in Fig. 4B plot mean decay times 7,5 at 7 sites (3
cells) measured directly from puffs vs. corresponding measurements
derived from the cutoff frequency of Lorentzian fits to difference power
spectra 7. The data fit reasonably well to a linear relationship (gray
continuous line), but with a slope of 0.84: that is to say, estimates of
puff decay times by Lorentzian fitting were longer than those obtained
by direct measurement of fluorescence traces. We suspected that this
discrepancy might arise because of difficulties in accurately de-
termining the fluorescence decay of small puffs, and in fitting Lor-
enzians to spectra with low power. Accordingly, we obtained a better
agreement between 7,,; and 1z, with a slope close to unity (1.04) for
the linear fit after excluding small amplitude puffs.

In summary, the PSM offers a viable technique for detecting and
localizing subcellular Ca?* activity within a cell. Lorentzian functions
provide good fits to the difference spectra from puff sites and their
cutoff frequencies characterize the average decay time of puffs at an
active site. Puff amplitudes play a more significant role than puff fre-
quencies in governing power values.

4.5. Cross correlation of Ca®* fluorescence fluctuations

Spatio-temporal correlations provide a complimentary approach to
identify and characterize local Ca®*release events. Photon shot noise is
uncorrelated between neighboring pixels, whereas fluctuations re-
sulting from local Ca®>* elevations evoked by channel openings will be
correlated to an extent determined by the diffusion of Ca®>* and Ca®*-
bound indicator. On this basis we calculate the statistic of cross corre-
lation for experimental data in order to separate Ca®* channel noise
from uncorrelated molecular and photon shot noise.

Fig. 5 illustrates our procedure to determine nearest-neighbor cross-
correlations and generate correlation maps, applied to the same ex-
perimental data as in Figs. 1, 2. Again, we consider a baseline stack
before i-IP3 was photoreleased and a signal stack representing changes
in [Ca®*] levels after uncaging of i-IP5. Each stack was divided into sub-
sections of 500 frames (4 s). Fig. 5A shows a AF/F, image of 30 x 30
pixel region averaged over a seven frame (56 ms) time window during
the signal stack where a Ca®* puff was observed. We use this puff site to
demonstrate how cross-correlations are calculated for a single pixel
over a single time sub-section.

Fluorescence traces from each pixel of a 3 x 3 pixel ROI centered on
the puff site are plotted in Fig. 5B; the trace from the center pixel is
plotted in black and traces from the neighboring eight pixels in gray.
The mean fluorescence trace over the entire 3 x 3 pixel ROI is plotted
above in blue. We cross-correlated the fluorescence trace of the center

60 80

Ty, (ms)

present mean T . values averaged over all
puffs at a given site : the gray line represents
the linear relationship between mean t ¢ and
T g (fit slope = 0.84): black circles represent
mean T . calculated after discarding small
amplitude puffs (< 0.2 AF/Fo). Removal of
small amplitude puffs increases the slope of the
linear fit (black dashed line) to 1.04.

T T

100 120 140

pixel (black) with the fluorescence trace of each neighbor (gray), re-
sulting in eight cross-correlation curves. The first fifty lags (1 lag =1
camera frame = 8 ms) are plotted in gray in Fig. 5C. The average of
these eight cross-correlation curves is plotted in red (Fig. 5C) and is
associated to the center pixel. Also plotted, in blue, is the mean cross-
correlation trace for the center pixel calculated from a single time sub-
section of the baseline stack.

The mean cross-correlation of the baseline signal (blue trace,
Fig. 5C) hovers around zero across all lags, as expected if uncorrelated
photon and molecular shot noise are the only major noise sources
present. The cross-correlation trace in the presence of puffs (red trace)
is strikingly different, showing a strong correlation at short lags, and
decaying over about 20 lags (160 ms) to the baseline. No appreciable
correlations exist at longer lags.

