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Optical Measurement of Presynaptic Calcium Currents

Bernardo L. Sabatini and Wade G. Regehr
Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115 USA

ABSTRACT Measurements of presynaptic calcium currents are vital to understanding the control of transmitter release.
However, most presynaptic boutons in the vertebrate central nervous system are too small to allow electrical recordings of
presynaptic calcium currents (I2%). We therefore tested the possibility of measuring I8 optically in boutons loaded with
calcium-sensitive fluorophores. From a theoretical treatment of a system containing an endogenous buffer and an indicator,
we determined the conditions necessary for the derivative of the stimulus-evoked change in indicator fluorescence to report
1% accurately. Matching the calcium dissociation rates of the endogenous buffer and indicator allows the most precise
optical measurements of I&5. We tested our ability to measure /2% in granule cells in rat cerebellar slices. The derivatives of
stimulus-evoked fluorescence transients from slices loaded with the low-affinity calcium indicators magnesium green and
mag-fura-5 had the same time courses and were unaffected by changes in calcium influx or indicator concentration. Thus
both of these indicators were well suited to measuring I2%. In contrast, the high-affinity indicator fura-2 distorted /2. The
optically determined /23 was well approximated by a Gaussian with a half-width of 650 us at 24°C and 340 us at 34°C.

INTRODUCTION

Classic studies at the squid giant synapse and the frognd Tank, 1991; Wu and Saggau, 1994). This suggests an
neuromuscular junction established that calcium plays @approach to measuring presynaptic calcium currents that is
central role in triggering neurotransmitter release (Dodgesummarized in Fig. 1 (Kao and Tsien, 1988; Neher, 1995;
and Rahamimoff, 1967; Jenkinson, 1957; Katz and Miledi,Sabatini and Regehr, 1996, 1997; Sinha et al., 1997). Stim-
1967). Action potential invasion of presynaptic terminalsulation of the axon generates an action potential that invades
provides the depolarization to open voltage-gated calciuna presynaptic bouton and evokes a calcium current. Entering
channels through which calcium enters the cell and triggersalcium rapidly equilibrates with calcium-binding proteins
vesicle fusion (see Schweizer et al., 1995, for a review). Inwithin the presynaptic bouton and is then extruded from the
trying to understand how the presynaptic waveform deterterminal on a slower time scale. In presynaptic boutons in
mines the time course and magnitude of calcium entry, an@vhich a calcium-sensitive fluorophore has been introduced,
how calcium channels are coupled to the release apparatusalcium will also bind to the fluorophore and alter its
itis necessary to have a measure of the presynaptic calciuffuorescence properties. If conditions can be found in which
current. Initially this was possible only at a few synapsesihe rate of calcium binding by the indicator is proportional
such as the squid giant synapse, whose immense size magethe calcium current, then the rate of change of fluores-
it suited to electrophysiological techniques (Augustine anctence will provide an accurate measure of the time course of
Eckert, 1984; Llinas et al., 1981). More recently, presynap+the calcium current. However, many factors can prevent the
tic calcium currents have also been recorded in some pagccurate detection of presynaptic calcium currents with this
ticularly large boutons in the vertebrate central nervousgpproach and, as in Fig. 1, the time course of the rate of
system with whole-cell voltage clamp (Borst and Sakmannfjyorescence change of a calcium indicator might not per-
1996; Martin et al., 1989; Sivaramakrishnan and Laurentfectly track the presynaptic calcium current.
1995; Stanley, 1989; Yawo, 1990). Here we use a combination of experimental and theoret-
However, most presynaptic boutons in the vertebrat§ca| approaches to assess the feasibility of optically measur-
central nervous system are too small to allow direct record-mg calcium currents. A computer model of calcium buffer-
ing of calcium currents with an electrode, and other aping and diffusion in the presynaptic terminal was used to
proaches must be used. One possibility is to use opticglyegict the kinetics of calcium binding to an indicator in
methods. In several slice preparations it is possible to loagegponse to action potential-triggered calcium influx. We
the presynaptic boutons of an axonal projection with fluo-gyamined the effects of a number of factors on our ability to
rescent calcium indicators (Regehr and Atluri, 1995; Regehfeasure calcium currents, including the properties of the
calcium indicator and the endogenous calcium buffer; in-
teractions between the indicator and the endogenous buffer;
Received for publication 18 September 1997 and in final form 1 Decembegnqg diffusion of calcium and the buffers within the bouton.
1997. We used the model to develop assays of the accuracy of

Address reprint requests to Dr. Wade Regehr, Department of Neurobiol-_ .. . . .
ogy, Harvard Medical School, 220 Longwood Ave., Boston, MA 02115 optically measured calcium currents and examined our abil

Tel. 617-432-0435; Fax: 617-734-7557; wregehr@warren.medity t0 measure presynaptic calcium currents from granule
harvard.edu. cell parallel fibers in slices from rat cerebellum. We found
© 1998 by the Biophysical Society that, for cerebellar granule cell presynaptic boutons, low-
0006-3495/98/03/1549/15  $2.00 affinity calcium indicators accurately report the time course




1550 Biophysical Journal Volume 74 March 1998

synapse onto Purkinje cells (Regehr and Atluri, 1995). For fura-2 and

mag-fura-5 experiments, illumination from a 150-W xenon bulb was

passed through a 395/35 nm (Chroma, Brattleboro, VT) excitation filter, a

420 DCLP dichroic (Chroma), and, on the emission side, a 455 LP filter
Action Potential

and BG22 broad-band filter (Chroma) was used. For magnesium green
experiments, illumination from a 100-W tungsten bulb powered by a
l low-noise DC power supply (no. 6542A; Hewlett Packard, Palo Alto, CA)

was passed through a 450—490-nm (Zeiss, Germany) excitation filter (515

DRLP dichroic) and a 530 LP filter. In experiments in which magnesium
green and mag-fura-5 were coloaded, a 380 DF15 excitation filter was used
Calcium Current for mag-fura-5 to minimize excitation of magnesium green when mag-

fura-5 fluorescence was recorded. lllumination was gated by a TTL pulse
controlling an electromechanical shutter (Vincent Associates, Rochester,
NY), and the area of illumination was restricted by an iris diaphragm.

