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Estimating Intracellular Calcium Concentrations and Buffering without
Wavelength Ratioing

M. Maravall, Z. F. Mainen, B. L. Sabatini, and K. Svoboda
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724 USA

ABSTRACT We describe a method for determining intracellular free calcium concentration ([Ca®*]) from single-wavelength
fluorescence signals. In contrast to previous single-wavelength calibration methods, the proposed method does not require
independent estimates of resting [Ca®*] but relies on the measurement of fluorescence close to indicator saturation during
an experiment. Consequently, it is well suited to [Ca®*] indicators for which saturation can be achieved under physiological
conditions. In addition, the method requires that the indicators have large dynamic ranges. Popular indicators such as
Calcium Green-1 or Fluo-3 fulfill these conditions. As a test of the method, we measured [Ca®*] in CA1 pyramidal neurons
in rat hippocampal slices using Oregon Green BAPTA-1 and 2-photon laser scanning microscopy (BAPTA: 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid). Resting [Ca®*] was 32-59 nM in the proximal apical dendrite. Monitoring
action potential-evoked [Ca®*] transients as a function of indicator loading yielded estimates of endogenous buffering
capacity (44-80) and peak [Ca®*] changes at zero added buffer (178-312 nM). In young animals (postnatal days 14-17) our
results were comparable to previous estimates obtained by ratiometric methods (Helmchen et al., 1996, Biophys. J.
70:1069-1081), and no significant differences were seen in older animals (P24-28). We expect our method to be widely
applicable to measurements of [Ca®*] and [Ca®"]-dependent processes in small neuronal compartments, particularly in the
many situations that do not permit wavelength ratio imaging.

INTRODUCTION

The spatial and temporal dynamics of intracellular freewhereR,,;, and R, are the ratios at zero and saturating
calcium ([C&"]) are crucial to many aspects of neuronal [Ca®"] andS./S,, is the ratio of calcium-free over calcium-
function. Neuronal excitation produces®anflux into the ~ bound fluorescence intensities ap. The derivation of
cytoplasm, where C& drives many intracellular signal [Ca?"] thus depends on four parameters that have to be
transduction cascades. In addition, the measurement @fdependently calibrated. Using indicators such as Indo-1
[C&®"] has been used to report on membrane excitatiof{Grynkiewicz et al., 1985), it is also possible to use emission
(Regehr et al., 1989; Jaffe et al., 1992; Helmchen et al.wavelength ratioing.
1996; Schiller et al., 1997; Svoboda et al., 1999) and syn- Several factors conspire to make ratiometric imaging in
aptic activation (Muller and Connor, 1991; Murphy et al., small structures difficult, especially in intact tissues. Dual-
1994; Yuste and Denk, 1995; Denk et al., 1995; Koester andxcitation sources are difficult and expensive to implement
Sakmann, 1998; Mainen et al., 1999b) in small neuronaln laser scanning microscopy, as in two-photon laser scan-
compartments that are inaccessible to other experiment@ing microscopy (2PLSM) (Denk et al., 1990; Denk and
techniques. Techniques for quantifying fC& in small  Svoboda, 1997). The small and noisy fluorescence signals
structures are therefore of great interest in neurobiology. measured from small compartments produce even noisier
The most popular approach to measuring intracellulagual-wavelength ratios, making [€3 estimation prone to
free [C&"] has been ratiometric imaging using the UV- considerable errors. In addition, with Fura-2, the need to
excited [C&"] indicator Fura-2 (Grynkiewicz et al., 1985) work with UV excitation light is disadvantageous because it
and its relatives. With this method, [€4 is calculated s absorbed by living tissue, producing autofluorescence and
from a ratio of fluorescences at two excitation wavelengthsphotodamage_
R = F,1/F),. Taking this ratio facilitates quantitative mea- ~ ysisjple-light indicators such as the 1,2-bis(2-aminophe-
surement of [C&'] by canceling out optical pathlength, noxy)ethaneN,N,N’,N'-tetraacetic acid (BAPTA)-based in-
excitation intensity, and detector efficiency. The well- §icators Oregon Green BAPTA-1 (OGB-1), Calcium Green
known calibration equation (Grynkiewicz et al., 1985) is 1 (Haugland, 1996), Fluo-3 (Minta et al., 1989), and their
[Cca'] R—R.\/S, rglat_ives have+ thus become_ increasingly popular. Upgn
Ko = (Rmax_ R)( ) (1) b_|nd|ng tp ca', the_se. dyes increase their quantum effi-
ciency without a shift in absorption spectra. The ratios of
brightnesses of the calcium bound and unbound forms can
be very large ¥10), providing the large signal-to-noise
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(Yuste and Denk, 1995; Koester and Sakmann, 1998method provides a practical way to measure absolute resting

Mainen et al., 1999b) and even in vivo (Svoboda et al.[Ca&"] and [C&*] transient amplitudes in CA1 pyramidal

1997, 1999). neurons, as well as to compute“Cabuffering capacity in
Available visible light indicators do not allow wavelength these neurons.

ratioing (Minta et al., 1989; Tsien and Waggoner, 1995).

Instead, signals resulting from [€4 changes £[Ca®"])

are typically expressed as ratios of fluorescence changeEHEORY: RELATIONSHIP BETWEEN

over baseline fluorescencé, € f,)/f,. As with wavelength FLUORESCENCE AND [Ca*"]

ratio measurementsf ¢ fo)/f, is independent of dye con- The relationship between single-wavelength fluorescence
centration, optical path length, excitation intensity, and deung [C#*] (Tsien, 1989) is straightforward to compute
tectoreff|+C|ency. Howeverf (- fo)/f, is a sublinear function \yhen Cc&* is in equilibrium with an indicator ¥2 ms;
of A[Ca"]: large changes in [Cd] saturate the indicator gapatini and Regehr, 1998). The relationship between free
(Minta etal., 1989; Tsien and Waggoner, 1995; O'Malley etjc2+] and the concentration of 4 bound to the fluoro-
al., 1999). Additionally, { — fo)/f, depends on baseline ppore, [FCa], is given by the law of mass action:
[Ca"], [Ca*'],.