We use the first fifty lags of the mean correlation curve to calculate
a correlation value (&) for the center pixel, representing the area under
the cross correlation curve. Let p(n) represent the cross correlation
curve of a pixel where n stands for lags, i.e. p(n) represents the red (or
blue) curve of Fig. 5C, then ¢ is given by:

25 50
Ep) =@ o) = D p(n)
n=1 n=1 (1)

4.6. Correlation maps (CRMs) identify puff sites

Repeating this process for every time sub-section, we calculate &
values for each pixel to generate a 2D pseudo-color map of correlations.
Fig. 5D & E show the correlation maps (CRMs) for individual baseline
and signal sub-sections. & values are near zero throughout the entire
baseline field, whereas high, spatially clustered ¢ values in the signal
sub-section correspond to active puff sites as mapped by the PSMs of
Fig. 3. As for PSMs, we construct mean and maximum correlation maps
for the signal stack. The maximum correlation map (Fig. 5F) reveals the
same sites (P1-P5) as identified in the corresponding PSM map of
Fig. 3F. Note that sites P2, P3 & P5, with larger amplitude puffs, have
higher correlations as compared to sites P1 & P4 where puff amplitudes
are smaller. Larger amplitude puffs have a larger spatial spread, as is
also visible in Fig. SF by the greater extent over which correlations are
present.

Owing to the pixel-based mapping of our methodology the CRMs
have more visual details when compared to the PSMs which map larger
ROIs, although fundamentally both techniques capture the same fea-
tures of local pulffs.
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Fig. 5. Spatio-temporal cross-correlations and cross-correlation maps (CRMs). Panels illustrate processing of a single, 500 frame time sub-section following pho-
torelease of i-IP5;. (A) Ratio (AF/F,) image of a puff averaged over seven frames. A single 3 x 3 pixel ROI, centered on this puff site is outlined in white. (B)
Fluorescence traces from the center pixel of the ROI (black), from the 8 surrounding pixels (gray), and the mean of all 9 pixels (blue). (C) The red trace shows the
mean cross-correlation of center pixel (black trace in B) with its eight neighbors across 50 lags (frames; 1 lag = 8 ms). Individual correlations between the center pixel
and each surrounding each pixel are shown in gray. The blue trace shows the mean baseline cross-correlation for the same ROI before uncaging of i-IP3. The mean
cross correlation over the first fifty lags is used to calculate a value of &, representing how correlated a given center pixel is to its nearest neighbors. Repeating this
process for every pixel across the image field- yields a 2D cross-correlation map representing & values. (D, E) Cross-correlation maps derived, respectively, from a
single time sub-section before photorelease of i-IP3 and from a single time sub-section when puffs occurred following photorelease of i-IP5. (F) Maximum Correlation
Map for the signal stack. Data are from the same image stack as illustrated in Fig. 3.
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Fig. 6. Spatial extent of cross-correlations. (A) The schematics illustrate cal-
culation of ‘ring’ correlation & values between a center pixel (gray dot) and
neighboring peripheral pixels (red dots) at different distances, using 3 x 3 and
5 X 5 pixel regions as examples. (B) The plot shows cross-correlation data de-
rived from the 5 puff sites in 3,5, averaged over 10 time sub-sections. Gray
symbols and curves indicate for each individual puff site the ring correlation
value of ¢ calculated for peripheral pixels at different length scales. Red circles
and curve show the mean across the 5 pulff sites. Blue symbols and curve show
corresponding & values at these puff sites before photorelease of i-IP5. Error bars
are + 1SEM.

Mean §

4.7. Spatial extent of correlations at active puff sites

Fluctuations arising from Ca®* puffs are expected to be correlated
across a distance scale corresponding to the spread of the Ca>* fluor-
escence signal. To determine this distance, we calculate cross-correla-
tions considering increasing square areas (x{ pixels), around a given
pixel where correlations are maximal. The fluorescence trace from the
center pixel (gray dots in Fig. 6A) is cross-correlated with traces from
peripheral neighboring pixels (red dots). £ values for the center pixel at
length scale £ are then calculated from the mean averaged cross cor-
relation curve. Fig. 6B plots mean & values, averaged over 10 time
subsections, as a function of increasing {. The open gray symbols of
Fig. 6B plot mean & values for the individual puff sites P1-P5 identified
in both the CRM and the PSM. Sites with larger amplitude puffs (P3, P2)
show larger correlations than sites with lower amplitude puffs (P1, P4).
The mean correlation averaged over five puff sites (red dots in Fig. 6B)
falls to about one-half over a length scale of # ~ 15 pixels; corre-
sponding to a radial extent of about 2.5 pm from the center pixel.

