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Summary We tested a mixture of Calcium-Green-l (CG-1) and Brilliantsulfaflavine (BS) for dual excitation ratiometric
measurements of the intracellular free calcium concentration ([Ca*+],) in bovine adrenal chromaffin cells. Dyes were
coloaded (without being molecularly linked to each other) in the whole-cell configuration of the patch clamp technique.
We compared the loading time-courses of CG-I and BS, investigated their intracellular distribution patterns and studied
the time course of photobleaching. We determined the apparent dissociation constant of CG-1 , both optically and by
potentiometric titration. Our findings indicate that: (i) with excitation at 420/488 nm, calibrated fluorescence signals
could be derived using a Grynkiewicz-type equation; (ii) BS is an ideal reference dye that displayed no interaction with
CG-I or cellular constituents; and (iii) that calibration requires diffusional equilibration between pipette and the
accessible volume of the cell. Spatially resolved recordings of fluorescence excitation spectra revealed elevated
fluorescence of CG-1 in the nucleus such that reported [Ca”+], levels seemed 25% higher compared to cytosolic values.
Comparing fluorescence emission from in vitro dye solutions with in vivo values, we could estimate the accessible
volume fraction and amount of Ca*+-insensitive dye.

INTRODUCTION

Intracellular free calcium controls a variety of cellular
processes, often with a high degree of spatial and temporal
precision. Spatially resolved measurements of such Caz+
signals have become possible with the availability of Caz+
indicator dyes and advances in digital imaging. Fluorescent
Caz- indicator dyes undergo either a change in fluorescence or a spectral shift of their excitation or emission
wavelengths upon Ca2+binding. While the former type of
dye is often advantageous with respect to the signal-toReceived 23 March 1998
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noise ratio and the temporal resolution of experimental
data, Fura-2, a representative of the second category, offers
the widely used possibility of ratiometric calibration [l]
which leads to a more accurate representation of Ca2+
concentrations. This trade-off is of major practical importance for imaging intracellular Caz+concentrations.
The range of [Ca’+] to be measured largely governs the
choice of the Caz+indicator dye in terms of its dissociation
constant (KJ. Loading of a Caz+ binding indicator will
introduce an additional Ca2+ buffer to the cell and thus
increase the fraction of bound versus free Caz+.The Ca2+
binding ratio K = [BJKJ& + [Caz+])” is a nonlinear
function of [Ca2+]and the buffer’s % [2]. With the % fixed,
low dye concentrations are the only way to keep the
exogenous Ca2+binding ratio small. Unfortunately, the low
quantum efficiency (QE) of ratiometric Ca2+indicators and
inefficient use of UV excitation light in optical microscopes require fairly high dye concentrations, particularly
when high time resolution is desired. While on the one
hand low dye concentrations are essential to keep
distortions from physiological Ca2+-dynamics small, on the
other hand high dye concentrations are required to
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obtain sufficient signal-to-noise ratio. To resolve this
contradiction, indicators like Flue-3 [3] have been
developed that combine the advantages of a higher
quantum yield, high specificity for Ca2+ binding (over
other divalents) and excitation in the visible range.
Indicators of the Calcium Green family [4] exhibit fluorescence properties similar to Fluo-3. Both dyes display
closely spaced excitation and emission wavelengths, no
significant shift of the excitation and emission spectra but
an increase of fluorescence intensity upon Ca2+binding
[5]. However, the shortcoming of all visible light-excitable
Caz+indicators has been their inability to report signals
that may be quantified ratiometrically.
Mixtures of dextran-coupled CGl and Ca2+-insensitive
fluorescent dextrans have been co-injected into cells,
mostly in studies where moving preparations or changes in
cell shape were a concern [6,7], e.g. during secretion [8] or
muscle contraction [9]. Measurements with a mixture of
two different Ca2+indicators [9] facilitate quantitative [Caz+]
measurements due to the large change in fluorescence ratio
upon changes in [Ca2+ltbut suffer from the additional Ca*+
buffer capacity from two dyes loaded in the cell.
Quantitative dual excitation ratio-imaging
Brilliantsulfaflavine

using

CO, incubator in DMEM + 10% FCS + 2 ml penicillin/
streptomycin + 5 ml GMS-X supplement (100x) (all
obtained from Gibco, Life Technologies, Paisley, UK) at
37°C. Immediately prior to experiments, cells were
perfused extracellularly with solution containing 140 mM
NaCl, 2.8 mM KCl, 20 mM HEPES (pH Z2), 1 mM MgCl,
and 2 mM CaCl,. Pipette solutions contained 130 mM
CsCl, 20 mM HEPES (pH Z2), 8 mM NaCl, 1 mM MgCl,
and 2 mM Mg-ATP. Experiments were performed at room
temperature (-20-23°C).
[Ca’+] measurements

Fura(Molecular Probes, Eugene, OR, USA) or a
combination of 40 @VICG-1 (Molecular Probes), 40-120
FM BS (Sigma Chemical Co., St Louis, MO, USA) were
loaded into the cell using the whole-cell configuration of
the patch clamp technique [lo]. The loading time course
was monitored with an image acquisition rate of 0.1 Hz
at the Ca2+-independent wavelength of Fura- (355 nm)
or the wavelengths of BS (420 nm) and CGl (488 nm),
respectively.
Instrumentation

In this study we present an approach to determine [Ca2+],
using a dye mixture consisting of an indicator dye and a
reference dye. We extended the ratiometric calibration
scheme [l] to account for the presence of three types of
fluorescent molecules (the reference dye, and the Ca2+bound and Ca*+-free forms of the calcium indicator,
respectively). We loaded chromaffin cells from the bovine
adrenal medulla with the Ca2+ indicator CGl and
reference dye BS in the whole-cell configuration of the
patch clamp technique. We chose BS due to its
advantageous spectral properties and the fact that it was
not binding Ca2+,i.e. added no further Ca2+buffer capacity.
Our results indicate that mixtures of CG-1 and BS can be
used to record ratiometrically calibrated Ca2+ signals.
However, we found an uneven subcellular distribution of
CGl in 30-50% of the chromaffin cells investigated.
Nuclear fluorescence signals excited at 488 mn were
found elevated compared to cytosolic values without
correspondingly increased nuclear [Ca2+],invalidating one
of the assumptions of the calibration procedure.
Part of this work has been published as an abstract [59].