Unless otherwise indicated, all filters and dichroics were purchased from

l Omega Optical (Brattleboro, VT). At these excitation wavelengths, in-
creases in calcium binding correspond to decreases in fluorescence for
mag-fura-5 and fura-2, and to increases in fluorescence for magnesium

green. Fura-2 and mag-fura-5 fluorescence transients have been inverted
Calcium Accumulation for clarity.

Simultaneous recordings of presynaptic
waveform and calcium currents

Change in Fluorescence

Slices were focally loaded with magnesium green, followed by bath load-
l ing with the voltage-sensitive dye RH482 (50-1Q8/ml for 0.5-1 h).
RH482 has been used previously to record parallel fiber action potential
waveforms in cerebellar slices (Konnerth et al., 1987; Sabatini and Regehr,
Rate of Change 1996, 1997). lllumination from two tungsten bulbs was combined by using
of Fluorescence a 710 DF20 filter, a 450-490-nm filter (Zeiss), and a 515 DRLP dichroic,
and passed through a custom 490/700 DBDR dichroic. Transmitted light
was filtered through a second 710 DF20 and monitored with a photodiode
placed below the condenser while epifluorescence was collected (10SWF-
) ) ) ) 650, Newport, Irvine, CA, and LP530 filters) and focused onto a second
FIGURE 1 Schematic showing the basis for optical measurement of,ntodiode. Stimulus-evoked RH482 transmittance transients show a sus-
presynaptic calcium currents. Depolarization of the presynaptic boutonsineq component that may represent depolarization of both stimulated and

opens voltage-gated calcium channels, resulting in a calcium current angnsiimulated paralle! fibers caused by accumulation of extracellular potas-
the accumulation of calcium. If the bouton contains a calcium-sensitiveg;;,n, (Kocsis et al., 1983; Sabatini and Regehr, 1997).

indicator, this will in turn produce a change in fluorescence. Here we

determine the conditions for which the time course of the rate of change of

fluorescence provides a good estimate of the time course of the presynapt'Electrophysio|ogy
calcium current.

Whole-cell recordings of stellate cells were obtained by using 2.0-2)%6-M
glass pipettes containing an internal solution of (in mM) 35 CsF, 100 CsCl,

. . o 10 EGTA, 10 HEPES, 0.1 D600 (pH 7.3) with CsOH (Regehr and Mintz,
of presynaptic calcium currents as well as the timing of1994: sabatini and Regehr, 1996). Parallel fibers were stimulated with
calcium entry. 0.1-ms current pulses delivered to the molecular layer via a glass electrode.

EPSCs were recorded with an Axopatch 200A (Axon Instruments, Foster
City, CA) in voltage clamp mode. Series resistance was not compensated.

METHODS

Transverse slices (30m thick) were cut from the cerebellar vermis of Data collection and digital processing
14-20-day-old Sprague-Dawley rats. The slices were allowed to recover at

30°C far 1 h before use. The external solution consisted of (in mM) 125 Data were recorded with an A/D converter (Instrutech, Great Neck, NY)
NaCl, 2.5 KCI, 2 CaCJ, 1 MgCl,, 26 NaHCQ, 1.25 NaHPQO,, 25 glucose,  and a Macintosh computer running lgor Pro (Wavemetrics, Lake Oswego,
and 0.02 bicuculline, bubbled with 95%,@nd 5% CQ. OR) and PULSE CONTROL software (Herrington and Bookman, 1995).
Derivatives were calculated digitally, using a difference approximation that
introduced no time delays. Digital filtering was accomplished by multiply-
Detection of presynaptic calcium transients ing, in Fourier space, the fluorescence transient with a low-pass Bessel
filter, H(w) = 1/(1 + (w/w)®"), wherew, is the corner frequency of the

Parallel fibers were labeled with a high-pressure stream of mag-fura-§jiter andn is the number of poles. Typically an 8-pole filter was used, and
(Delbono and Stefani, 1993; Zhao et al., 1996), magnesium green (Atlurihis procedure did not introduce time delays.

and Regehr, 1996; Zhao et al., 1996), or fura-2 (Grynkiewicz et al., 1985),

using techniques developed previously (Regehr and Atluri, 1995; Regehr

and Tank, 1991). All indicators were obtained from Molecular ProbesSimulations of calcium transients

(Eugene, OR). Epifluorescence was measured with a photodiode from a

spot several hundred microns from the loading site, where most of the&imulations of calcium diffusion and buffering in the presynaptic terminal
fluorescence signal arises from parallel fiber presynaptic boutons thatvere performed using Igor Pro. The differential equations describing
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calcium buffering and diffusion are maximum of 670us and 335us, respectively. Kinetic parameters for the
calcium indicators are listed in Table 1. Although we cannot measure the
3[Bca] B & affinity of the indicators in granule cell presynaptic terminals, the relative
a k+[Ca'][B] - ,[BCa] (1) affinities were monitored by the saturation of th&/F response during a
train of stimuli (Regehr and Atluri, 1995; Sabatini and Regehr, 1995).
B[FCa] Fura-2 showed significant saturation by the second stimulus, saturation of
— = k'fr[Ca][F] — kE[FCa] 2) magnesium green was clear after three or four stimuli, whereas mag-fura-5
at showed little saturation over a train of 10 stimuli.
a[Ca  9[BCal a[FCd icl)
== - + 3) .
ot at at 2FV Parameters in the model
6[X] Studies of calcium buffering in various cell types have pointed to the
Jy = —Dy “ox 4) importance of endogenous calcium buffers in determining the time course

and spatial localization of intracellular calcium signaling (Fogelson and
Zucker, 1985; Neher and Augustine, 1992; Roberts, 1993, 1994; Simon
and Llinas, 1985; Zhou and Neher, 1993). Because the concentration and
kinetic parameters of the calcium buffers present in the presynaptic termi-
nals of granule cells are not known, we tested many different parameter
combinations for their ability to reproduce, in the numerical model, our
experimental data.

wherei/t) is the calcium current as a function of tim,is Faraday’'s
constanty is the volume of the compartment receiving the calcium influx,
Jy Is the flux of species X per unit area per unit time, abd is the
diffusion coefficient of species X (Crank, 1975). See Table 1 for the
definition of the remainder of the terms. Using the relationships

[(_ja]mt = [Ca] + [BCa] + [FCa] (5) In the differential equations that govern the calcium buffering dynamics
(Egs. 1-3), the calcium association rates of the buffers always appear as

[Blo: = [B] + [BCal (6) products with a concentration, and, therefore, an infinite number of pa-

rameter combinations result in the same time course of calcium buffering.