4.8. The cross-correlation time constant characterizes puff kinetics

Under the simplifying assumption that the time course of puffs ap-
proximates an instantaneous rise and exponential fall [24], the corre-
lation function will be an exponential with the same time constant as
the puff decay. To estimate mean puff decay times we thus fit the
correlation curves for puff sites with single exponentials as an alter-
native method to the spectral analysis in Fig. 4. After stripping slow
changes in baseline fluorescence using the Matlab filter ‘sgolayfilt’, we
calculated mean cross-correlations between each center pixel and the
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Fig. 7. Puff kinetics determined from cross-
correlation analysis. (A) Mean cross correlation
curves for each of the five puff sites in Fig. 5
(different symbols and colors), each derived

/ 2 ﬁ; from 15 x 15 pixel ROIs and averaged over ten

P3 500 frame subsections. Data are plotted after

H/ M :Zg normalizing each curve to the same maximum
Lastd ¥ correlation. (B) Scatter plots of decay times of

single exponential fits to correlation curves vs.
puff decay times © . measured directly from
o e fluorescence traces as in Fig. 4. Each open

symbol (n = 44) represents decay times from a
single time subsection. Mean values for each
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surrounding 8 pixels within a 3 x 3 pixel region, and then averaged the
values within a 15 x 15 pixel ROI centered on the puff site.

Fig. 7A shows mean cross correlation curves for 10 time sub-sections
for the puff sites P1-P5 illustrated in Fig. 5. To aid visualization, the
curves are normalized to the same peak amplitude. Fig. 7B shows a
scatter plot of correlation curve decay times (x-axis), measured from
single exponential fits to curves from individual time sub-sections from
the five puff sites against the corresponding mean puff decay times
measured directly from the fluorescence traces (y-axis). Mean values for
each site are shown by solid symbols, and for most sites lie close to a
one-to-one relationship (black dotted line), indicating that the cross-
correlation analysis provides a good estimate of mean puff kinetics. The
greatest deviation was observed for site P1 (black squares), which
showed the lowest amplitude puffs and would thus be most susceptible
to errors. Measurements from individual time subsections showed too
much scatter to provide a useful measure.

4.9. Power spectra and correlations identify ‘Ca®* channel noise’

Flash photorelease of IP; in Xenopus oocytes at concentrations of
several tens of nM evokes Ca®™ puffs and blips that are readily resolved
as discrete events by linescan confocal and TIRF microscopy [25-29]. In
freshly isolated oocytes, intracellular injections of much lower (pico-
Molar) concentrations of IP; evoke a different mode of Ca2™ release,
evident as a small increase in baseline fluorescence without evident
local, transient events [22]. This provides an interesting test case to
apply power spectrum and correlation analysis to look for localized
Ca®™ fluctuations in a situation where discrete events are not resolved.

Oocytes were loaded with fluo4-dextran (low affinity) and prepared
for imaging as described in [22]. A micropipette containing 100 pM IP3
was inserted through the oocyte and positioned with its tip towards the
top of the imaging field and located a few pm inward from the cell
membrane. Fig. 8 illustrates a representative experiment where In-
jecting IP5 led to a fluorescence increase throughout the imaging field,
but no localized Ca®* elevations were detectable by eye. A long base-
line was recorded (~ 5000 frames at 2ms per frame) before a 10 nl
bolus of IP3 was injected into the cell, and a further 5000 frames were
captured. The red and black traces in Fig. 8A show averaged fluores-
cence from fourteen 3 x 3 pixel ROIs. PSMs and CRMs were calculated
for sub-sections before (baseline) and after (signal) times marked by the
dotted lines above the traces.