We used a polychromatic light source (TILL photonics,
Planegg, Germany) to obtain a band of quasi monochromatic (dh = 12nm) excitation light [ll]. Light was
coupled into the epifluorescence port of an Axiovert 135
TV inverted microscope via a quartz light guide and
custom-built condenser optic. We used a 40x 1.3 oil
immersion lens (Zeiss Plan-Neofluar, Oberkochen,
Germany) mounted on a piezoelectric device (Physik
Instrumente, Waldbronn, Germany) to acquire images at
different planes of focus. A DC500LP dichroic (TILL) and
Q515LP emission filter (Omega Optical, Brattleboro, VT,
USA) separated fluorescence emission and residual
scattered excitation light. Fluorescence images were taken
with a water-cooled slow scan frame-transfer CCD (TILL)
that allowed subarrays to be taken at an image acquisition
rate of 50 Hz. 4% of the excitation intensity was directed
onto a photodiode. The photodiode amplifier signal was
sampled and used to normal&e the fluorescence
intensities with the (wavelength-dependent)
excitation
intensity. Images were stored with a dynamic range of 12
bit on a 486 PC and later transferred to a Sun Spare 10
workstation for analysis using custom software.

MATERIALS

Spectral analysis

AND

METHODS

Cell preparation

Bovine adrenal chromaffin cells were enzymatically
dispersed and cultured in glass-bottomed chambers in a
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Dye spectra were either measured on our microscope in
-4 l&droplets of solution containing 130 mIvI CsCl, 20
mM Cs-HEPES, 5 mM NaCl, 1 mM MgCl, and 2 mM MgATP or in situ. Spectra contain not only information on
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the molecular properties of dyes but reflect also the
spectral distribution of our excitation light source, and
transmission of the objective, filters, and sensitivity of
the CCD. Background images were taken from solutions
containing no dye or before breaking through the plasma
membrane (see below). Dye concentrations (40 @‘I CG-1
or 70 PM Fura-2, respectively) were chosen such that the
additional exogenous CaZ+binding ratio did not greatly
exceed the averaged endogenous binding ratio (K = 3 1 +
10) of fixed Ca2+ buffer in a chromaffin cell [12]. The
concentration of BS was varied with respect to [CC-l] to
optimise the dynamic range of the ratios and investigate
dye interaction and quenching (see below).

where c is an experimental constant, Bi = c I b1 are
representing background intensities at wavelength h,. Sli
are the specific fluorescence intensities of the different
species j at hi. With the reference photodiode we
measure:
refi = c

pi

Ii

Eq. 3

where I1 reflects the emission of the excitation light
source and p, is a wavelength-dependent
factor that
incorporates the transmission along the optical path. We
can normalise F1:
Eq. 4

FI = (Fi - Bi)/refi

Calibration

of fluorescence

73

intensities

When compared to Fura- ratio-imaging, ratiometric
measurements with a mixture of two dyes (a Fluo-type
and a Ca2+-insensitive one) are associated with a number
of complications: (i) due to non-zero light absorption of
CG-1 at 420 nm, the 420 nm signal is not entirely Ca2+independent;
(ii) when used together, molecular
interactions between the fluorophores may lead to a
signal that is not just the simple addition of the signals of
the two dyes alone; (iii) dye-dependent photobleaching
may introduce variations in the calibration constants
that are not easily recognised during experiments; and,
finally, (iv) an inhomogeneous
intracellular
dye
distribution may cause the calibration constants to differ
in different subcellular compartments. The equilibrium
of the Ca2+-binding reaction

Substituting in Equation 3 we obtain:
FI = (I/Pi)

ncaB

+ SB,i

nB + sR,i.

Eq. 5

nR)

for wavelengths 1,. Analogously to ratiometric measurements using a single dye, we determine the ‘isocoefficient’
CL[12] such that PZ = F’, + M. F’, is Ca2+-independent as
long as the total amount of dye, n = nca + n,, is constant.
Conservation of n implies that concentration changes
(denoted by A) of the CaZ+-independent and -dependent
forms balance each other, hn, = -4,
and, correspondingly, F”, remains constant:
0 i A [F; + a. F;’ ]
= A nCaB

C$+ + B f

(ScaB,i

&

(%B,2

- sB,2)

+ a

A nCaB

‘&

tsCaB,l

- sB,l)

CaB

Eq. 6
is characterised by the law of mass action:

and

n E nCaB + nB

c1_

[Ca2+]
has = n
nB = n

Pl . %aB2 - %2
‘*

Kapp
+ W’l
Eq. 1

K aPP

E!.-

= -

p2

=--.a

Pl

Kapp
+ Pa*+1

P2

where B denotes the Caz+-free form of CGl, n, its
concentration (likewise for the Ca2+-bound form) and K ?JP
is the apparent dissociation constant of the Ca2+/indicator
complex under the particular experiment conditions (see
below). Let n, denote the concentration of the reference
dye, I, and I, the excitation intensities at wavelengths X1
and 1,. The fluorescence intensity upon excitation at h1is
given by
Fi - c
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nB + S,,i

nR + bi)

Eq. 2

‘CaB,l

- ‘,,I

S CaB,2

Eq. 7

SCaB,

o

Substituting a, F’, and F’Z into F”, = F’, + a F’, and
considering the limit of very high or very low [CaZ+]leads
to:

F’; = (I~J)

in@CaB,2

- ao

sCaB,,)

+ nR

(%,2

- %

%,,)I

Eq. 8
Forming the ratio R” = F’,/F”,, using the law of mass
action (Eq. 1) and the abbreviations N = (S,&,2- a0 ScaB,,)
+
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Wn)(%,*-

q, S, ,) and cpI (n&r) we recover:

R,t=;. x+y+z
N
where

Eq. 9
X = SCaB,,([Ca2’lI(K,,, + [Ca2’l))
y =

sB,l

z =

s,,,cp

tKappItKapp

+ [ca2’1))

lf we define R”, at zero [Caz+] and, similarly, R”, at high
[Caz+]>> %

F;

Eq. 10

= -@ . SCaB,l

R’; E F;
atwca*+

1’1

+ ‘R,l(P

ka&a2+l

N

we can rewrite Equation 9 as
R” = R;’

([Ca2’]/(K,,,

+ [Ca2’])) + R’;,

(K,,,I(K,,,

R{ )/(R;’

- R’)

Eq. 12

which is identical to the Grynkiewicz equation [ 11 except
that R”, R”, and R”, are given by Equations 9 and 10,
respectively, and the original expression for Kc, from [l]
simplifies to Ka,,. Note that all three ratios have become
functions of n, the concentration of the reference dye, by
their dependence on the concentration ratio cp.In order
to apply Equation 12, we need to know K w of the Caz+
indicator.
Apparent dissociation
electrode

constants using a Ca2+-selective

Calcium indicator dyes are fluorescent analogues of the
calcium chelator BAPTA [ 131. Their Caz+-binding is
described in terms of an apparent dissociation constant
that takes into account the multiple binding equilibria in
solutions of complicated ionic composition [ 14,151. We
obtained the dissociation constants for Ca2+-binding and
purity of the batch, titrating 2.5 mM CaCl, versus a
solution containing 250 FM dye and 130 mM KC1 or
CsCl, 5 mM NaCl, 1 mM MgCl, and 20 HEPES at pH = 72
and 22°C. [Ca*+] was monitored with a Ca2+-selective
electrode (Microelectrodes, Londonderry, NH, USA),
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(nCaB - n)

Eq. 13

+ Ca2’]))

Equation 11 for [Ca’+] yields:

[Ca2’] = Kapp (R”-

= -IlKa,,

K,, and batch purity were obtained from a least square
fit of slope and intercept of the Scatchard plot.