A variety of methods have been devised to translate [Fl{[C&™]
single-wavelength fluorescence into fC& For example, [FCe = Ko + [C&T] (2)
A[Ca®*] per action potential was estimated in presynaptic
terminals in the cerebellum (Regehr and Atluri, 1995) andFluorescence for a single-wavelength dye can be written as
the frog tectum (Feller et al., 1996). This calibration is based = SH{F] + S:cdFCa] = SFl+ + (Seca — S)IFCa],
on the fact that each action potential in a train that saturate¢here S- and S-¢,, are coefficients describing the bright-
the C&" indicator contributes the samdCa?*]. The curve  nesses of the indicator’s unbound and bound forms, and
describing the saturation can be used to extidi®e® "] per  [Flt is its total concentration. Because fluorescence inten-
action potential. However, this scheme requires assumpsities at maximum and minimum [€4] are given by, =
tions about resting [Gd] or separate ratiometric measure- SecdFlr and fi, = S{Fl, respectively, it follows that
ments of this quantity. Similar requirements are shared byCa’ '] can be expressed as (Tsien, 1989)
other methods (Minta et al., 1989; Jaffe et al., 1992; Lev- [c#] f—f,
Ram et al., 1992; O’Malley, 1994; Schiller et al., 1995; Lau = mn (3)
etal., 1999). Kao et al. (1989) introduced a variation on this Ko fnax — f

approach that requires the use of Céonophores, which is This relationship is difficult to use in practice, mainly be-

irreversible and impractical in intact tissue. An |nterestlngc‘,iust_}fmin cannot be evaluated in situ under the same con-

alternative employed in frog muscle fibers used SlmuIta'd.itions as the measurements of interest, because it requires

neous absorption and fluorescence measurements to eS&H' : ; )
. N ) i ; e reduction of resting [G4] (O’'Malley et al., 1999).
mate resting [C&] (Harkins et al., 1993; Kurebayashi et Furthermore, it is not clear where experimental measure-

al., 1.993)' However, absorbance measurements are nfﬁents fall within the range of the indicator: the fluorescence
practical at the length scale of subneuronal compartment%t restf,, can differ fromf_. in an uncontrolled way. The

especially in_ intact tissue. . . . reason for this is that cellular resting [€3 levels appear to
We describe an alternative approach that is partlcularl)(/ary widely (20-200 nM) (Nakajima et al., 1993) and

useful _for measurements_ n s_mall s_tr_uct_ure_s and IS MO epend on the state and type of the cell and the quality of the

easily implemented by using high-affinity indicators with a recording (Kennedy and Thomas, 1996; O'Malley et al.,

large dynamic range. It involves the calibration of a smallerlggg)_ Such resting levels are far from negligible for high-
number of parameters than previous methods and does ngﬁinity calcium indicators Ko, ~ 200 nM), typically mak-
require prior assumptions or calibration of resting {Cla ing f, much larger thar, . P '

Moreover, it naturally yields estimates of resting fChin ngever, Eqg. 3 beco%nes more illuminating if it is recast

o : "
addition to estlmateg of[Ca"]. The key parameter that in terms of the indicator’'s dynamic rang®; = f../fmin-
needs to be determined as part of an experiment is the

fluorescence at saturating [€4. The method also relies on [C&"] /ey — LR

estimates of the dynamic range and dissociation constant of Ko T1= o (4)

the indicator; these are properties of the indicator and need

not be repeated for every experiment. We introduce a prad-or indicators with a large dynamic range the exact value of
tical procedure for evaluating these parameters under phy$ is insignificant, because the termRLAwvill typically be
iologically reasonable conditions with high-affinity, large much smaller thaif/f,,,. This situation applies for Fluo-3
dynamic range indicators such as OGB-1. We also discus@; =~ 50—-200,K, =~ 500 nM; Harkins et al., 1993) and for
how the resulting estimates of [€4 are robust in the face Fluo 4 R; ~ 85-100K ~ 300 nM, unpublished data) and
of small errors in parameter calibration (Appendix B). Theis schematically illustrated in Fig. A. Thus for Fluo-3 and
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A range is a property of the indicator and as such does not
depend on resting [¢4a] and other factors that may vary
between cells. Therefore it need not be determined in every
experiment. This also holds for the indicator dissociation
constant. Also, the dependence of Eq. 4 on the fluorescence
fis only through its ratio witt,,,,, eliminating dependences
on absolute fluorescence (and hence dye concentration,
optical path length, excitation intensity, and detector effi-
0 . - - - , ciency).

00 02 04 06 08 1.0 Changes in [C&], A[C&®"] = [Ca®"] — [Ca®'],, asso-

2. ciated with changes in fluorescence from baseldfies (f —
fo)/fo, are given by
A[C&']  frax of

B ... ’ Ko  fo 1=R9 (e — ) S’ ®)

2
[Ca "VK,
N W &~ O

—_
i

¥ : Compared to Eq. 4, Eqg. 5 depends even more weaklgon
& 01 / and is thus more robust against uncertainties in this quantity
3]

4]

(see Appendix B). This is illustrated in Fig. @, where
[Ca"] and A[Ca®"] are “computed” geometrically.

0.0 fo : Quantitation of [C&"] and of A[Ca®*] based on Egs. 4
0.0 0.2 and 5 depends on calibration of the paramefReiand f, 4,
f/f and of the dissociation constalig, (which enters only as a
C max scaling factor).8f,,, depends on factors that may vary
between neurons, in particular resting fCh [Ca?'],. Its
0.5 ’ dependence on [G4], is reflected in the equation
a 0.4 _ p-1
§- Sfinax = 71(1 Rf+) ) (6)
£ 031 R+ [Ca']yKp
<
3]

024 which follows directly from the relationship between fluo-
0.1 . fo if . rescence and [Gd], assuming that true saturation is
' 02 04 reached. Inverting the relationship betweef),,, and