[Flo: = [F] + [FCa @ To remove this indeterminacy, we used reported values for the calcium

association rates of fura-2 and the endogenous buffer (see Table 1).
the system of differential equations was solved numerically, using fifth-  The calcium affinity of the endogenous buffer was allowed to vary from
order Runge-Kutta-Fehlberg numerical integration with an embedded. to 150uM and its concentration from 1 to 1000 timesktg The calcium
adaptive time step (Press et al., 1992). current amplitude and the fura-2 concentration were calculated for each
The presynaptic terminal was represented aspantdiameter sphere  combination of the above parameters for the model to accurately reproduce
that was modeled either as a single compartment or, when the effects @ivo features of the experimental data: 1) two stimuli delivered in rapid
diffusion were considered, as 10 concentric shells of 50 nm thickness. Theuccession to parallel fibers loaded with fura-2 resultsAf4= signal that
calcium current was chosen to be a Gaussian with a standard deviation & 40% larger than that produced by a single stimulus; and 2) the 50-100%
0.4 ms at 24°C or 0.2 ms at 34°C, corresponding to a width at half-rising phase of the fura-2 fluorescence transient can be approximated by an

TABLE 1 Definitions and values of parameters used in the numerical model

Value
Symbol Definition 24°C 34°C
[Ca] Concentration of free calcium 50 nM at rest 50 nM at rest
[Bliot Total concentration of endogenous buffer 2mM 2mM
[B] Concentration of unbound endogenous buffer
K Calcium association rate of endogenous buffer X AE M s 2 X 1PM s
KB Calcium affinity of endogenous buffer 50M 50 uM
[Fliot Concentration of calcium indicator 30M 30 uM
[F] Concentration of unbound indicator
ke Calcium association rate of indicator %6108 M~ 1s xS 1.4x 10° M s
K Calcium affinity of the calcium indicator
Fura-2 200 nM#® 107 nM
Magnesium green LMl 3.8 uMT
Mag-fura-5 20uM 10.7 uMT
KX Calcium dissociation rate of buffer X KXKX
[CaX] Concentration of calcium bound form of X
Vy Equilibration rate of buffer X after a step increase KX + K¥([Ca].. + [X].)8
in calcium when no other buffers are present
Veiow Viast Slow and fast equilibration rate governing See Appendix

dynamics of a two-buffer system following a
step increase in calcium
Xl o K] Concentration of X at rest or at steady state

*Xu et al. (1997).

*Derived from value at 24°C by requiring our model to reproduce 34°C fura-2 fluorescence transients.
SKao and Tsien (1988).

Calculated from corresponding value at 24°C using@igs in Kao and Tsien (1988).

IZhao et al. (1996).

**Haugland (1996).
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exponential with a time constant of 2.9 ms. To match these features, thealcium affinity of the endogenous buffer and the endogenous buffer
amplitude of the calcium current was set such that doubling the amount ofapacity (defined as [R}/K,) (Fig. 2). A large number of parameter
calcium entering the terminal increasafiCaFura] by 40%, and the con- combinations result in good fits to the shape of the fura-2 transient and its
centration of fura-2 was chosen such thgg,, = (2.9 ms)* (see Appen-  derivative. For endogenous buffer affinities of 2044, the output of the
dix). Each parameter set for which these calculations gave physicallynumerical simulation matches both the fura-2 transient and its derivative
meaningful results (i.ei¢, > 0 and [F],; > 0) was tested in the numerical with an average RMS error of less than 1%. In the region defined by buffer
simulation. The amplitude of the calcium current ranged from 1 to 100 pA,capacities greater than 10 and endogenous buffer affinities of 3pM70
and the concentration of fura-2 from 2 to 150M. the model also predicts that the time courses of magnesium green and
Fig. 2 shows the outcome of such a parameter search. With the paranmag-fura-5 fluorescence transients will be similar and accurately report the
eters listed in Table 1, the numerical model results in a very close matctime course of the calcium current. The relatively low buffer capacity is
to the fura-2 fluorescence transient measured at 24°C and its derivative. Isimilar to that reported previously for chromaffin cells and calyceal syn-
addition, with these parameters the model accurately reproduces the effeapses (Helmchen et al., 1997; Zhou and Neher, 1993) and less than that
of lowering extracellular calcium on the fura-2 fluorescence transient (seeeported for hair cells, crayfish nerve terminals, and rod outer segments
Fig. 6). Under these conditions, the derivatives of the magnesium green qi.agnado et al., 1992; Roberts et al., 1990; Tank et al., 1995). The calcium
mag-fura-5 fluorescence transients provide accurate measures of the tinadfinity of the endogenous buffer is similar to that reported for chromaffin
course of the calcium current. cells (Xu et al., 1997).
We can graphically depict the dependence of these fits on the model
parameters by plotting the RMS difference between the output of the
numerical model and the recorded fura-2 transients as a function of théligh temperature parameters

Parameters for the model at 34°C were determined by again constraining
the model to match our experimental data. The endogenous buffer and the
calcium indicator concentrations were maintained at the values determined
by our parameter search for the 24°C model. To adjust for the higher
temperature, the association and dissociation rates of fura-2 were acceler-
ated using the published values for 1Qg, of similar indicators (Kao and
Tsien, 1988). We varied th@, , of the association and dissociation rates of
the endogenous buffer separately until a good fit was obtained to the fura-2
fluorescence transients measured at 34°C (Fi@).2With these parame-
ters, magnesium green and mag-fura-5 fluorescence transients had the
same time course, and their derivatives accurately reported the time course
of the presynaptic calcium current.