Eq. 11
Rearranging

based on the ligand ETH 1001 [ 161. Electrode calibration
solutions were prepared as described in [I 7]. Electrodes
had a resistance of l-5 MQ and showed a near-Nernstian
response (26.76 mV/decade) down to a free [Caz+] of 53.5
nM with an accuracy of k 5 r&l. The electrodes’ responses
drifted less than 0.2 mV/h and responses were 95%
complete in less than 16 s as solutions were constantly
stirred. Response times slowed dramatically at nM concentrations, typically taking minutes for a 95% response.
All chemicals were analytical grade and desiccated prior to
use. Water containing low concentrations of Ca2+was
produced in a two-step process using ion exchange resins
(Millipore, Chelex, Caz+-contamination was 1.27 jJvl). CaCIZ
dilutions were based on a calibrated 1 M standard (BDH,
Poole, UK), confirmed by atomic absorption spectroscopy
Titration data were plotted parametrically as n,/[Caz+]
versus nm according to the Scatchard equation [ 181:

Interactions between dye molecules and cytosolic
constituents

To study whether fluorescence signals were affected by
interaction of dye molecules with the local environment,
we compared on our microscope fluorescence emission
from regions of interest mtracellularly and in droplets.
We pressure injected droplets of solution of known dye
concentration into a larger droplet of oil on a coverslip. A
more accurate representation was obtained by taking
images at two excitation wavelengths where one dye
dominated the fluorescence signal (e.g. at 488 r&420
nm). The ratio of the two images is independent of
optical pathlength effects. Fura- was excited at the
isobestic wavelength (lLisO
= 360 mn in our set-up) while
488/420 nm were used for CG-l/BS mixtures. Excitation
intensities and exposure times were chosen such that
bleaching was negligible.
Whole-cell loading and accessible volume fraction

The rate of diffusional exchange between small cells and
a patch pipette is described by a two-compartment model
[ 191. The loading time course follows a monoexponential
function, n(t) = n&l - exp-t/T)), assuming that for t + m
the intracellular dye concentration approaches the
pipette value np. The time constant of equilibration, z =
Rsul@p) is proportional to the cell volume IJ and pipette
resistance, R, and inversely proportional to the diffusion
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coefficient D of the molecule and the specific resistivity
of the cytosol. D 0~ M-II3 yields T 0~ Mlrn [ZO]. One can
monitor the time course of dye loading:
FL(t)

o 9

F,,,

. (1 - exP(-u$))

F, is the fluorescence signal excited at 1, F, is the
corresponding in vitro value. 6 < 1 is a parameter that
absorbs all differences in fluorescence emission of the
intracellular dye relative to dye solutions in vitro. 6
accommodates local changes in quantum efficiency and
the accessible volume fraction and will, in general, vary
at different subcellular locations. For Fura-2, lL,sOis
conveniently used to monitor dye loading. For dye
mixtures, the wavelength is chosen such that one dye
dominates the signal.
RESULTS
Limiting fluorescence
dissociation
constants

ratios, isocoefficient
under physiological

and calcium
conditions

Calibration of the fluorescence signals was performed as
described in ‘Materials and methods’, using h, = 380 run
and liz = 355 nm for Fura-2, and h, = 488 nm and 1, =
420 nm for the mixture of CG-1 and BS.
We measured, after whole-cell dialysis, the fluorescence
of the intracellular solution containing 70 PM Fura-2.
Adding 10 mM EGTA gave a limiting ratio FY’, of 0.66.
Adding instead 10 mM CaCl, gave the limiting fluorescence ratio for high [Caz+],R”,, of 6.56. Isocoefficient cxand
Kc, were 0.28 and 1.677 @J, respectively. With these
calibration parameters and the apparent dissociation
constant of EGTA of 176 nM (as determined by
potentiometric titration, see above) K,, for Fura-2/Caz+
binding was 236 + 5 nM. The value determined
potentiometrically in vitro was slightly higher (K,, = 259 f
7 nM) than the cytosolic value. Purity was 98 + 5%. K,, of
CGl was determined by potentiometric titration 196 f 8
nM, purity was 91 + 1%. Intracellular calibration of the
CGl/BS mixture yielded the following values for R”, and
R”,: 0.22 and 11.45. Isocoefficient IXand K,, were 0.35 and
196 nM, respectively. Our findings are summarised in
Table 1 (see Discussion).
Brilliantsulfaflavine