tf [Ca®*], provides a useful way to estimate resting fCa

max

+ —1

FIGURE 1 Schematic representation of fCh estimation based on [Ca2 Jo _ - RO _
measurements oR: and f,.. (A) Relationship between fluorescence Kb S nax
(a0 @and [CE™] (units of Kp). The case of very largg is illustrated,
approximating the properties of Fluo-3. For a good lot of FluB3~
100-200 in vitro (Harkins et al., 1993) and perhaps 40% less in cytoplasnp|ATERIALS AND METHODS
(O’'Malley et al., 1999)Solid ling R; = 50;long dashed lingR; = 200. B)
Determination of [C&"], from resting fluorescenck (rescaled fromA). Brain slice preparation and recording conditions
The gray zone indicates the range of possible values df'[[gdased on
the uncertainty inR.. Note that [CA"], can be determined te-10%  Hippocampal slices were prepared from juvenile rats (postnatal age (PND)
precision, even whil&; is subject to a variation of a factor of 42YSame ~ 14-30 days) in accordance with animal care and use guidelines of Cold
determination, for the case of intermedia®e illustrated forR, andK,  Spring Harbor Laboratory. The brain was removed, sections of brain
approximating the properties of OGB-1: according to our measurement§ontaining the hippocampus were blocked, and ga+hick slices were
R ~ 8.5 in cuvette and-5.7 in situ 6olid ling, R, = 5.7;long dashed ling cut on a Vibratome (TPI, St. Louis, MO). These procedures were carried
R = 8.5). The gray zone indicates the possible values of [;sbased on  out with the brain submerged in a chilled (2-5°C) cutting solution bubbled
the uncertainty inR.. Compared to the uncertainty in absolute {Ca  With carbogen (95% @5% CG,). The cutting solution contained (in mM)
(~40%), the fractional error in the estimation AfCa?*] (arrows) from 110 choline chloride, 25 NaHCO 25 p-glucose, 11.6 Na ascorbate, 7
Af = (f — f;) is much smaller<10%; it is indicated by the difference in MgSQ,, 3.1 Na pyruvate, 2.5 KCI, 1.25 NgRQ,, and 0.5 CaGl Slices
the lengths of arrows. were then transferred to a submerged holding chamber containing normal

artificial cerebrospinal fluid (ACSF), incubated at 35°C for 30—60 min,

and then held at room temperature until used. The composition of the

similar indicators an estimate &f . will suffice to measure ~ normal ACSF was (in mM) 127 NaCl, 25 NaHG@5p-glucose, 2.5 KCl,
2 CaCl,, 1 MgSQ,, and 1.25 NaBPO,. Experiments were performed at

o L ; .
absolute [C%l ] For indicators with more mOdeS_t dynamic 35 + 1°C. Patch electrodes (3-5() were filled with a solution contain-
ranges, such as OGB-R; does have to be considered and jng (in mm) 135 K methylsulfonate, 10 HEPES, 10 Na phosphocreatine, 4
must be estimated in situ (Fig.B). However, the dynamic MgCl,, 4 Na,ATP, 0.4 NaGTP. Oregon Green BAPTA-1 or Magnesium

R ()
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Green (MG) (both 10M; Molecular Probes, Eugene, OR) were added to Magnesium Green (MG). Solutions contained a small amount of indicator
the internal solution; occasionally pipettes were tip-loaded with indicator-(5 uM, or 10 uM for MG) and (in mM) 135 K methylsulfonate, 10 HEPES,
free solution to prevent dye leakage into the extracellular medium. and 4 MgC}, which is identical to the electrode solution. Free {Cavas
computed using the MaxChelator program (Bers et al., 1994) (http://
www.stanford.edut cpatton/maxc.html). Measurements performed with
Two-photon imaging and electrophysiology BAPTA and EGTA buffering produced consistent results. In all cases
where comparisons have been made, cuvette measurem&atsanok been
We used a custom-built 2PLSM (Mainen et al., 1999a). A Ti:sapphire laseseen to provide an upper bound Bnin the cell (Harkins et al., 1993;
(Tsunami; Spectra Physics, Mountain View, CA) pumped by a 10-W argonO’Malley et al., 1999).
ion laser (Millenia X; Spectra Physics) was tunedXto~ 810 nm and Lower bounds on the intracelluld® were obtained in cultured rat
delivered~100-fs pulses at 80 MHz. The scanning mirrors (model 6800; hippocampal slices (P7, 3-5 days in vitro) because in this preparation
Cambridge Instruments, Cambridge, MA) were imaged into the backfocahealthy neurons can be found close to the surface of the slice, allowing
plane of the objective (60, NA 0.9; Zeiss, Jena, Germany) by a scan lens more efficient exchange of extracellular solutions. Whole-cell recordings
and the microscope tube lens (both from Zeiss). Fluorescence was detecte@re performed in normal ACSF until dye loading reached steady state, at
in epifluorescence and transfluorescence (through an oil-immersion conwhich pointf,,,, was measured. ACSF was then replaced by zeré-[Ca
denser, NA 1.4; Zeiss) modes using photomultiplier tubes (R3896,ACSF containing 10 mM EGTA, which clamped [€3, causing a de-
Hamamatsu, Hamamatsu City, Japan) and combined using a summingease inf,. After reaching steady state, the resting fluorescence corre-
amplifier. Laser-scanning differential interference contrast (DIC) was im-sponding to minimal resting [¢4], f,,,,, was measured, and an estimate
plemented by the addition of a dichroic mirror and a photodiode in theof the dynamic range was computedRys~ f,,,../fomin BECause intracel-
transfluorescence path. Image acquisition was controlledusiom soft-  jular [C&?*] could not be fully clamped to zero with this method, this
ware (Ray Stepnoski, Bell Laboratories, Lucent Technologies). estimate was taken as a lower boundRrcomplementary to the upper
Whole-cell recordings were obtained under visual guidance, using inhound from cuvette measurements. No attempts were made to estimate
frared DIC optics and a CCD camera. Dendrites of CA1 pyramidal neuronsn situ.
were imaged 30—-7@.m from the soma. Action potentials were evoked in  |ntracellular estimates aff, ., were made during experiments by tran-
current clamp mode, using brief (4 ms) current pulses. Electrophysiologicaiently flooding neurons with Ga by stimulation with rapid trains of
data acquisition was performed using an AD-DA board (PCI-MIO-16E-4) action potentials (APs). During AP trains fluorescence transient amplitudes
and custom software written in LabView (both from National Instruments, due to successive APs diminished as fluorescence increased. After several
Austin, TX) and in Igor (WaveMetrics, Lake Oswego, OR). Fluorescenceaps a saturating fluorescence plateau was reached, suggesting saturation of
images were analyzed using custom software written in IDL (Researchhe C&* indicator. To test for indicator saturation, fluorescence transients
Systems, Boulder, CO) and Igor. Typically line scan images were collectegyroduced by trains at several different frequencies were compared. In a
at 500 Hz. regime far from indicator saturation, the plateau fluorescence at a given AP
Fluorescence measurements startei min after break-in and ended  frequency would be proportional to that frequency, followinfCa?"]
when loading approached a steady sta0 min later. Dye loading was  (Regehr et al., 1994; Helmchen et al., 1996); in contrast, if the indicator
monitored by measuring resting fluorescerfgeSteady state was reached s in fact saturated, then plateau fluorescence would be independent of
when the intracellular dye concentration equilibrated with the Pipettefrequency. Typical trains lasted for 360 ms and had frequencies of 56—83
concentration. Slice drift caused loss of focus and slight decreadgs in Hz. To check whether the underlying [€4 accumulations increased in
which were corrected by refocusing during experiments. These decreas"}ﬂroportion to AP frequency, experiments were repeated under identical
values off, were ignored when exponential fits to the loading time course congitions with the low-affinity indicator MG, which has a dissociation

were made. ) ) ) ) constant almost two orders of magnitude larger than OGB-1 (Haugland,
During each measurement trial of action potential-evoked calcium tran-_Lg%).