Aa Ba 150

fura-2 AFF
~ 50

b b r 150

fura-2

RESULTS

Dependence of fluorescence transients on

magnesium indicator properties

green

Oﬂs .
----- 0

The first step in this study was to measure the response of
calcium-sensitive indicators in granule cell parallel fibers to
d single stimuli delivered to the molecular layer. These fibers
consist of a series of presynaptic boutons joined by thin
axons, and an estimated 80% of the volume of these struc-
tures is due to presynaptic boutons (Palay and Chan-Palay,
1974). We have previously shown that stimulus-evoked
fluorescence changes from parallel fibers loaded with cal-
- 100 cium-sensitive fluorophores are triggered by calcium enter-
ing the presynaptic terminal through voltage-gated calcium
channels opened by a propagating action potential (Mintz et
A mo“ al., 1995; Regehr and Atluri, 1995). We found that the time
Buffer Capacity course of the fluorescence transient depended on the prop-
erties of the indicator used (see Table 1). The rate of rise of
FIGURE 2 Estimation of parameters used in simulatioas Stimulus- ~ the AF/F is slowest for fura-2 and faster for the lower
evoked fura-2 fluorescence transienoigy trac and [CaF] predicted by  affinity indicators, magnesium green and mag-fura-5 (Fig.
the numerical modelsbli_d Ii_ne). (b) D_erivatives of the traces shown m 3). The average half-widths of the derivatives of the fluo-
(c and d) d[CaF]/d (solid line) predicted by the model for magnesium .
green €) and for mag-fura-5d) compared to the calcium currerdatted rescence transients were 1450125, 640# 30, and 620+
line). Experiments were performed at 24°8) br 34°C C), and the default 32 uS (averager SEM, n = 5), respectively, for fura-2,
model parameters appropriate for each temperature were Begh—(d) magnesium green, and mag-fura-5-labeled slices at 24°C.
Average percentage RMS difference between the two traces shown in thejg, 3 A also shows an experiment in which mag-fura-5 and
corr_espond_in_g panel oA, as_generated by the simulation for a range of magnesium green were loaded together into the parallel
calcium affinities and gapacmes of the erjdogenpus buf&@rAyerage of fibers and the response of each dye was measured sequen-
the percentage RMS differences showraind White represents an aver- .
age difference of 1%, 1%, 3%, 2%, and 2%, and black a difference of 4%lially. The fluorescence transients produced by these two
6%, 9%, 20%, and 14% in—g respectively. dyes have indistinguishable time courses.

(W) Ay Jeyng snousBopus

e - 150

~ 50




Sabatini and Regehr Presynaptic Calcium Currents 1553

A 24 °C indicator by performing simulations with the presynaptic
bouton subdivided into 10 concentric shells, each 50 nm
thick. Calcium influx and extrusion were assumed to occur
uniformly throughout the surface of the outermost shell.
Models of this sort have been widely used to simulate
calcium transients in neurons (Blumenfeld et al., 1992;
Connor and Nikolakopoulou, 1982; Grisell and Andresen,
1979; Nowycky and Pinter, 1993; Sala and Hernandez-
Cruz, 1990; Smith and Zucker, 1980). As seen in Fié, 4
this model predicts that large calcium gradients exist within
the bouton that outlast the calcium current by several mil-
liseconds. However, the time courses of the volume average
of the calcium bound form of fura-2, [CaFura], and its
derivative, d[CaFura]fd are not substantially different from
those predicted by the one-compartment model (FiB).4
magnesium green Similar results were found for magnesium green and mag-
and mag-fura-5 fura-5 (Fig. 4,C and D), indicating that the presence of
concentration gradients within the presynaptic terminal does

magnesium green

mag-fura-5

magnesium green

mag-fura-5

FIGURE 3 Comparison of stimulus-evoked fluorescence transients re-
corded from parallel fibers loaded with different calcium indicatosy. (
The fluorescence transientteff) and their derivativesright), recorded
after stimulation of parallel fibers labeled with the indicated calcium dyes C
at 24°C @) and 34°C B). In A, the bottom panel shows an experiment in
which mag-fura-5thin trace and magnesium greeth{ck trace fluores-
cence transients were recorded sequentially from parallel fibers loaded
with both dyes.

1 ms

magnesium green

At 34°C the time courses of the fluorescence changes
were accelerated (Fig. B). The half-widths of the deriva-
tives of the fluorescence transients were 185000, 340+
20, and 330+ 30 us (average: SEM,n = 5), respectively,
for fura-2, magnesium green, and mag-fura-5-labeled slices.
Thus, as was also the case at lower temperatures, the time
courses of magnesium green and mag-fura-5 fluorescence

transients were indistinguishable, but were faster than that _ _ o _ _
of fura-2 FIGURE 4 Simulations of the effects of diffusion and spatial gradients

on AF/F signals. p) Calcium concentrations in the outer, middle, and inner
shells of a 10-shell model of the presynaptic terminalsé) Schematic of

. . .. . . the model and position of the three shells. Volume-averaged [CGef)] (
Simulations examining the effects of diffusion and d[CaF]/dt iight) from a 10-shell modelthin trace and from a

We performed a series of simulations to evaluate the ﬁde”tfne-compartment modethick trace for indicators with properties corre-
. . . ding to fura-2g), i , -fura-5 D). Default
with which the derivatives of the fluorescence changes traclgpon ing to fura-28), magnesium greert}, or mag-fura-5 p). Defau

D

mag-fura-5

; . ) arameters for 24°C were used. The diffusion coefficients used were 6
the presynaptic calcium current. We began by analyzing theg-¢ 1 x 106, and 0 cri s* for free calcium, the indicator, and the

effects of diffusion on the kinetics of calcium binding to the endogenous buffer, respectively.
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not significantly affect the kinetics of calcium binding to influx and the rise in [CaFura], but as the fura-2 concentra-
calcium indicators. It follows that the effects of diffusion tion is increased, [CaFura] rises more quickly and has a time
could be disregarded for the range of parameters used in thourse closer to the integral of the calcium current. A
study. This is an important conceptual simplification whencomparison of the calcium current to the derivative of
trying to understand the properties of calcium-indicator[CaFura] shows that-100 uM fura-2 is needed before the
binding. For the remainder of the paper, a simplified modeltwo have similar time courses. On the other hand, for the
is used in which the presynaptic terminal is represented blower affinity indicators, magnesium green and mag-fura-5
a single compartment. (Fig. 5Ac), 1 uM of the indicator follows calcium influx
with a lag of just 50us, and further increasing their con-
centrations only slightly accelerates the kinetics of calcium
binding.