as a reference

dye

We investigated the spectral properties of CGl and BS.
Extinction spectra (-ln(I/IJ = ae(h)dx, see Fig. 1A) of CGl
and BS alone, recorded in a cuvette (in pipette solution)
peaked at 506 and 420 nm, respectively. It is seen that the
two dyes have very favourable properties for excitation
ratioing: strongly overlapping emission spectra, but quite
distinct excitation spectra. The extinction coefficient of
0 Harcourt
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Ca2+-saturated CGl excited at 488 rmr was E = 39625
cm-l, more than 240 times that of BS (E= 160 cm-‘) at the
same wavelength. Conversely, at 420 nm and saturating
[Ca2+], CGl’s molar extinction was E = 3425 cm-‘, 27.8%
of BS’s extinction (e = 12290 cm-‘).
To study whether co-loading of BS and CG-1 was
suitable for quantitative
dual-excitation
ratiometric
measurements of [Ca2+], fluorescence excitation and
emission spectra of 40 w CG-1 and lo- 120 JLMBS alone
and in combination were measured. Experiments were
performed at different [Ca2+],in vitro (Fig. 1B) and in vivo
(Fig. 1C). [Ca2+liwas adjusted in the range of 0.17-l 0 mM
by adding mixtures of CaZ+-EGTAand CaCl, [ 151.
Fluorescence excitation spectra of BS in buffered Ca2+solutions did not reveal any Ca2+-dependent changes in
the concentration range studied. Excitation maxima in
vitro were 419 + 2 mn (n = 4) at low [Caz+] and 418 L- 2
mn (n = 4) in the presence of 10 mM CaCl,. In vivo, we
determined corresponding values of 421 * 3 mn (n = 5)
and 421 f 3 nm (n = 3) respectively.
Effective emission spectra of CG-1 and BS (Fig. lD,
taking into account the transmission efficiency of
dichroic mirror and emission longpass) displayed
maximal emission at 531 and 524 mn, respectively. The
overlap integral of the emission spectra in the range 5 15
nm 2 hem5 650 nm was 75.7% of CG-1 emission in that
band and 63.5% of that of BS. We could not resolve an
interaction of Brilliantsulfaflavine with any of the major
physiological ions (Ca2+, Mg2+, Na+, Cs+, Cl-) or any
response to pH. We did not find any indication for cell
toxicity, even at millimolar concentrations of BS.
For a mixture of lo-120 @VI BS and 40 PM CGl
excited at 420/488 mn, we could not reveal any
interaction of the dyes that would be manifest in the
spectra. Absorption (340-490 nm) or emission spectra
(400-650 nm) of dye mixtures were virtually unaltered
when compared to solutions of single dyes. The lack of
cross talk in dye mixtures, the lack of concentration
quenching or energy transfer, both at high and low [Ca2+],
justify the use of a linear superposition of the specific
fluorescences. At physiological [Ca2+], we found a
concentration ratio [CG-l]/[BS] of 40 @‘I/70 @!I optimal
for our imaging system. These values reflect systemspecific spectral parameters apart from dye properties
and will vary depending on the equipment used.
Photobleaching was examined by loading cells with the
dyes via a patch pipette and then pulling back the pipette
that normally resulted in the out-side-out configuration
and resealing of the membrane at the point where the
pipette was attached. Bleaching and dye loss were found
insignificant on the time scales under investigation (data
not shown).
BS indeed acts as a Ca2+-independent reference dye.
Taken together with the results above, these findings
Cell Calcium
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Fig. 1 Spectral properties
of Calcium-Green
(CG-1)
and
Brilliantsulfaflavine
(ES), recorded
in pipette solutions
(145 mM
NaCl, 10 mM HEPES pH 7.2, 2.8 mM MgCI, and 10 mM CaCI,) or
intracellularly.
(A) Extinction
spectra of CG-1 and BS. Peak
extinction
at 506 nm and 420 nm, respectively.
At 420 nm at
saturating
[Caz+], CG-l’s
molar extinction
(-ln(l/lJ
= edx) was E =
3425 cm-‘, 27.8% of BS’s extinction
(E = 12290 cm-‘). The
extinction
of CG-1 at saturating
[Cap+], excited
at 488 nm (close to
its peak extinction
at 506 nm) was E = 39625 cm-‘, more than 240
times that of BS (E = 160 cm-‘) at this wavelength.
(B,C)
Comparison
of fluorescence
excitation
spectra
recorded
on the
microscope
in droplets
of pipette solution
(B) and in vivo (C).
Spectra
reflect properties
of our imaging system
(spectral
distribution
of excitation
light, filters, CCD sensitivity).
Excitation
maxima
of BS were at 419 + 2 nm in vitro and 421 2 3 nm in vivo,
at high [Cap+],. Corresponding
values for CG-1 were both 506 + 3
nm. Excitation
of CG-1 at 488 nm was chosen
to make our results
compatible
with the use of an Ar+ laser as excitation
light source.
(D) Effective
emission
spectra
of CG-1 and BS recorded
in a
cuvette.
Maximum
emission
was observed
at 531 and 524 nm,
respectively.
The overlap
integral of the emission
spectra
for 515
nm 2 he, < 650 nm was 75.7% of CG-I emission
in that band and
63.53%
of that of BS.
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confirm that the combination of CC-1 and BS is suited
for dual excitation, e.g. at 420/488 nm and fluorescence
collection using a single LP515 nm emission filter and
DC500LP dichroic mirror.
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Two dye ratiometric Ca*+ measurements require
equilibration between pipette and the accessible
volume of the cell
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Wavelength (nm)

480

Ratiometric measurements with a two-dye mixture rely on
a constant concentration ratio ‘p (see ‘Materials and
methods’). This assumption was tested by monitoring
fluorescence intensities at different locations and at
different times after breaking through the plasma
membrane.
Both fluorescence signals excited at 420 and 488 nm
displayed mono-exponential time courses. Loading-time
constants z were found in the order of 2-3 min for both
dyes (Fig. 2). However, zs were different for the two dye
molecules. The loading time course of BS alone - excited
at 420 nm - was fitted with a mono-exponential function
with time constant Tag,,= 129.8 f 10.6 s (n = 8 cells).
Loading of CG-1 alone was observed at 488 nm and
could be described with a time constant of rc,,, 163.9 f
12.8 s (n = 7). Largest deviations were observed in the
nucleus with time constants between 133.3 + 10.7 s for
BS and 169.2 + 3.3 s for CG-1, respectively. Generally,
fluorescence monitored at 420 nm was increasing faster
(T,&,, was ranging between 1.26 f 0.3 1 in the cytosol
and 1.13 + 0.13 in the nucleus) than the signal at 488 nm
excitation. We conclude that a spatially uniform
concentration ratio ‘p is only achieved after diffusional
equilibration, and may be different in individual cellular
sub compartments. In the case of dual excitation of two
0 Harcouti
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488 nmcytosol
420 nm cytosol
I

200

400

I

I

600

time after break-in / s

I
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0
H

m
0.0

-

!