sients f, was determined by averaging fluorescence over at least 128 ms. grrors quoted denote SEM unless specified otherwise.
Peak amplitudes of fluorescence transients were calculated by averaging
over 15 ms after the stimulus, or over a 100—-120-ms plateau in the case of
saturating transients evoked by trains. The background signal was mainly

due to photomultiplier tub_e dark _currents and autofluorescen_ce and Wa%ingle-compartment model of calcium dynamics
subtracted. Fluorescence time series were extracted by averaging across the

remaining spatial dimension of the line scan image of the apical dendriteTo derive estimates of cellular buffer capacities, we used a simple one-
compartment model of cellular [E&] dynamics (Neher and Augustine,
1992; Helmchen et al., 1996). [€4 transients produced by brief, small

Parameter calibration Ca" currents, such as those produced by single action potentials (at time

t = t,p), reach peak values:
Estimation of [C&*] from fluorescence demands calibration of the param-

etersR;, Kp, and &f,,.« (Egs. 4 and 5)R; and K, are properties of the

indicator in a particular environment and are not expected to vary aCrOS{ 12+ = [CR |(tes) — [CEH ], =
cells. It has been pointed out thB may be smaller in cells than in [ ] [ ]( AP) [ ]O
measurement cuvettes, perhaps because of interactions between the indi-

cator and cytoplasmic proteins (Harkins et al., 1993; O'Malley et al"HereA[CaZ*]Tis the total C&" influx due to a single action potential, and

1999); it should also be noted that the dynamic range may vary from batch - )
to batch for some indicators (Harkins et al., 1993). Similarly, the dissoci-"® and e are the endogenous and added buffer capacities, defined as

ation constanti,, may be affected by the environment (Busa, 1992). It is

A[C&'];
Arxrr)  ©

therefore important to estimate these parameters in a medium that is as d[XCa] KS[X T+ ©)
. : : Ky = = .
close as possible to the cytoplgsmlc environment. X 6[Ca2+] (K(DX) + [Ca”]o)z
R andK were determined in a cuvette fluorometer at 35°C, pH 7.3, rest

using calibration solutions prepared according to standard procedures
(Tsien and Pozzan, 1989). [€4 was clamped by EGTA (10 mM) or  Buffer capacities give the ratio of calcium sequestered by a buffer over
BAPTA (5 mM) for OGB, and by HEDTA (10 mM) in the case of calcium that remains free upon a rise in fCh Here we used the
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differential form of these quantities (Neher and Augustine, 1992), Single action potentials evoked by somatic current injec-
A[XCal K&O[X ]y tions caused fluores_qence qhanges due t§" Caflux
Ky = ~rm i =% - 0 - ) through voltage-sensitive calcium channels (Markram et al.,
AlCa"] (K + [Ca T (KB + [Ca& Tpead 1995). The rise time of single-AP fluorescence changes was
(10) <2 ms, while the decay time was in the range of 50—500
ms, depending on indicator concentration (Markram et al.,
RESULTS 1995; Helmchen et al., 1996); decay times became longer as

Ca" was increasingly buffered.
To estimate [C&'], equations were formulated expressing

[Ca?*], andA[C&*] in terms of fluorescence arfg, Kp, ) )
and &f.. (Egs. 5 and 6). The determination of these pa-Saturating fluorescence transients

rameters can be constrained sufficiently well to allow ac-Tq estimatesf,,,, we relied on the fact that rapid trains of
curate measurement of [€4. We tested this method by Aps produce large [Z4] accumulations and that these
measuring [C&'], and the amplitudes of action potential- accumulations increase with AP frequency (Helmchen et
evoked dendritic [C&] transients in CA1 pyramidal cell g, 1996; Regehr et al., 1994). We confirmed these findings
dendrites as a function of added buffer capacity. under our experimental conditions, using fluorescence mea-
surements with the low-affinity indicator MG. Because this
indicator's Ky is ~50-fold higher than that of OGB-1, it
responds linearly to [Gd] changes over a much wider
Indicator parameter®; and K, were calibrated in vitro range. Indeed, MG fluorescence transient amplitudes in-
under conditions mimicking those of experiments (pipettecreased with AP frequency up to at least 83 Hz (Figh)3
intracellular solution, 35°C, pH 7.3R; was also estimated approximately in a linear fashion (Fig.B. This confirmed
intracellularly. that [C&"] accumulations continue to grow with AP
The properties of OGB-1 are summarized in Table 1frequency.
(Similar cuvette measurements carried out for OGB-2 gave To estimate the maximum OGB-1 fluorescence transient,
the following values in intracellular solutiot; = 295 = Sfae during experiments, we measured fluorescence
13 nM andR; = 16 = 0.5,n = 8.) Because intracellular changes produced by the large fCh accumulations
measurementsR ~ 4.3-5.7) necessarily gave a lower evoked by rapid trains of APs. We attempted to determine
bound forR;, we concluded that the true cytoplasmic valuewhether indicator saturation was in fact reached during
for the dynamic range of the indicator was above the highethese trains by measuring fluorescence levels reached at

transient

Parameter calibration

of these values, in the rang® ~ 5.7-8.5. peak [C&"] for several AP frequencies. In contrast to the
The dissociation constant of MG was 50 times larger tharMG transients, transients obtained with OGB-1 saturated at
that of OGB-1:Kp = 10 = 2 uM (n = 4). a steady-state or plateau levél,,, over the same range of

frequencies (Fig. 3A and B), implying that OGB-1 was
close to saturation.

However, OGB-1 fluorescence transients due to succes-
sive action potentials in a train could still be resolved, even
CALl pyramidal cells were loaded with OGB-1 via patch at the highest stimulation frequencies (Figh;3ee also Fig.
pipette (Fig. 2A). One or two minutes after break-in, the 4 C, inse). Fluorescence transient peaks following APs
proximal apical dendrite was visible in the 2PLSM imagewere ~4% higher than the corresponding average plateau
(Fig. 2B). To image fluorescence with good time resolution fluorescencesf,,,, implying thatsf,,, remained undesf, .,
in the dendrite, we used line scan imaging (FIigC2 We  even at the highest frequencies probed. To assess the quality
then averaged across a window along the spatial axis of thef our estimate oféf,,,,, we thus performed additional
image to arrive at a fluorescence time series (Fig0)2 analyses.