We next examined the properties of calcium transients when These results are easily explained by considering the
only a single calcium indicator and no endogenous bufferginalytical solution to the rate of accumulation of the cal-
were present in the terminal. Simulations were performedium-bound form of the fluorophore, [CaF], after a small
for several indicators with properties corresponding to thosétep increase in total calcium. [CaF] will increase to its
of fura-2, magnesium green, and mag-fura-5 (Figd)5  equilibrium value with an exponential time course with a
These simulations show that the time course of [CaFurafate given by (Kao and Tsien, 1988)

depends on the amount of fura-2 present. For the lowest

concentrations of fura-2, there is a delay between calcium Ve = k- + ki ([F].. + [Cal..) (8)

Simulations of calcium binding to one buffer

Aa

Ca Ca+ F=—=CaF

FIGURE 5 The dependence of the
kinetics of calcium binding to an in-
dicator on the concentrations of the
endogenous buffer and the indicator.
Simulations of calcium interacting
with an indicator in a one-compart-
ment model in which the presynaptic
terminal contained the fluorophore
alone @) or both the fluorophore and
an endogenous calcium buffeB)(
Calcium indicators with the properties
of fura-2 @), magnesium greerb), or
mag-fura-5 ¢) were used in the sim-
ulations. The left panel shows the in- magnesium green
dicator-calcium binding golid lineg ~  =—=%=--mommomeeeeemeeooee

fura-2 +
endogenous buffer

magnesium green +
endogenous buffer

and the integral of the calcium current d d

(dotted tracg. Each trace is labeled

with the concentration of indicator 1010 uM
uM

used in the simulation. On the right
are shown the normalized derivatives
of the traces on the leftsflid lineg
and the true calcium currentdtted
trace). (C) Sixty-three percent rise

mag-fura-5 +
endogenous buffer

mag-fura-5

time of [CaF] for fura-2, magnesium (G 41 100+
green, or mag-fura-5 alongh{ck line) 2007
or in the presence of an endogenous . 5 =
buffer hin line). Default parameters  $ 2 8
for 24°C were used. \E’\ 24 6; 100+ ‘:’i 50+
2 R «8
0 T 7 T 1 0 T T T 1 0 T T T 1
10> 10" 10° 10 10f 10" 10" 10° 10° 10 10 10" 10® 10® 10*

[fura] (uM) [magnesium green] (M) [mag-fura-5] (uM)
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With vanishingly low concentrations of unbound indicator the effects of changing calcium influx or indicator concen-
and free calcium, the equilibration rateks, and equilib-  tration on the rate of rise of the fluorescence signals. Equa-
rium is reached more rapidly as the indicator concentrationion Al predicts that if the time course of the fluorescence
is increased. For this reason, lower affinity indicators, whichsignal is limited by the kinetics of the calcium binding
have higher off rates, respond rapidly, even when present agaction of the indicator, then manipulating the intracellular
low concentrations, whereas fura-2, which has a slow offree calcium or indicator concentration will alter the shape
rate, needs to be present at high concentrations to equilibraté the fluorescence signal. When [Ca greater than or

quickly with calcium (Fig. 5C). comparable to [E], d(AF/F)/dt will be affected by changes
in calcium influx. Conversely, when [E]is greater than or
Simulations of calcium binding to two buffers comparable to [Ca] d(AF/F)/dt will be affected by changes in

The addit f d calci buff licates th indicator concentration. Whenever the rate of rise of the fluo-
i € t'a : ]lot?] o! 3.setcon Icfa C|u_mt u te_r colr__np Icates & escence signal is limited by calcium binding kinetics, it will be
Tmlfl 'Ci ]? emn |cta or—ca;hc lum Interac |c;r} ( '92'8.5 Zee ta1°fected by at least one of these manipulations.
.CZ” eslo O; dpsra.:Ig edr_sn). theeerr?dsgogﬁg ZC:{C&?' mlsb frfzrrn'i " Under normal conditions the concentration of unbound
ically slow y including genou UM bUutterin; jicator will be much greater than that of the free calcium,
the model, such that even 1 mM fura-2 cannot accuratelyé . . . _

. S nd therefore reducing the calcium influx will have only
follow the time course of calcium influx. In contrast, mag-

. . . small effects on the time course of the fluorescence tran-
nesium green and mag-fura respond more rapidly in the.

. Sient. At 24°C, reducing the calcium influx by lowering
presence of the endogenous buffer, such that jyskiof .external calcium (Mintz et al., 1995) slightly slowed the

Hme course of fura-2 fluorescence transients, but had no

calcium concentration. For both indicators, d[CaFdo- . .
vides a good approximation of the time course of the Cal_effect on the time course of magnesium green fluorescence
transients (Fig. 64). At 34°C, this manipulation did not

cium current, although there is a slight overshoot on the Iter the time course of the fluorescence transient of either
decay phase of the derivative for low concentrations of

mag-fura-5. The effects of endogenous buffers on the re(-)f these indicators (Fig. &). It appears that at 34°C the

sponse time of the various indicators are summarized in Figc:‘altcmm '.”f'“?h's ?reatéy reldgcedbgng plai/.s atgmaller role in
5 C. These simulations suggest that the presence of aﬂe ermining the fura-c caicium binding kinetics. -
endogenous buffer can reduce the response time of low- Changing indicator concentration is a more sensitive test
affinity indicators, thereby aiding in the detection of pre- of the contribution of indicator kinetics to the time course of

synaptic calcium currents. However, the same endogenque fluorescence signal. We therefore _comparc_ed the_shape of
buffer hinders the detection of calcium currents with fura-2.| uodrejcgncef transllents from ehxperrl]mentsf 'H which we
The complexities of the interactions of calcium with the oaded dye for only 5 min to the shape of fluorescence

endogenous buffer and the calcium indicator are explored iff@nsients from experiments in which we loaded for more
the Appendix and summarized in the Discussion. than 30 min. Fiber tracts labeled for longer were much

brighter, and showed slower rates of fluorescence decay (on
a time scale of hundreds of milliseconds), consistent with
higher indicator concentrations. As shown in Fig. 7, at 24°C
the rate of rise of the fluorescence signal is affected by the
A test of the contribution of indicator kinetics to the time degree of loading for fura-2, but not for magnesium green or
course of the fluorescence signal was made by examininghag-fura-5. At 34°C the time course was affected by the