I

Dye compartmentalisation
Observations of a number of cells revealed inhomogenous intracellular fluorescence after loading of Ca2+
buffered dye solutions. 21 out of 34 cells showed
enhanced nuclear fluorescence, the location of which
was verified from transmission images. Different optical
path lengths, an elevation of nuclear [CaZ+],accumulation
of CG-1 or a change of the spectral properties of CG-1 in
the nucleus may explain this observation. We recorded
fluorescence excitation spectra at different subcellular
locations to test these hypotheses.
In order to exclude the effect of different optical path
lengths, we compared ratios R390,3j5
= F’390/F’3j5(for Fura-2)
(for
CG-l/BS)
between cells and
or %?,a, = F’c3*‘F’m
droplets. At equilibrium (i.e. t + w and no significant
photobleaching),
for uniform [Caz+], equal dye distribution and no dye binding or interaction Rc,e:),,,should
approach R$‘$‘:, measured from a droplet of identical
ionic composition. In the case of Furavariations
between isobestic ratios in resting cells and dye solutions
were on the order of trial-to-trial deviations in dye solutions. However, for CG-l/BS-loaded cells, R$),,, was
increased compared to R$,$;i. This increase in cellular
fluorescence
relative to the in vitro signal was
predominantly caused by an elevated nuclear signal (Fig.
0 Harcourt
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488 nm nucleus
420 nm nucleus
I

I

200
400
time after break-in / s

Fig. 2 Loading
time course of BS and CG-1. The fluorescence
signal was plotted for different
(dots and circles)
and BS (squares
and boxes) displayed
loading transients
that could be fitted
constants
describing
the cytosolic
fluorescence
increase
(open symbols)
were 129.78 2 10.62
12.76 s for CG-1 (excited
at 488 nm). Equilibrium
fluorescence
at 488 nm is 1.08 times that in
composition.
(B) Corresponding
values for a nuclear
region of interest.
Loading time constants
CG-1 and BS, respectively.
The 488 nm signal is 1.33 times that in a reference
solution.

dyes with different loading time courses, the fluorescence ratios are only meaningful after diffusional equilibrium has been reached.

excitation

I

600

regions
of interest
within a cell. Both CG-1
with monoexponential
functions.
(A) Time
s for BS (excited
at 420 nm) and 163.9 +
an in vitro reference
solution
of identical
are 169 + 3.27 s and 133.29 f 10.69 s for

3B). We estimated the increase of nuclear fluorescence
and tested whether it was caused by a change in QE of
CG-1 or BS or, alternatively, could be attributed to
elevated nuclear [Ca”]. Changes in QE should be
manifest in the excitation spectrum. Thus, we measured
if excitation spectra of CG-1 or BS revealed any changes
depending on the subcellular location of fluorescence
emission.
Dye interaction with cellular constituents, non-specific
fluorescence and ‘silent’ Ca*+-binding dye
Several authors have reported on interactions between
dye molecules and cytosolic constituents which lead to
dye molecules that showed no CaZ+interaction [21,22] or
else to Ca2+-binding molecules that did not emit
fluorescence 1,231.This would invalidate the calibration
procedure (which relies on the assumption that the CaZ+sensitive dye only exists in two conformations, B and
CaB) and should affect the measurement of the cellular
Caz+-binding ratio by the added buffer approach [2]. We,
therefore,
investigated
whether
the intracellularly
observed spectra could be reconstructed from a linear
combination of the spectra of CG-1 (at saturating and
zero [Caz+])and BS recorded in vitro.
To determine whether spectral differences could
account for the altered intracellular
fluorescence
emission, we generated a difference spectrum subtracting the linear combination of in vitro spectra from
the intracellular spectrum. Reconstruction was possible
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70 pM Fura-

l
0

0

I
100

I
200

I
300

I
400

4QaM CG-1 and 70pM BS

nucleus
cytosol
I
500

100

time after break-in I s

200

300

400

500

600

time after break-in /s

Fig. 3 Locally
resolved
microspectrofluorimetry
reveals
elevated
fluorescence
of CG-1 in the nucleus
of chromaffin
cells. (A) Furaratios
(F,,,,/F,,,)
did not reveal any significant
difference
between
intranuclear
and cytosolic
concentration,
showing
isobestic
ratios in the range of
1 .O f 0.1. (C) (FJF,,)
ratios were normalised
with the F,,$F,,O signal taken from a droplet of dye solution
and scaled with the monoexponential
loading time course
(F,,$F,,,),,,I((F,,dF,,),m
,B,. (1 - exp(-t/r,,,))).
Ideal dyes, showing
no variation
in intracellular
fluorescence
emission
when compared
to an external
standard
should give identity at all times. (B) Plotting (F,$F,,,)/(F,,$F,,,)~~~~,~~
for the nucleus
and
various
cytosolic
regions,
two branches
are clearly discernible.
The nuclear signal was on average
33% elevated
compared
to the reference
solution
and -25%
elevated
when compared
to the cytosolic
region (n = 17). The large error bars at early times after break-in
are due to the
small signal at low dye concentrations.

without significant differences (not shown). Thus, there
was no indication for the presence of fluorescent species
other than B, CaB and R. However, our findings leave
open the possibility that a non-fluorescent (dark) species
might be present (which is of no relevance for the
increased signal but can obstruct the added buffer
approach of determining the Caz+-binding ratio).
Elevated nuclear resting [Ca*+]?

To check whether the increase of the fluorescence ratio
in the nucleus was due to CC-1 accumulation relative to
the pipette or else to elevated nuclear [Ca2+], we
compared normalised ratios (see above) for different
subcellular locations. [Caz+] as measured by Fura- was
the same in the nucleus and cytosol. R$,J,,,/R$$$ were in
the range of 1.0 + 0.1 (Fig. 3A). Plotting the
corresponding ratios for CG-l/BS R$‘,:,,, /R$$;; as a
function of time after break-in through the plasma
membrane for the nucleus and various cytosolic regions,
we observed a clear discrepancy (Fig. 3B). In 17 out of 34
cells, the nuclear signal was on average -25% elevated
when compared to the cytosolic signal. 4 cells displayed
cytosolic ratios in the range between 1 and 1.3, more
similar to the nuclear ratios (not shown).
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DISCUSSION

The use of Caz+ indicators that change their quantum
efficiency (QE) upon Ca2+ binding has improved the
imaging of small [Caz+] transients at low indicator
concentrations in some aspects: Flue-3 combines the
advantages of a high quantum yield, high specificity for
Ca2+while excitation is removed from the range where
cellular autofluorescence may be a concern 124,251.
Calcium Green (CG-I), while exhibiting similar fluorescence properties as Fluo-3 has a 5-fold enhanced
fluorescence. CG-1 changes its QE from 0.06 to 0.75
whereas Flue-3 increases its quantum yield from 0.003
to 0.14 (Mike Kuhn, Molecular Probes, personal
communication). Thus CG-1 provides an excellent signal
even when used at low dye concentrations. This is of
practical importance for [CaZ+] imaging at high frame
rates or confocal laser scanning microscopy (CLSM).
However, CG-1 has not fully solved all previous
problems associated with measurements of [Caz+li.Like
all dyes with visible excitation it lacks a shift in the
excitation or emission spectrum upon Ca2+binding. This
prevents detection
of calibrated [Caz+], changes,
particularly at the subcellular level or in moving
preparations. The relative AF/F calibration provides an
0 Harcourt
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1 Apparent

dissociation

constants

Kapp, purity

Experimental

259 2 7 nM, (98 + 5%)
236 +r 4 nM (purity ND)
238 nM

130
130
145
0.3
140
100
100

of Caz+ indicator

excitation

calcium
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dyes
Reference

conditions

Fura-

208 nM
188 nM
144 nM

This study (potentiometrically
in vitro)
This study (spectroscopically
in vivo)
Zhou and Neher [12] (spectroscopically
in vivo)
Heinemann
[35] (spectroscopically
in vitro)
Grynkiewicz
[l] in vitro
Lattanzio
and Bartschat
[26] in vitro