One approach made use of the data of FigA3&nd B,
which imply that changes in MG fluorescence are propor-
TABLE 1 Properties of the indicator Oregon green BAPTA-1 tional to A[Ca?*] over the range of frequencies used in our
Parameter Value N experiments. We used this relationship to quantify the de-
gree of OGB-1 saturation. As expected, plotting OGB-1
Ef Elcn”‘éiﬁ)e) 2'220'77 83 fluorescence amplitudes against MG fluorescence ampli-
KfD (cuvette) (M) 206+ 5 g tudes gave a hyperbolic relationship, because MG fluores-
cence is a measure AfCa®"]. A hyperbolic fit provided an

Measurements were performed as described in Materials and Methods. In timate of the dearee of saturation corresponding to a
situ R is given as a range: the largest value was adopted as a best estimaef‘g : 9 urafl p Ing

because it reflects the best clamping of {Cato a low level for the  Particular frequency across cells (FigC3. We define the
estimation off, .. degree of saturation at frequenepsx = 100X 6fy;/8f a5

2PLSM fluorescence imaging in CA1
apical dendrites
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FIGURE 2 2PLSM imaging in brain slicesA) CAl
pyramidal neuron labeled with 1QoM OGB-1 imaged

at the end of an experiment. The white square on the
apical dendrite indicates the approximate location of the
region where measurements were carried o@) (
Close-up of proximal apical dendrite from a CA1 neu-
ron; the white line indicates the position of the line scan.
(C) Line-scan image, showing a transient fluorescence
increase due to calcium influx evoked by a single action
potential. The white line indicates the size of the aver-
aging window for the fluorescence time serieB) (
Fluorescence averaged across the dendrite as a function
of time.

such thatx ranges from 0% (linear regime) to 100% (com- baseline fluorescence intensity then increased with the con-
plete saturation). For the maximum frequency used in theseentration of intracellular dye until it reached a steady state
experiments (83 Hz)x = 89 * 3% (0 = 4). For typical (Fig. 4 A) (with a time constant of 12.5 2.3 min;n = 7).
frequencies (67 Hz)x = 87 = 3% (n = 4). Transients evoked by single action potentials were mea-
A second independent approach allowed us to estimatsured during dye loading. As predicted by Eqg. 8, transient
the degree of saturation reached for each experiment bamplitudes decreased with time as the added buffer capacity
making use of the proportionality of peak [€4 accumu-  increased (Fig. 4), while their durations increased (see
lation to AP frequency (Fig. 3B). This proportionality also Helmchen et al., 1996). Maximum fluorescence was
implies that the ratio of [C&] accumulations produced at also measured during dye loading (Table 2). If the action
AP frequencies, andv, is v,/v;. Under conditions close to potential trains actually saturated the indicator, the saturat-
indicator saturation, the corresponding ratio of fluorescencéng fluorescence ratiaif,,,, = (frax — fo)/fo, Was expected
plateausQ = (8f),2/(8fpi),1, is NOt equal tovy/vy: itis  not to vary with loading because it is independent of;[F]
close to but not quite equal to Q(< ~1). Supposing, is  (Eq. 6). For many cellsn(= 15 out ofn = 28) we in fact
the higher frequency, its degree of saturation can be eXound a constantf,,,, over 35-50 min (Fig. 4C). In

pressed (Appendix A) as contrast,5f evoked by single APs always decreased with
increasing added buffer capacity (FigDJ3.
X = 100 X 1- QVl/V2_ (11) However, in some neurons baseline fluorescence did not
1-wlv, appear to reach steady state (Figh)5andéf,,,,, decreased

ith full . h 0 of ol diff ¢ with time (Fig. 5B). Because of the dependencesdy,,, on
Wit u saturation, t e Fa"o 0 _p atgaus_at |_eren£ re- [Ca?*], and onR,, it is likely that this effect was due either
quencies would by definition b@ = 1, implyingx = 100% to an increase in [Cd], or to photodamage producing

also. In contrast, averaging over the highest AP frequenme&1creased baseline fluorescence (and a degradatid®)of

used in our experiments (= 13 cells), we found = 85+ (Koester et al., 1999). We were able to distinguish between

4%, in agreement with the previous estimate involving P, . :
’ . . . hese possibilities because changes ir’[gaare unlikel
OGB-1 transients versus MG transients (which does noi P 9 y

require assuming proportionality to frequency). Using Eq. o be local, while photodamage is spatially highly restricted

11, it was possible to estimate the true maximum fluores—(KoeSter etal,, 1999), enabling recoverydf,, by moving

cence transient a8, o, — f,,, x 100k for each neuron. to adjacent positions on the dendrite (FigCh The con-

The results in the remainder of the paper were computeatancy Of6fmax d+ur|ng an experiment could thus be used as
. . ; a check on [C&'], maintenance and cell health.
using this correction.

[Ca®*] in CA1 pyramidal neurons Resting calcium concentration

Fluorescence measurements began approximately 2 midsing Eq. 7, we found [C], to be in the range of 3%
after break-in. As found previously (Helmchen et al., 1996),5 nM (R; ~ 5.7) to 54+ 5 nM (R, = 8.5) (h = 12).
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FIGURE 3 Fluorescence transiens & (f — f,)/fo) in response to trains of action potential&) Dendritic fluorescence transients evoked by AP trains

at different frequencies: lowest to highest, 50 Hz, 62.5 Hz, 83.3 Hz. Dendrites were loaded with Magnesium GreemlNt&cés averaged over 14

trials) or with OGB-1 @2) (traces averaged over five trialg)2 indicates how OGB-1 levelsf,, were determined, by averaging over saturated (plateau)
portion of transients.B) Fluorescence transient amplitudes as a function of frequency @oml, MG, n = 4; &, OGB-1,n = 4. MG levels are peak
fluorescence. For OGB-1, plateau levéfs, were computed as indicated &2 To compare trends, transients were normalized to the levels evoked by
50-Hz stimulation. Peak fluorescence levels as measured with MG increased approximately linearly over the range of frequencies sufficeget to satur
OGB-1 saturation.) Fluorescence levels for OGB-1 plotted against levels for MG (proportiona[@a?*]). Levels for MG were normalized to levels
evoked by 50-Hz trains, as f@. Fit was made to a known hyperbolic saturating relationship. OGB-1 fluorescence levels were then normalized to
asymptotic value of fit,6f,s,m, NOrmalized levels therefore indicate fractional saturation for each point. Horizontal error bars indicate the SEM of
normalized fluorescencen (= 4); vertical error bars are the quadratic sum of normalized fluorescence BEM4] and standard error of hyperbolic fit.