The baseline mean PSM is shown in Fig. 8B. It is generally uniform,
but a few isolated ROIs, at the top of the image, have higher power and
stand out in comparison to their neighbors. These likely resulted from
leakage of IP; from the pipette tip. Following intracellular injection of
IP3, several small localized regions exhibited increased power, sig-
nifying local release of Ca®™" from IP3R’s (Fig. 8C).

The maximum correlation maps showed a similar pattern.
Compared to the baseline CRM (Fig. 8D), several regions stand out as

puff site are shown by solid symbols with error
bars denoting + 1SEM. The dashed gray line
represents a one-to-one correspondence.

40 60 80 100 120

Tcorrel (ms)

strongly correlated following IP3 injection in the signal CRM (Fig. 8E).
As noted before, the resolution of the CRM is finer than the PSM, and
regions of higher correlation coincide with regions of higher power in
the PSM.

We infer the hot spots of higher power and correlation to be sites in
the oocyte where fluorescence fluctuations are a signature of under-
lying local Ca®™* release triggered by IP5 injection. From the maximum
correlation map (Fig. 8E, following IP; injection) we placed 3 X 3 pixel
ROIs over ‘active’ (mean & = 0.4) and ‘inactive’ sites (mean & < 0.2).
Fluorescence traces from these sites are plotted separately in Fig. 8A
(active sites in red and inactive sites in black). To elucidate the prop-
erties of active sites versus inactive sites we looked at their power
spectra and correlation curves, pooling data from 42 active and 42
inactive ROIs from three experiments.

Fig. 9 shows the mean difference spectra calculated for active and
inactive ROIs following injection of IPs;. Active sites showed a pro-
nounced excess of low frequency power after IP; injection (red spec-
trum) as compared to inactive sites (black spectrum). The difference
spectrum of active sites showed a cutoff frequency of 1.7 Hz, corre-
sponding to an exponential process with time constant of ~90 ms

Fig. 10A shows averaged cross correlation curves for the active (red)
and inactive sites (black), before (inset) and after intracellular IP5 in-
jection (main plot). Inactive sites did not show any appreciable corre-
lation before or after IP; injection. Active sites showed a small corre-
lation prior to IP3 injection, which we again attribute to leak of IP3 from
the injection pipette, but a stronger correlation was apparent following
IP; injection. Exponential fitting to the mean correlation curve for ac-
tive sites in the presence of IP; gave a time constant of about 50 ms (25
lags). This correlation was apparent only over a very short distance
scale (Fig. 10B). Ring correlations, derived as in Fig. 6, were present
only at a length scale ¢ = 3 pixels, implying a radial spread of corre-
lated signal at active sites of only about 0.5 pm.

5. Discussion

We investigated the presence of local Ca®* fluctuations in fluores-
cence imaging data using complementary statistical techniques of
power spectrum and cross-correlation analysis. Our aim was to separate
various noise sources inherent in fluorescence recordings (instrumental,
photon and molecular), and to look in particular for ‘channel noise’
fluctuations arising from Ca®* flux into the cytoplasm through tran-
sient openings of Ca®*-permeable channels. A key basis for this dis-
crimination is that local cytosolic Ca®* transients typically have
durations of several or tens of ms, and thus predominantly represent
low frequency fluctuations, in contrast to photon shot noise and mo-
lecular fluctuations that have substantially uniform power across the
bandwidth of our recordings. We show that both spectra and cross
correlation approaches are effective in detecting, localizing and char-
acterizing local Ca?* puffs that involving release of Ca?* from the
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Fig. 8. Fluctuation analysis of Ca®" signals evoked in Xenopus
oocytes by picoMolar concentrations of IP5 identifies hot spots of
activity. (A) Mean fluorescence traces from 3 x 3 pixel ROIs,
recorded before and after intracellular injection of 10nl of

5. Red traces are from ‘active sites’ that showed in-
2 100pM IPs. Red from ‘active sites’ that showed i
s IL . ol . creased power and correlation post IP3 injection. Black traces are
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concerted opening of a few clustered IP3Rs [14,21]. Moreover these
approaches hold promise for studying yet smaller local Ca®" signals
that cannot be readily resolved as discrete events in the raw fluores-
cence records.