CsCI, 1 MgCI,, 8 NaCI, 20 HEPES,
pH 7.2/CsOH
CsCI, 1 MgCI,, 8 NaCI, 20 HEPES,
pH 7.2
Cs-glutamate,
8 NaCI, 1 MgCI,, 2 Mg-ATP,
10 HEPES,
GTP, 20-25°C
pH 7.2
KCI, 10 K-HEPES,
20-25°C
pH 7.2
KCI, 20 NaCI, 10 K-MOPS,
1 Mg, 37”C, pH 7.05
KCI, 30 KOH, 40 HEPES,
22”C, pH 7.4

Calcium-Green-l
196*8nM(Ql
-189 nM

+l%)

130 mM KCI, 20 mM HEPES,
100 mM KCI, 10 mM MOPS,

8 mM NaCI,
pH 7.2,22X

1 mM MgCI,

, pH 7.2

This study
Molecular

(potentiometrically
Probes

in vitro)

130 mM KCI, 20 mM HEPES,
100 mM KCI, 10 mM MOPS,

1 mM MgCI,
pH7.2, 22°C

, 8 mM NaCI,

pH 7.2

This study
Molecular

(potentiometrically
Probes

in vitro)

130 mM KCI, 20 mM HEPES,
100 mM KCI, 10 mM MOPS,
Not available

1 mM MgCI,,
pH 7.2,22”C

8 mM NaCI,

pH 7.2

This study (potentiometrically
in vitro)
Molecular
Probes
A. Escobar,
personal
communication

Calcium-Green-2
531 + 11 nM (78 + 1%)
-574 nM
Calcium

Green-SN

(8 f 2 FM (82 + 3%)
-3.3 PM
18bM

Apparent
calcium
dissociation
constants
and dye purities
orevious
studies.
Where individual
ion bindina constants
enable a better comparison.
See [30-331.

of Furaand dyes of the Calcium
Green family compared
to values from
were available,
literature
values were corrected
for experimental
conditions

estimate for [Ca2+],,but changes in fluorescence intensity
cannot unequivocally be attributed to changes in [CaZ+].
They may also result from local changes in dye
concentration
or observation
volume. This major
drawback has prompted the search for a reference dye
that could be used in combination with nonratiometric
dyes like Flue-3 for ratiometric [Caz+]-measurements.
We investigated the combined use of Calcium-Green-l
and a Ca*+-independent reference dye for two dye two
wavelength
ratiometric
calcium imaging in bovine
adrenal chromaffin cells. We focused on CGl since CG-2
was found to be toxic to cells, while CG-5N has a lower
affinity in the FM range.
Reference
dye with ideal properties:
Brilliantsulfaflavine

The laser dye Brilliantsulfaffavine (BS)was found suitable
for this purpose for the following reasons:
1. BS is insensitive to changes of the concentrations of
the major physiological ions (Caz+,Mgz+, Na+, Cs+, Cl-);
fluorescence excitation spectra of BS were
indistinguishable in vivo and in vitro.
2. The excitation spectrum of BS was found to be well
separated from CG-1 and allows dual excitation, e.g.
at 420/488 nm, respectively.
3. Neither the fluorescence properties of BS nor CG-1
changed in the presence of the other dye. As a
0 Harcoutf
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consequence, fluorescence intensities determined in
dye mixtures could be treated as the linear
combination of fluorescence readings from single-dye
solutions.
4. There were no indications for cell toxicity of BS, even

at mM concentrations.
5. BS does not bind CaZ- and, therefore, does not modify

the intracellular

Caz+buffering properties.

These features mark BS as a suitable candidate for the
use as reference dye, together with CG-1 or other [Caz+],
indicator dyes excited at 488 nm, and emitting at 2 515
nm, e.g. Oregon Green 488 BAPTA (Molecular Probes).

High-affinity

calcium

indicator:

CG-1

The quantification
of [Ca”], requires the precise
knowledge of the Caz+ dissociation constant of the
indicator under the particular experimental conditions.
pH, temperature and ionic strength, as well as how the
indicator’s binding affinity for Mg2+ will affect its value
126,271. As a consequence, the binding affinity is best
expressed in terms of an ‘apparent K’, Kap, [15,17,28,29].
We have potentiometrically
determined
at room
temperature (20-23X) the calcium binding affinities of
Calcium Green Dyes (CG-1, CG-2, CG-5N) and Fura- in
pipette solutions containing 130 mM KC1 or CsCl, 8 mM
NaCl, 1 mM MgCl, and 20 HEPES (pH = 72,290 mosm).
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For a direct comparison of values determined under
different ionic conditions, the binding constants to
individual ions [30] must be corrected for temperature,
pH and ionic strength [26,27,29,31-341. However, these
constants are not available for all indicators. Our findings
are in good agreement with published values (Table 1)
wherever experimental conditions were similar or
correction was possible, underlining the importance to
account for ion interaction in solutions of complex ionic
composition. K appof CG-1 was 197 & 8.3 nM, somewhat
below the value of 242 f 11 nM previously found [5]. For
Fura-2, we determined Kapp= 259 f 7 nM by potentiometric titration (in vitro) and 236 & 4 nM optically in
vivo, reproducing the value (238 r&I) published by Zhou
and Neher [ 121 and close to 208 nM found by
Heinemann et al. 1351 in the same laboratory. The value
obtained for CG-2, 531 f 11 r&I, is in good agreement
with the value specified by Molecular Probes [4], 574 nM,
whereas Ka,, for CG-5N, 8 * 2 ,nM, is consistent with
previous estimates ranging between 3.3 nM and 18 PM
(see Table 1).
Two dye, two wavelength
measurements