Classifying cells by postnatal age of animal (two groups:enous buffer capacityg, we inverted this relationship:
PND 14-17 and PND 24-28) did not reveal significant
differences in resting [Cd]. For the younger rats,
[C&*], =36+ 5nM (R = 5.7) to 53= 5 nM (R = 8.5)

(n = 9), while for the older animals [¢&], = 40 + 22 nM

(Rr =5.7)to 57+ 23 nM (R = 8.5) (h = 3).

1+ Kp Kg

A[C&'], T A[C& ],

plotted inverse [C&'] transient amplitudes againsg, and

fit straight lines to these data (Fig. 6). The intercept with the
horizontal axis gave an estimate of (Helmchen et al.,
1996). Averaged over cella & 7), values werag = 65 +

A[CE T Ut = typ) = (12)

Endogenous buffer capacity

The peak amplitude of action potential-evoked{Tgaran-
sients has an inverse dependencexgrthe added indicator

15 R = 5.7) orkg = 57 = 13 (R; = 8.5). Classifying
neurons according to age, we found the buffering capacity
in those from older animals (PND 24-28) to be smaller than

buffer capacity (Eq. 8). This reflects the increasing buffer-for younger rats (PND 14-17): for the former< 3), kg =
ing of C&™ by the added indicator. To estimate the endog-48 + 20 (R; = 5.7) orkg = 41 + 17 (R = 8.5), while for

Biophysical Journal 78(5) 2655-2667



2662 Maravall et al.

110 ci 50 %

f, (arb. units)

t (min)

b2
~J\\h T 300 . o 02,
) T [ OQO

oc&&‘g 'g&g&c

<o o S
50 % ° ¢
|— 200

b3 200 ms T .
" E “o%
100{ pq ‘ek
0\0.‘ TS
b4 b2 b3 o' Sarn
0 b4

t (min)

FIGURE 4 Time course of OGB-1 loading and amplitudes of fluorescence transients in a proximal apical déydrite .l{aseline fluorescencig)(was
measured every 15 s. Occasionally the image was refocused to compensate for drift of the brain slice. The upper efywetpétafith an exponential

time coursegolid curvg. The loading time constant for this cell was 9.2 miB) Fluorescence transientsf) evoked by single action potentials at different
times after break-in (averages of three to four trials; times are indicatefl Decreasing transient amplitudes and increasing durations reflect the buffering
of C&" by increasing concentrations of [€9 indicator. (C) Fluorescence transients evoked by AP trains in early énd late ¢2) phases of loading
(indicated inD). Transient amplitudes remained constant, reflecting constait [géEq. 6). Transients due to differing stimulation frequencies (20 APs,
56 Hz; 24 APs, 67 Hz) are superimposed. The insetlishows fluorescence transients evoked (the larger) by the first AP in the train, and (the smaller)
by an AP after plateau was reachdd) Amplitudes of fluorescence transients as a function of loading time. Single action potential trar@)atgsreased

as a function of time. Transients evoked by trains (measured at plateaus; 56 Biz,Hz, m) remained constant as a function of time.

the latter 0 = 4) kg = 78 = 23 orkg = 68 = 20 forR; = andkg, by extrapolating the fits tag = 0 (Fig. 6).A[Ca®"]

5.7 andR, = 8.5, respectively. However, the difference averaged over all neurons £ 7) wasA[Ca®'] = 235+ 57

between age groups was not significant{ 0.05; Welch- nM for R = 5.7 andA[C&?*] = 251+ 61 nM forR, = 8.5.

Studentt-test). Differences in buffer capacity between younger and older
animals were not found to be significant: For PND 14-17,

+1 — + _ 2+1 _ +

Action potential-evoked [Ca®*] transients ﬁIE/(I: ?;f ]: 8.252)7(; :654; “\A/vfajlfe fo?.;)ﬁﬁ)[gi—;S A[Z(?SZ:] 7:O

The size of the [C&'] transients induced by an action 245+ 138 nM R = 5.7),A[C&®"] = 262+ 148 nM R; =

potential in the apical dendrite in the absence of an indicato8.5) (n = 3). A summary of the data presented in this

can be inferred from the relationship betwefCa?"]™*  section is contained in Table 2.

Biophysical Journal 78(5) 2655-2667



Calcium Estimation without Ratioing 2663

TABLE 2 [Ca?*] regulation in the apical dendrites of CA1

pyramidal neurons A 140 -
Parameter PND 14-17 PND 24-28 overall 120 | .'J.’
B (%) >
Mean 240 243 241 n 100 1 e
Range 190-317 152-296 152-317 E 80 -
N 9 3 12 =]
A[C&*] (nM e}
[Mear]1( ) 237 255 245 5 907 .w
Range 162-313 107-410 178-312 < 40 »”
N 4 3 7
Kg 20 A /
Mean 73 44 61
Range 48-101 24-68 44-80 0 : ; -
N 4 3 7 0] 10 20 30
[Cf/lzeion(nM) 46 50 47 t(min)
Range 31-58 19-81 32-59
N 9 3 12 B 200 4
Column headings indicate age of rats in postnatal days (PND). Values were "ua
computed as followssf,,,,, is given as a range from the minimum to the °% o g
maximum value recorded across the neurons used for data analysis (aver- 150 -y a
age*= SEM across neurons was 241 15%). Means were computed by -
assumingR; halfway between its cuvette and in situ values. Ranges are ;@ g
defined by mean- SEM for R giving the smallest value, and mean E 100 1 s 2 o
SEM for R; giving the largest value. ". , ag *a
50 1 TN
.'“M
DISCUSSION 0 * o
Because of signal-to-noise ratio considerations, high-affin- 0 10 20 30
ity [Ca®"] indicators with large dynamic ranges are espe- t (min)
cially well suited for [C&"] estimation in small neuronal
compartments (Muller and Connor, 1991; Murphy et al., C
1994; Yuste and Denk, 1995; Denk et al., 1995; Koester and 250 - l
Sakmann, 1998; Mainen et al., 1999b). Based on the fluo- " . aeste .
rescence signal evoked by a stimulus, it is often of interest 2004 .-I'll_ - .l:ulf-'.l . ol
to compute an experimental measure proportional to the Ll ® nfe o
corresponding evoked[Ca®*]. The fractional fluorescence - 150 Ny
changedf = (f — fy)/fy has this property, but only in the & o o
linear regime of the indicator ([G4] << Kp). High-affinity b2 1001 ‘:.:“W
indicators show sublineasf even when challenged with o4 "C‘t‘.;“ s
modest [C&"] transients (cf. Fig. 1). Additional problems 50 MR XY *
with measurement odf are encountered during prolonged Mo Yoo
experimentssf might decrease simply becaugéncreases, 0-
because of small changes in resting {0a or because of ! y ' '
. 0] 20 40 60
photodamage (Koester et al., 1999) or bleaching. Further- t (min)

more, for a given C& current and resting [G4], of
decreeises Wlth increasing indicator concentration, becausgs e 5 Changes in fluorescence as markers of resting*[gaind
of C&* buffering. cell health. &) Time course of resting fluorescence. Afte”0 min of