5.1. Mapping of Ca®* fluorescence fluctuations

Power spectra and correlation maps serve as visual tools, conden-
sing fluorescence activity of a 3D image stack onto a 2D map, re-
presenting either the average or the maximal activity throughout an
extended time period. Once hot-spots of activity are located, the spectra
and cross correlation curves from these regions provide information on
the average kinetics of the underlying events. A train of exponential
pulses produces a Lorentzian power spectrum, with a cut-off frequency
proportional to the exponential decay time constant, and an asymptotic
power at low frequencies proportional to square of pulse amplitude and
linearly proportional to pulse frequency. This situation is approximated
by Ca®" puffs, where the fluorescence signal generally shows a rapid
rise and slower, roughly exponential fall [24]. Accordingly, we show
that the cut-off frequencies of Lorentzian fits to power spectra from
different puff sites correlate well with mean puff decay times measured
directly from fluorescence traces at those sites. A caveat, however, is

10

that measurements derived from power spectra will be strongly biased
by those puffs with larger amplitudes, because the power (variance)
increases with square of amplitude. For example, in a train of repeated
puffs at a site, a puff of some given amplitude will contribute a power
equivalent to four puffs of half that amplitude. Thus, estimates of mean
puff decay times will be weighted by larger puffs in a train, and the
strength of the excess power ratio n in the PSM will increase propor-
tional to the square of puff amplitudes but only linearly in proportion to
the frequency of puffs. The same considerations apply for maps and puff
decay times derived from temporal cross-correlations between adjacent
pixels.

Although power spectrum maps like those illustrated in Fig. 3 are
effective in displaying regions of localized Ca®>* release, they are
computationally slow to generate, and provide only poor time resolu-
tion because spectra are generated across time sections of hundreds of
imaging frames. As a complementary approach, we have utilized the
same concept of deriving a map showing regions exhibiting higher
power (variance) at low frequencies, but rather than applying an FFT
routine to calculate power spectra we instead directly calculate the
temporal variance of each pixel within a running time window. This
algorithm is implemented as a script running in the Python-based
image-processing package FLIKA [30]. In brief, a fluorescence image
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Fig. 9. Active sites show a marked increase in power following injection of
100 pM IP;. Plot shows averaged difference spectra for ROIs placed on active
(red) and inactive regions (black). Data are pooled from three experiments for a
total of 42 active and 42 inactive sites. The green curve is a Lorentzian fit,
rolling off to a noise floor at higher frequencies.

stack is temporally band-pass filtered to reduce high frequency shot
noise and slow baseline drift, and a running boxcar function is then
applied to calculate, pixel-by-pixel, the variance of the fluorescence
signal around the mean. Finally, remaining shot noise variance is sub-
tracted on the basis that this is linearly proportional to the mean
fluorescence amplitude. With a fast PC the script processes image stacks
at a speed only slightly slower than the speed typically used to initially
acquire puff images, generating a variance movie that can be viewed in
real time with a temporal resolution determined by the boxcar window.

5.2. The limits of detection

Existing software routines for locating and analyzing local transients
in fluorescence images have employed an arbitrary detection threshold,
which is typically set relative to the standard deviation of baseline
fluorescence noise [30-32]. This method works well for brighter events,
but reports many false positives if the threshold is lowered to match
events that are close to baseline noise fluctuations. We expected that
statistical analysis of ensemble activity at a site over time would im-
prove upon this thresholding approach, analogous to the application of
noise analysis to elucidate single-channel properties in voltage [18] and
current [33] recordings that were too noisy to resolve individual
channel events. To this end, we illustrate experiments where picoMolar
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concentrations of IP; were injected into oocytes, generating a wide-
spread Ca®* elevation lasting several seconds, but on which no discrete
local Ca®™ events (blips or puffs) were apparent [22]. Remarkably
though, calculated power and correlation maps highlight small loca-
lized regions, or ‘active sites’, about a micron in spread which we in-
terpret as the presence of Ca? flux through channels (cf. Fig. 8).