quantitative

ratiometric

Ca2+

Measurements of the spectral and chemical properties of
the fluorescent Ca2+indicator dye CG-1 and the flavinederivative BS have shown that both dyes in concert can
be used for two wavelength two dye quantitative ratiometric CaZ+measurements, using a calibration similar to
the formalism of Grynkiewicz and co-workers for Fura-2.
Our approach combines the advantages of CGl over
Fura(see above) with the accuracy and ease of
ratiometric [Caz+], imaging. In comparison with earlier
studies [6-8,361 that used combinations of dextran
conjugates of Caz+ and reference dye to exclude nonuniform subcellular distribution of the intensity-type
indicator, we developed a fully quantitative formalism
that accounts for calcium-dependent and independent
fluorescence of both dyes at either excitation wavelength. The calibration equations are similar to those
known from single-dye ratiometric [CaZ+],measurements
[l] and gene&se to the presence of more than two dyes
or a combination of indicators for different ions (see
Appendix).
It has been suggested that the use of a mixture of two
Ca2+ indicators exhibiting a reverse behaviour of their
fluorescence response might enable ratiometric measurements [4]. In this case, both dyes not only need to share
an equal distribution within the cell and should bleach at
equal rates but the Caz+-binding kinetics should be
similar to maintain the correct ratio after rapid changes
in [Caz+],. Lipp and Niggli [9] demonstrated that such
measurements are possible with a combination
of
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Fura-Red and Fluo-3, however, at the expense of an
increase in the exogenous buffer capacity. With [Fluo-31
= 33.3 @VI, [Fura-Red] = 66.6 FM, K,,,p,u0-3= 133 nM and
K apppura-Red
= 526 nM ~~~~~~= 82 ad h;ura:Red
= 90(atP2+l=
100 r&I), the total exogenous Caz+ binding ratio K is
roughly 6 times that of a chromaffin cell [ 121.40 nM CG-1
alone results in K = 89 under the same conditions, half of
the combination of two Ca2+ dyes. The use of two Ca2+
indicator dyes of different K,s to extend the range of [Ca’+]
measurements is included in our approach to calibration
(Eq. A 10, see Appendix). As an alternative to the use of dye
mixtures, Molecular Probes offers a high-MW dextrancoupled tandem dye combining CG-1 and Texas Red [4].
Because its signals originate from structurally linked
fluorophores, the dyes have equivalent distribution
patterns, unlike the uneven distribution that may result
from co-injected dyes [9]. Such large tandem dye
molecules, however, diffuse very slowly which has limited
their application in cell studies [37].
Increased
nuclear
compartmentalisation?

CG-1 fluorescence

due to dye

Since in our experiments both dyes are co-loaded but not
molecularly linked to each other, we had to establish
whether the concentration ratio of the two dyes was
constant with time and throughout the region of interest.
We compared the loading time-courses of CG-1 and BS,
investigated their distribution patterns and studied the
time course of photobleaching.
The different loading time courses of CGl and BS
during whole-cell co-loading constrain calibrated [Caz+]
measurements to the time period after diffusional
equilibration between the pipette and the cell has been
reached, i.e. after diffusion of the slowest species, CC-l,
with rnrc = 169.2 f 3.27 s. The ratio ~~~~~~~~~
for the
cytoplasmic region can be explained on the basis of the
different molecular weight (MW) of the molecules. Using
z 0~R,/D 0~R, M1j3 1201, a MW of 114710 g/mol for CG-1
and 418.41 g/mol for BS will result in a 1.4 times larger
time-constant for CG-1, in agreement with the factor,
1.26?0.31, we found experimentally. The slight difference might be explained on the basis of a [Caz+]dependent loading transient, i.e. the effect of increasing
CG-l-concentration
will have on [Ca2+], (and that conversely on the fluorescence signal of CG-1) before
equilibration [38,39].
In chromaffin cells, fluorescence intensity ratios
differed at different subcellular locations even after
diffusional equilibration. This non-uniformity
could be
entirely attributed to an increased signal at 488 nm
excitation since the 420 nm signal was homogeneous
throughout the cell, even during dye loading. Photobleaching was not a concern at the light intensities and
0 Harcoutt

Brace

& Co. Ltd 1998

Two dye two wavelength excitation calcium imaging

exposure times used. We estimated bleaching rates under
prolonged and intense illumination
and could not
resolve any differences between CG-1 and BS.
Nuclear fluorescence was on average 1.25 times
elevated compared to the cytosolic value and 1.33 times
when compared to a solution of identical composition in
a droplet. Whole-cell dialysis of 70 FM Fura- confirmed
flat [Caz+], throughout the cell, supporting the idea that
the increase in fluorescence could be attributed to
accumulation of CG-1 or changes in CG-1 fluorescence
rather than locally elevated [Caz+]. There is the (small)
chance that equal cytosolic and nuclear Fura- ratios
coincide by pure chance and do not represent equal
[Caz+], but changes in spectral properties that mask
different [Caz+].Several authors have reported anomalous
behaviour of Furaand identified cellular viscosity
140-421, polarity, ionic composition [43] or binding to
cellular organelles [44] or proteins [45,46] as possible
reasons. However, these effects were more pronounced
when dye was loaded as permeant acetoxymethylester
(AM), presumably resulting in incomplete hydrolysis
[40,47-491 in some cellular sub compartments [45,50].
Based on our spectral analysis after whole cell dialysis,
we have no indication of changes in Fura- fluorescence
depending on the subcellular location. We, therefore,
tried to establish whether the observed increase in
nuclear fluorescence was due to binding or a Ca2-independent form of CG-1. Such reactions should go
along with a change in the spectral properties of CG-1.
Similar complications have been reported for Indo- 1 that
undergoes a protonation in the range of biological pH
[5I] and was shown to interact with proteins 1221,
resulting in a new chemical form of Indo-l that can be
identified by its distinct fluorescence spectrum. A 20 nm
blue shift of intracellular Indo-l
emission spectra as
compared to extracellularly
recorded spectra was
reported in skeletal muscle cells [21,52] as well as a 4-5fold increase in the apparent dissociation constant that
could be attributed to protein binding of the fluorophore
1531. The total cytoplasmic [Indo-1] may exceed that in
the pipette several fold and, thereby, increase the total
CaZ+ binding
ratio of the indicator
significantly.
Anomalous behaviour has also been reported for CG-1 in
sea urchin eggs [54]. Unlike Fluo-3 [55] that typically
displayed less fluorescence emission from the nucleus as
compared to the surrounding cytoplasm, fluorescence
from the nucleus of eggs microinjected with CG-1 was
higher than that of the cytoplasm [54]. We measured
excitation and emission spectra in vitro varying the
composition of the solvent and compared these to
excitation spectra recorded at different subcellular
locations. These experiments gave no evidence for major
spectral alterations
depending
on the subcellular
location or in response to the presence of ions (other
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than Cazi) at physiological concentrations, respectively.
We used linear combinations of the spectra of CC-1 and
BS recorded in vitro to reconstruct the spectra recorded
intracellularly from a dye mixture. Calculated difference
spectra gave no evidence for the presence of fluorescent
species other than those assumed in our calibration
procedure.
Alternatively,
CG-1 may be accumulated
in the
nucleus. Both intranuclear binding in the nucleus or
active transport of dye could account for an increase in
nuclear [CG-11. Finally, there might be ‘dark’, nonfluorescent but Ca*+ buffering species that will not be
recognised from fluorescence readings [22,52,53]. This is
of particular importance when the endogenous binding
ratio K, shall be determined, e.g. by the sequential
addition of exogenous buffer [2] that competes with the
cellular Ca2+ buffer. Non-fluorescent Ca2+ indicator will
be mistaken for an endogenous binding ratio, resulting in
an overestimate of K.
Use of dextrans