The dependence of d(AF/F)/dt on calcium and
indicator concentrations

A fura-2 24 °C C magnesium green 24 °C

FIGURE 6 Effects of decreasing
calcium influx on the kinetics of cal-
cium binding to the indicator. Fluo-
rescence transientsop left panely
and corresponding simulationbdt-
tom left panelsin 2 mM and 1 mM
external calcium for fura-24, B) and
magnesium greer), D) at 24°C &, B fura-2 34 °C D magnesium green 34 °C
C) and 34°C B, D). The right panels
show the derivatives of the traces on
the left, and in all panels, the dotted
trace is the trace in 1 mM Ganor-
malized to the amplitude of the 2 mM
Cag, trace.
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A 24 °C Filtering
To maximize the signal-to-noise ratio when recordigg),
we determined the maximum electrical filtering that would
not alter its time course. The response of the photodiode
used to monitor fluorescence to a 5A8-LED light pulse is
shown in Fig. 8A. It shows a slight overshoo&(t%) and
has a rising phase limited by a 7-8-kHz corner frequency.
We recorded 2 at 24°C and 34°C with magnesium green,
without any filtering beyond that imposed by our photo-
_____ magnesium green |\ diode, and then digitally filtered off-line. As shown in Fig.
8, at 24°C the shape and amplitudel@®' could be accu-

1 ms

mag-fura-5

B 34 °C

500 ps

1ms

magnesium green

FIGURE 7 Effects of indicator concentration on stimulus-evoked fluo- 1000 —
rescence transientsLdff) Stimulus-evoked fluorescence transients from
parallel fibers loaded for 30 mirikick lineg or for 5 min ¢hin lineg with

the indicated fluorophore at 24°@) or at 34°C B). (Righ) Simulation of
d[CaF]/d in control conditions thin line) or with the indicator concentra-

tion increasedthick lineg. Concentrations of indicator used in the simu-
lations at 24°C were 1@M and 30uM for fura-2, 30uM and 60uM for
magnesium green and mag-fura-5, and those used in the simulations at
34°C were 20uM and 40 uM for fura-2, and 30uM and 60 uM for
magnesium green and mag-fura-5.

Half Width (us)
[6)]
o
o
|

a'mount of indicator loaded for fura-Z, but not for magne- E P e g R Foommen -
sium green fluorescence transients. Because of the small 3 =

signal size, it was not possible to measure the derivative of
fluorescence transients at 34°C from slices that had been
loaded for only 5 min with mag-fura-5. The experimental
results of Figs. 6 and 7 were consistent with simulations
based on the parameters listed in Table 1.

The time courses of the stimulus-evoked fluorescence
transients from magnesium green and mag-fura-5-loaded ol | : : : -
slices are not limited by the kinetics of the indicator’s 1 2 3 4 5 5
calcium binding reaction. Therefore the time course of the Corner Frequency (kHz)
fluorescence signal from these indicators is determined by
the rate of calcium influx. For convenience, in the remain-FIGURE 8 The effect of bandwidth oh22. (A) Response of the fluo-
der of the paper we will refer to the derivative of the rescence detector to a light pulse from an LE&ftf and the rising phase
fluorescence transient of mag-fura-5 or magnesium green &% the response on an expanded time sceght). (B and C) Unfiltered
the optically determined calcium curren@f). In contrast, ~Magnesium greehd (thin trace) with a superimposed, digitally filtered

S o . version thick ling) at 24°C B) or 34°C (C). Corner frequencies of 2 kHz
at both 24 C and 34 ,C'.the tlm_e (':OUI’SGS. of fura—2 ﬂuores%\nd 4 kHz were used at 24°C and 34°C, respectivéhar{dE) The effect
cence transients are limited by indicator kinetics and cannaft fiiter corer frequency o2 half-width (D) and peak amplitudeE] at
be used to estimateXy. 24°C (open circley and 34°C filled circles) (average SEM, n = 5).

Relative Peak Current

o
(6]
]

o
N
~
S
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rately recorded with filtering as low as 2 kHz, whereas at A 24 °C
34°C a 3—-4-kHz corner frequency was necessary.

Spot size

The fluorescence signal we measured was generated by
presynaptic calcium influx triggered by an action potential
propagating across the region in the molecular layer, from
which we collected light. Therefore, it is important to de-
termine how the time course dfY' is affected by the
propagation time of the action potential across the illumi-
nation spot. The effect of varying the diameter of the
illumination spot on the half-width of 2 is shown in Fig.

9. From the fits to the summary data, we estimate tggt
determined by using a 1@m spot is~5% broader than the
calcium current at 24°C and 34°C.

B 34 °C

b T
5 ¥
Stimulus duration =

o o 24°C
We record fluorescence changes from a large number of ® 34°C
presynaptic terminals located on different axons. To deter- £ 50
mine if asynchrony in the firing of axons artificially broad- S
ens| 2 we examined the effect of varying the stimulus =
duration (Fig. 10). Remarkably, the firing of the fibers +
appears to be synchronized to the end of the stimulus pulse. 0 | |

0 100 200

Stimulus Duration (us)

[e]
A 24°C FIGURE 10 The effect of stimulus pulse duration bfg. (Leff) I 5%
recorded after a stimulus pulse of either 29 thin trace or 200us (thick
trace) duration at 24°C A) and 34°C B). (Righ) The 200us trace has
been shifted to the left by 18(s for comparison to the 2fs trace. C)
Summary of the effects of stimulus duration bgg half-width for record-
ings at 24°C ¢pen circley and 34°Cf{illed circles). The stimulus durations
used were 20, 40, 100, and 206, and! g; after the 20us stimulation was

used as the control (average SEM, n = 4).

100

50

Half Width (% Control)

0 ' ' ' At both 24°C and 34°C, 2 elicited by stimuli of 20us or

0 20 40 60 200 ws duration had identical time courses, with the excep-
tion that the 20Qus current was shifted later by 183. On
average, the half-width df?2' was independent of stimulus
duration.

Timing of synaptic transmission

To illustrate the utility of the optical detection of the pre-
synaptic calcium current, we simultaneously measufgg
the presynaptic action potential waveform, and postsynaptic
0 T 1 | currents at the granule cell to stellate cell synapse at 34°C
0 20 40 60 (Fig. 11). Significant calcium entry occurs during the rising
Spot Diameter (um) phase of the action potential, and the calcium current
reaches-65% of its maximum amplitude by the peak of the
FIGURE 9 The effect of recording spot size bffs. The width at half 4 ¢tion potential. In addition, because the delay from the start
maximum ofl 22 as a function of illumination spot size at 24°&)(or at . . . .
34°C (B). The half-width for the 1Q+m spot was used as controlnge) of presynaptlc calcium influx to the EPSC is Only 188,
Recordings oft 2 from a 10um (thin trace and a 50um (thick trace postsynaptic currents appear before the end of the presyn-

opt

diameter spot (average SEM, n = 4). aptic action potential (Sabatini and Regehr, 1996).