Photon shot noise dominates the baseline noise in our recordings.
Relative to this, inherent dark and readout noise generated by current
generations of scientific camera (emCCD or sCMOS) are negligible, as
are instrumental fluctuations in our imaging system that might arise
from factors such as laser power and pointing instabilities. Molecular
fluctuations arising from binding and dissociation of Ca®>* to fluor-
escent indicator molecules and their diffusion in and out of the imaging
volume (point spread function) of the microscope will also contribute
noise, even under steady-state conditions of constant mean [Ca%™]
[10]. However, these processes are rapid and much briefer than the
temporal resolution of our imaging (< 500 fps). For example, Sigaut
et al. [34] measured fluorescence of a solution containing Fluo-4 and
EGTA from a confocal spot with effective volume of ~0.5fl and ob-
served appreciable autocorrelation only at microsecond timescales.
Consistent with this, we found no difference in baseline noise spectra
from oocytes loaded with Fluo-4 or with the Ca?* insensitive dye cal-
cein for comparable fluorescence emission intensities. Moreover, the
variance of the fluorescence signals increased in linear proportion to the
mean fluorescence (supplemental Fig. S1), as expected if the dominant
noise source were photon shot noise.

How might we improve our resolution of single-channel Ca®* sig-
nals? In our present approach, employing TIRF imaging of a freely-
diffusible cytosolic Ca®* indicator, the resolution is limited primarily
by photon shot noise arising from basal fluorescence. Because of the
Gaussian statistics of shot noise, the signal-to-noise ratio improves as a
square root function of mean intensity (number of photons). However,
possibilities for improvement by increasing the brightness of fluores-
cence imaged by the camera appear limited. TIRF imaging objectives
maximize light collection, and modern cameras approach the physical
limit of sensitivity of 100 % quantum efficiency with negligible in-
herent noise. Currently available Ca®" indicator dyes such as Fluo-4
and Cal-520 already have excellent dynamic range with minimal Ca®*-
independent fluorescence, and the use of higher concentrations of in-
dicator to yield a brighter signal is constrained by increased Ca®*
buffering that may disrupt the system under study, while increased
fluorescence excitation may induce photodamage as well as faster
bleaching. A promising alternative approach would involve tethering a
fluorescent Ca®* indicator — either a small organic dye or fluorescent
protein based probe - to the channel of interest [35]. The signal re-
sulting from Ca®™* flux through a channel would then be much smaller
than for a freely diffusible probe in the cytosol, with only one or a few

Fig. 10. Active sites show an increase in cor-
relations following 100 pM IP; injection. (A)
Averaged cross correlation curves for 42 active
(red) and 42 inactive sites (black) following
intracellular IP3 injection. The inset shows cross
correlation curves for baseline recordings at the
same sites before IP; injection. Data points are
means of pixel correlations across 42 3 x 3
pixel ROIs and 12 time sub-sections. (B) Mean &
values (post injection of i-IP3) as a function of
increasing correlation length scale £ (pixels, 1
pixel = 0.333 um) for the 42 active and in-
active sites. Mean & values were calculated as in
Fig. 6B. Error bars are = 1SEM.
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probe molecules per channel versus tens or hundreds of cytosolic probe
molecules binding to Ca?" ions liberated through the channel [10]. In
compensation, noise arising from basal fluorescence may be reduced to
a greater extent by selectively targeting the probe to minimize any free
or non-specifically bound molecules and by further designing probes
with very low Ca®* affinity that responded only to the high con-
centration of Ca®>* in the immediate nanodomain around an open
channel.
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