We have described a method (Egs. 4, 5, and 7) to correddading no steady state had been reachBlAfnplitudes of fluorescence
for the nonlinear response of a Taindicator to obtain transients (same cell). Single-AP transiel® (ecreased with loading, as
accurate estimates a‘f[Ca2+] and absolute [C%T] This did transients eyoked k_)y trains a_u two _dn‘ferent frequencies (_56<1~;|Zi7
hod relies on information gained by measuring the max-HZ’.')’ suggesting an increase in resting fc.h(Eq' 6. AsinB, for
_met . 9 . y 9 . a different cell. Afterédf,,., decreased, imaging in an adjacent dendritic
imum relative fluorescence level in the structure of interestyegion (5 wm from the first point; indicated bgrrow) recovered the
ofae during an experiment. The calculation of fCh  signal. This suggested that the local drop dfy,., was due to local
requires estimates of two additional parameters: the diss@hotodamage while [Cd], remained constant.

ciation constantKp, and the dynamic rangdy;, of the
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tion containing zero [Cd] and high EGTA. Our results
gave a bound equal t650-70% of the value oR; mea-
sured in vitro, which is consistent with previous experi-
ments conducted with other €aindicators (O’Malley et

al., 1999; Harkins et al., 1993). Because our procedure did
not allow us to clamp intracellular [G4] to zero, intracel-
lular values ofR; may be closer to the in vitro estimate of
8.5; in any caséy; is constrained between 5.7 and 8.5.

Importantly, the estimates &f[Ca?"] obtained with our
method were quite insensitive to the exact value use&for
For example, our estimates of the amplitude of single action

- - , potential [C&"] transients at zero added buffer (cf. Helm-
-100 0 100 200 300 chen et al., 1996) varied by less than 10% over the range
Ke R ~ 5.7-8.5 (for an interpretation see Fig.B). Our
estimates of absolute [E5] were less robust, varying by up
to ~40% in the rangdx; ~ 5.7-8.5 (Eq. 11). These varia-
d tions are predicted by error propagation analysis (Appen-
n » dix B).
& We estimated the dissociation constant of the indicator,
3 ;‘ Kp, in intracellular solution but not in intact cells. This
. quantity may be quite different in the intracellular environ-
2 ment: a correction of~30% is expected (Minta et al., 1989).
o BecauseK appears only as a scale factor in all relevant
1 o equations (Egs. 4, 5, and 7), this correction would apply
directly to all [C& "] estimates and our derivations gf. A
: : similar scaling factor applies to measurements with ratio-
-100 0 100 200 300 metric indicators.

With the method presented, the fluorescence at saturating
[Ca®"], fhax IS Measured periodically during each experi-
FIGURE 6 Estimating the endogenous buffer capachy.lfiverse sin- ment at the same position where F(‘,‘}imeasurements are
gle-AP peak [C&'] transient increaseA[Ca*] ™%, versus added buffer being obtained. In most neurons, this can be achieved by
capacity, kg, for a cell from a young animal. Endogenous capacity was eliciting trains of action potentials to flood the neuron with

computed from the fit's intersection with theaxis and was betweety = ca&’ entering through voltage-gated Tachannels (Figs. 3
106+ 10 (r = 0.92) (computed withR; = 5.7) andkg = 93+ 9 (r = 0.92) and 4)

(Rf = 8.5). B) As in A, for a cell from an older animal. Endogenous
capacity was betwees, = 78 + 2 (r = 0.96) ®& = 5.7) andk, = 68 = Because of the weak dependence of fluorescence on

2 (r = 0.96) R = 8.5) based on fit to the early part of the experimeén(  [Ca "] at large concentrations (where [€3 >> K;) (Fig.
Note the pronounced convexity in the curve and the increased slope of latet), even relatively high-frequency action potential trains (67
points @), suggesting a decrease in the amplitudes of the" Carrent. Hz) produced only~70-90% saturation in our experiments

in CAl dendrites. This relatively large variation in satura-

tion level may partly reflect differences in action potential-
indicator. Because the calibration parameters are properties/oked [C4"] transients, depending on distance from the
of an indicator and would not be expected to vary acrossoma (range 30—-7@.m; Regehr et al., 1989; Magee and
cells of a given type, they do not need to be evaluated duringohnston, 1997; Svoboda et al., 1999). Thus estimates of
every experiment. Nevertheless, because these paramet¢ts?*] based simply on the plateau fluorescence reached
may be sensitive to the nature of the intracellular environduring a high-frequency train may result in relatively large
ment, it is important to consider sources of error in calibra-measurement errors (up t¢30% for the measurements
tions based on estimates Bf and Ky (Appendix B). presented here; see also Appendix B). These errors grow as
f approache$, ... However, the estimate can be improved
considerably if fluorescence transients are measured at more
than one frequency, allowing extrapolation to tréi,,,
This necessitates making an assumption about the true na-
We estimated a lower bound for the dynamic range ofture of AP-evokedA[Ca®"]. For instance, our technique
Oregon Green BAPTA-1 in CA1 pyramidal neurons in relies on the proportionality of [G4] increases to AP
hippocampal slices, comparirig,, with minimum fluores-  frequency (Eg. 11), which was verified by parallel measure-
cence levels obtained by washing in an extracellular soluments with the low-affinity indicator MG.