Half Width (% Control)
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shown in the Appendixt,; iS faster than the equilibration
time constant of either buffer alone, and thus the initial
response of each buffer is accelerated by the presence of the
second buffer. The relative contribution of the fast expo-
nential to the responses of the buffers is determined by
[FI..K%/[B]..kB such that, if the ratio is greater than 1, the
fast exponential will make a larger contribution to the
|_ response of the indicator than to that of the endogenous
1 ms ] buffer. When the ratio is less than 1, the converse is true.
i This component represents the rapid binding of calcium by
both buffers until one of them reaches equilibrium with free
EPSC calcium. Calcium must then transfer from the rapidly equil-
ibrating buffer to the other for the system to reach steady
state. The time constant of this procesg,,, is slower than
the time constant of either buffer alone. Because the slow
FIGURE 11 Simultaneous recording of presynaptic action potentialCOmponent represents the transfer of calcium from one
waveform, presynaptic calcium current, and postsynaptic currents at 34°@uffer to the next, its contribution to the response of each
in a slice labeled with the voltage-sensitive dye RH482 and the calciunyffer is equal and opposite. The slow component becomes

indicator magnesium green. Transmittance transient of RH#g®, (nag- - . . - - o
nesium greer S3 (middle), and voltage-clamped EPS@ctton] from a more prominent as the difference in the calcium dissociation

stellate cell centered in the illumination spot are shown. Two stimuli of rates of the buffers increases.
100 ps duration and separated by 10 ms were delivered to the parallel

fibers. The vertical scale bar corresponds to 0AWAT, 3 (% AF/F)/ms,

and 100 pA.

Requirements for accurate optical detection of
presynaptic calcium currents

DISCUSSION From the general treatment of the two-buffer system, we
By theoretically examining a system containing two cal-obtained the conditions necessary for the derivative of the
cium buffers, we established the conditions required tdfluorescence change triggered by an action potential to be a
detect presynaptic calcium currents optically. We foundgood estimate of the time course of the calcium current. The
experimentally that low-affinity calcium indicators can pro- simplest situation is one in which there is very little, if any,
vide an accurate measure of the calcium current in presyrendogenous buffer. For this condition, the equilibration rate
aptic boutons of cerebellar granule cells. In this discussiomf the indicator is given by Eq. 8, according to which the
we will deal with general issues regarding the optical meacalcium-indicator equilibration rate can be made arbitrarily
surement of presynaptic calcium current and then turn to théast by increasing the concentration of the indicator. Even
application of this approach to granule cell presynapticfor buffers with slow dissociation rates, like fura-2, only
boutons. modest concentrations of indicator are required to achieve
sufficient speed to follow BT accurately (Fig. BA).

More generally, the properties of the endogenous buffer
must be taken into account. The presence of an endogenous
buffer can profoundly influence the time course of calcium
To evaluate the use of calcium indicators in measuringdinding to the indicator such that Eq. 8 no longer applies.
presynaptic calcium currents, it is crucial to understand th&his is illustrated by Fig. B, in which the presence of an
complexities of calcium signaling within a presynaptic ter- endogenous buffer slows the response of fura-2 and makes
minal. Simulations were invaluable in this regard. We foundit virtually impossible to introduce sufficient fura-2 to mea-
that spatial gradients of free calcium do not significantly surel £ accurately. The presence of the endogenous buffer
affect the time course of total calcium bound to the indicatoralso influences the interaction of magnesium green and
within the bouton (Fig. 4). This allowed us to greatly mag-fura-5 with calcium, and it has a beneficial effect by
simplify our analysis by treating the presynaptic terminal asaccelerating the calcium binding rate of the indicator (Fig. 5
a single compartment. We then analyzed the differentiaB). However, in other terminals in which the calcium dis-
equations describing a presynaptic terminal that containedociation rate of the endogenous buffer might be different,
two buffers corresponding to the endogenous buffer and thenagnesium green and mag-fura-5 may no longer be suitable
indicator (see Appendix and Results). Simple analyticalfor the detection of Bs. This is illustrated by the simula-
approximations were derived that provided insight into thetions of Fig. 12. For most of the simulations in the paper, the
behavior of such a two-buffer system. In response to a stepff rate of the endogenous buffer is 5000 ¥, which is
change in calcium concentration, the buffers bind calciunbetween that of magnesium greén & 3500 M *s™ %) and
with time courses that are well approximated by the sum ofnag-fura-5 k_ = 10,000 M* s™%). Under these condi-
two exponentials with time constantg,; and 74, AS  tions, magnesium green and mag-fura-5 both provide a

Theoretical foundation for the optical
measurement of presynaptic calcium currents
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N mag-fura-5 Optical detection of presynaptic calcium currents
A / magnesium green in granule cell presynaptic boutons

We assessed our ability to measuf& optically in granule
cells. Several lines of evidence indicated that fura-2 dis-
S torted the calcium current: the time course of the derivative
of the stimulus-evoked fluorescence change was much
slower than that of low-affinity indicators and was altered
by reducing calcium influx or increasing the concentration
of fura-2. In contrast, both magnesium green and mag-
mag-fura-5 fura-5 appeared to be well suited to measuring presynaptic
magnesium green calcium currents from granule cells. The derivatives of the
stimulus-evoked fluorescence transients of these indicators
had the same time course, indicating that interactions with
the endogenous buffer did not dominate the kinetics of the
response. Furthermore, decreasing calcium entry or increas-
mag-fura-5 ing the concentrations of these two indicators did not affect
magnesium green the time course of the fluorescence changes, indicating that
the rate of rise of fluorescence was not limited by the
\ calcium binding kinetics.