Fluorophores linked to high-MW dextrans have been
successfully used to limit dye compartmentalisation [7,36].
The large MW carbohydrates, however, substantially slow
down the diffusional equilibration between pipette and
accessible cell volume. A 10,000 MW dextran conjugate,
for example, of BS and CGl would result in time constants
of -366 s and -390 s, respectively. This limits the use of
dextran mixtures in geometrically restricted diffusional
spaces like highly branched neurones. Since wash-out of
cytosolic constituents may be a concern in whole-cell
experiments, increased loading times are clearly unfavourable and may be accompanied with run-down of cellular
function and response to stimuli.
We have presented evidence that the co-loading of CG1 and BS allows ratiometric imaging of [Caz+],.Two dye,
two wavelength quantitative ratiometric measurements
eliminate many of the ambiguities present in experiments using Fluo-type dyes. Ratiometric use of CG-1
results in a higher signal-to-noise ratios when compared
to Fura- ratios. We used the mixture of CG-1 and BS to
study the cytosolic distribution of Ca2+binding ratio, K, in
chromaffin
cells [56-581. However, differential
dye
loading and anomalous fluorescence enhancement in the
nucleus, presumably due to accumulation
of CG-1
confine calibrated measurements to times after equilibration between patch-pipette and the cell (i.e. 200-300 s
after breaking through the plasma membrane) and to
limited cytosolic regions. We observed no massive dye
accumulation in the cytosol such that we conclude that
the CG-l/BS mixture is suited for the ‘added buffer’
approach for determining K. Our findings emphasise that,
for each combination of dyes, a careful check of the
Ceil Calcium
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assumptions underlying the calibration is required prior
to applying the formalism.
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APPENDIX
Matrix notation
generalisation
of dyes

of the calibration
of the formalism

equations
allows the
to other combinations

Fluorescence intensities from two dye, two wavelength
excitation ratiometric measurements can be converted to
[Caz+] using a formalism similar to that introduced by
Grynkiewicz [l] (see above). Here we restate the
equations in terms of a matrix notation that allows the
generalisation of the formalism to other combinations of
dyes (e.g. two CaZ+indicators) or more dyes (e.g. a CaZ+
and a pH indicator). With this notation, a fluorescence
matrix, S, incorporates all fluorescent species while the
degree of ion-binding to the indicator is recast in terms
of dye saturation, B. Substituting in the different components of S, one can re-express S in terms of [Caz+],
concentrations of the dyes and their binding properties.
In special cases (see below), S can be inverted to yield
[CaZ+].One of these cases is the combined use of a CaZ+
indicator dye and a Ca2+insensitive reference dye.
Matrix notation

In terms of dye saturation, the law of mass action reads:
p”’ E qjaB / (&

Eq. Al

+ n 0)
B ) E qJaB /“(Q

where B denotes a Ca2+-free dye molecule, n@JB
is the
concentration of the calcium-free form of dye i. We
define a fluorescence matrix for dye i:
Eq. A2

and S(l)s,is the specific fluorescence intensity of the Ca2+free form of dye i, excited at wavelength h, and so forth.
To extend easily the formalism to more dye molecules,
we chose a matrix representation for the fluorescence
intensities. Dual excitation at h, and h, and a Ca2+bound
and free form, respectively, give rise to 4 components for
each Ca2+ binding species. For dye i, the total fluorescence intensity F@is expressed as:

Eq. A3
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where n@,are the concentrations of the CaZ+bound (j = 2)
and Ca2+free forms (j = 1) of dye i.
Since A has an inverse,
A-1 = ’ ’
( 0 11
Equation A3 can be solved for (n@)$@)and, using the
original expression from Grynkievicz’s work:
“‘i’=“L(ry

2)

(A $)

Eq.A4

where R”,, R”, and Ka, are defined as above and Kc, as in
[I], one recovers the Grynkievicz equation for Fura-2,
(Eq. 12). For two dye molecules, Equation A3 readily
generalises by building the sum over the molecules i,

Eq. A5

- n(l) s A

spectral parameters S = S(n(l),n(z),p(l),p(z)).Even for a
constant mixture i-D/n@) = cpin order to calculate [CaZ+]
from Equation A6, one has to consider two special cases
where A can be inverted. If the second dye is totally CaZ+independent, then B, = 0 and S becomes independent of
p,. Thus
p

1

“(1) p
(
1

= A-‘S-l

[Ca*‘]

nB

[Ca2+]

K, =

= [Ca2+]
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Eq. A7

1-p

P

Eq. A8

and again one B is eliminated from Equation A5.
Throughout this work, we employed the former case,
taking CG-1 as CaZ+indicator and BS as reference dye.
If the two dyes are to be used to extend the range of
[Ca*+] measurements, their IQ have to be different, K,, K
[9]. In this case:
Kl

=

Pz

-

”

=

K2

(1 - Pz)
PI

In contrast to S in Equation A4, Equation A6 can not be
readily inverted, since the fluorescence matrix, in
general, is a complicated function of chemical and

1 - $1)

nCaB

PI

Eq. A6

= K, -

The same holds true if both dyes bind CaZ+with equal
affinity B = p,,, = p,, (while having different spectral
properties Sij). In the latter case, the law of mass action
implies:

b2+l = (1

where

F 3

Kl

K, + P,(K,

Eq. A10

-K2)

can be substituted into Equation A5 and allows for a
unique solution once K,, K,, S,, S, and cp have been
determined.
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