>

1/A[Ca?*] (x 102 nM™)

1/A[Ca?*] (x 102 nM™")

Ke

Parameter calibration and
robustness of the method
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However, saturation can be verified even in cases wherering capacity between animals of different age groups
this assumption does not hold. Assume, for instance, thgPND 14-17 and PND 24-28).
[Ca®"] accumulations evoked by each action potential in a
train have equal sizes at different frequencies. (Although
this assumption is similar to the one above, it does not implyAPPENDIX A: ESTIMATING SATURATION BY
a constant Cd removal rate.) The assumption would be COMPARING FLUORESCENCE PLATEAUS
invalid if Ca?* influx suffered from greater rundown at EVOKED AT DIFFERENT FREQUENCIES
higher frequencies, but can be tested by comparing fluoredDERIVATION OF EQ. 11)
cence t_ran_S|ents elicited by individual a(.:tlon POtentlalslakt the steady-state [G4] plateau evoked by an AP train at sufficiently
the beginning and at the end of an AP train. This alternativeigh frequency (Regehr et al., 1994; Helmchen et al., 1996), the change in
assumption also allows extrapolation to tréé, .. For  fluorescence from rest increases with the change in calcium bound to dye:
instance, using it we recomputed the level of saturation for . N
the AP train-evoked transients shown in Fig. 4, which are,¢ OC( [Ca T _ [Ca"T )
89% saturated, assuming proportionality to frequency as * \Kp + [C& ]y  Kp +[C&'],
described above. This compares to a value of 93%, using the
assumption just introduced, in approximate agreement. _ KoA[C& " T
Therefore our method does not require proportionality be- (Kp + A[Ca™ | + [Ca " Jo)(Kp + [C&T o)
tween [C&"] accumulations and AP frequency.

Consequently, the rati@ of fluorescence plateaus generated at two dif-
ferent frequencies, and v, (v, > v,) Iis

Measurements of intracellular Ca®* (Af,/fy)
levels and regulation — oz
(Afoi/fo)y
In addition to permitting accurate calibration of £ and
A[C&"], measurements of saturating fluorescence tran-  (A[C& ]y, (Ko + (A[C&" ], + [CE '] (A2)
sients during an experiment have other benefits. For exam-  — (A[C&" ), \Kp + (A[C& ], + [C&7 o)

ple, for healthy neurons with constant {3, the ratio of

saturating fluorescence transient over resting ﬂuorescence,_h he simoiifvi o = (AlCEZ* o ar o
8f e Should remain constant, independent of changes i/t the simplifying notation, = (A[Ca™],.),, the second factor on the
M . . .. right-hand side of this expression is

indicator concentration. We found this behavior in most

neurons over periods of up tL h (see, e.g., Fig. 4). How- K + A, + [C&"], A, A
ever, other neurons showed a decreasifjg,, suggesting Ko + A, + [C&', =1+ Ko + A, + [CEZ'T, <A2 - 1)
an increasing resting [€8] (Fig. 5). This could be distin- (A3)

guished from subcellular compartmentalization of indicator
or photoinduced Changes in fluorescence (Komg et a|_!3ecause resting [G4] is within the linear limit of the dye, i.e., it is much
1999: Koester et al., 1999) by Verifying whether transientsmaller tharKy andA,, this expression can be written approximately as

size varied as the imaging region was moved to an adjacent A, A

position along the dendrite (Fig. ). 1+ T ( — 1)
Measurements of [Ga] regulation in hippocampal py- Ko + A, +[Ca "o \A,

ramidal cells reported in this paper are mostly similar to A, + [CET, A,

values previously reported with ratiometric indicators. The =1+ T < — )

range of [C&"], was 32-59 nM, at the low end of the range Ko+ 4, +[Ca"]o A,

reported in cultured neurons (Nakajima et al., 1993), and ([C&*],) A

distributed over a narrower range, perhaps reflecting our =1+ —p'iz (1 - 1)

method’s accuracy. Single action potential f{Chtransients Ko + ([Ca& "o A,

were, on average, around 250 nM, somewhat higher than (FCal,), (A

previous pyramidal cell estimates (Helmchen et al., 1996). =1+ piv’2 (1 _ 1)_ (A4)

Dendritic intracellular buffer capacitykf) had a mean of [Flr A,

~60, slightly smaller than in previous measure_memSThe ratio between concentrations in the last expression is sid@, the
(Helmchen et al., 1996). In some neurons, plots of invers@egree of saturation of the fluorophore at the {0aplateau induced by
A[Ca®"] versus added buffer capacity showed a distinct latestimulation at frequencys. If transients are proportional to frequency as

convex upswing (Fig. @), without changes i®f,,,,, sug-  assumed, thed,/A, = v/v, and
gesting a late decrease in total calcium current. There were ”

2

14

no statistically significant differences in resting fC# Q=— [1 + x/lO((V1 - 1)} (A5)
average [C&'] transient size per action potential, or buff- 1 Y2
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APPENDIX B: PROPAGATION OF PARAMETER For a typical fractional saturation value of 87% (see main text), and with
CALIBRATION ERRORS R, = 5.7 anddf/,,, = 2.2, this is f[Ca®*])s = 32%. Overestimatingy;

(Rf = pR;, p > 1) leads, based on this equation, to an overestimate of
Calibration errors can arise from erroneous estimation of the paranfgters [Ca"], equal to
&fae @NdKp. Errors inKp will simply have a multiplicative effect.

Errors in estimating the dynamic range will give a vaBe= pR;, [ca'ly, [Ca&'], p—1

whereR; is the correct value and the multiplicative facpas close to 1 (for Ko = Ko R/ (1 + 1/8fna), (B9)
instance, ifR; is really around 6 but is estimated to be its cuvette v&ue
8.5, p ~ 1.4). This will result in an estimate of [€4] that relates to the
true value as follows:

or in relative terms,

[Ca2+]; [Ca2+] p— 1 (0[Ca2+] ) _ ( _ 1+ (Sfmax
= rR=(p—1) r_ . (B10)
Ko Ko 'RA-fp) OV R~ plL+ Ofna)
The relative error in measured [ as compared to the correct value is For the values quoted in the main téRt = 8.5 andp = 1.5, and for a
then typical value oféf,,, = 2.2, this is f[Ca?"]o)r = 42%.
o _[c&T—[c&]_ p-1
(O[Caz ])R = [Ca2+] = Rif/frax— p (B2) We thank Barry J. Burbach for excellent technical assistance, Esther

Nimchinsky for providing slice cultures, and D. M. O’'Malley for a critical
This quantity is of practical interest because it provides a higher bound otieading of the manuscript.

the relative error in [C&'] caused by erroneous estimation of the dynamic Supported by the Swartz (MM), Burroughs Wellcome (ZFM), Helen Hay

range. For any experiment one can define a lower boufii goven by the  \yhitey (BLS), Whitaker, Klingenstein, and Mathers Foundations and the
ratio of saturated and resting fluorescendgs,/fo. Therefore there is @ National Institutes of Health (KS).

higher bound forp and there follows a higher bound for the possible
relative error. ForA[Ca?*] the relative error induced by an incorrect
calibration ofR; is
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