“““““““““““““““ Although the derivatives of the magnesium green and

_ _ - mag-fura-5 fluorescence transients appear to provide good

FIGURE 12 Effects of varying the endogenous buffer calcium dissoci- . . .
ation rate. Simulations of d[CaF}/dor mag-fura-5 and magnesium green measures of the time course of the p_resyqaphc CaIC".Jm
in the presence of an endogenous buffer with a calcium dissociation rate durrent, they show small overshoots. It is unlikely that this
1000 M~ s71 (A), 5000 M~*s71 (B), or 15,000 M s7* (C). The dotted IS @ result of interactions between the endogenous buffer
line shows the true calcium current. The concentration of indicator usegnd the indicator (as in Fig. 12), for several reasons: 1) the
was 100uM. size and time course of the overshoot are the same for the
two indicators; 2) the overshoot lasts3—4 ms, which is
much longer than the duration predicted for interactions

good measure of the presynaptic calcium current. When thBetween these indicators and the endogenous buffer (see
off rate of the endogenous buffer is decreased to 1006 M Fig- 14); and 3) the magnitude of the overshoot is unaffected
s7%, there is a large interaction between the indicator and th&Y indicator concentration. A more likely explanation for
endogenous buffer, and magnesium green and mag_furaige overshoot is that it reflects rapid calcium extrusion from
distort the calcium current and report different time coursesthe cytoplasm; the time course of fluorescence changes is
With an endogenous buffer with a calcium dissociation ratd'ot only determined by calcium influx through ionic chan-
of 15,000 M1 s~%, magnesium green and mag-fura-5 againnelsv but is sensitive to all changes in calcium levels, in-
provide good measures of the presynaptic calcium curren€luding those mediated by the calcium ATPase and Na/Ca
Because the kinetic parameters of endogenous calciu@<changer in the plasma membrane and internal stores. As
buffers are generally not known, it is difficult to match the & result of this rapid component of calcium clearance, it will
calcium dissociation rate of the calcium indicator to that ofP€ difficult to optically measure long-lasting components of
the endogenous buffer. Fortunately, it is possible to tesg@lcium influx.
empirically the fidelity with which optical signals report the

resynaptic calcium current. As shown in Fig. 12, when the ) . ) .
P ynap 9 : e!Experlmental conditions required for optical

Iﬂetection of presynaptic calcium current

course of the optical signals, the mag-fura-5 and magnesiu
green traces are no longer similar in time course. Thusn several preparations, including the cerebellar parallel
comparing the time course of optical signals from severafibers, hippocampal mossy fibers, and hippocampal CA3 to
different indicators with different calcium affinities pro- CAL1 projections, it is possible to load many presynaptic
vides important information on the accuracy ). In  terminals simultaneously with calcium-sensitive indicators
addition, if the time course of the fluorescence transient igFeller et al., 1996; Regehr and Atluri, 1995; Regehr and
dependent on the amplitude of calcium influx (FigABor  Tank, 1991a,b; Wu and Saggau, 1994). To use the fluores-
the concentration of the indicator (fura-2 traces in Figs. Scence changes from such aggregates of en passant synapses
and 7), then the time course of calcium binding to theto infer the time course of the calcium currents, it is nec-
indicator is limited either by the kinetic parameters of theessary to perform several additional controls. We demon-
indicator or by an interaction between the indicator andstrate that the propagation time of the action potential across
endogenous buffer, and the indicator will be unsuitable forsmall (<20-um diameter) spots in the parallel fibers does
measuring calcium currents. not broaden the calcium current by more than 10% and that
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asynchrony of firing of the axons does not significantly A
affect the time course of our measurements. In addition, we [Total Ca]

show that the bandwidth of our fluorescence detector sur- —---—------ -
passes that necessary to follow calcium currents accurately

at both 24°C and 34°C. B ¥

Time course and timing of presynaptic
calcium entry [BCa]

The calcium current in granule cell presynaptic boutons was
well approximated by a Gaussian with a half-width of 650
us at 24°C and 34@s at 34°C. At 24°C the shape of this
calcium current is similar to that observed in granule cell
bodies and is consistent with simulations of calcium tran- (FCa]
sients using parameters based on calcium channels from—{_ .. . ... o
granule cells (Sabatini and Regehr, 1997; Wheeler et al.,

1996). At 34°C the decrease in calcium current duration iFIGURE 13 Example of calcium binding in a two-buffer system. After
expected as a consequence of faster calcium channel kinél_-Step incr_ease in calcium concentratigi, the e_ndogen(_)us buffer quickly
ics and the shorter duration of the action potential (McAl-P"ds calcium and then slowly release80% of it (), while fura-2 slowly

. . . and monotonically binds calciunCj. On the right, the same traces are
lister-Williams and Kelly, 1995; Nobile et al., 1990). The ghown on an expanded scale.

shape of the calcium current observed at 34°C is also

consistent with simulations based on reported properties of

voltage-gated calcium channels (data not shown). An interperivation of analytical approximation

esting aspect of the observed calcium current at 34°C is that

there is significant calcium entry before the peak of theThe differential gquatlons that describe calcium binding in a system of_two
buffers are nonlinear (see Methods, Eqgs. 1-3). However, we can derive a

action potential (Fig. 11) (Sabatini and Regehr, 1996). Elecnnear approximation to the solution to these equations that captures the
trical recordings of calcium currents in Purkinje cells pro- pasic behavior of calcium binding in a system of two buffers and is
duced by an action potential-like waveform also show thatccurate over a wide range of parameters. Using the definitions

at 3$°C galcium currents are extremely rapid an_d significgnt u=[BCal - [BCal.

calcium influx is observed at the peak of the action potential
(McDonough et al., 1997). Synaptic transmission driven by v =[FCd — [FC4dl..
this rapid calcium influx is sufficiently fast to cause a
response in the postsynaptic cell, even while the presynapt
bouton is still depolarized (Fig. 11). Based on theoretica
considerations, optical measurements of presynaptic cal- 1 du 1 d[BCal

cium entry are expected to report the onset of calcium entry |8 dt - K odt

with remarkably high fidelity. Because of the presence of

the endogenous buffer, the magnesium green signal should = U+ uv— u((B]. + [Cal. + K§) — V[B].
lag the calcium current by less than ii8. 1dv 1 dFcd

Kot K dt

C

ipe can rewrite the differential equations governing calcium buffer (Eq. 1)
S

APPENDIX: RESPONSE KINETICS OF A TWO- ]
BUFFER SYSTEM TO A STEP CHANGE IN [Ca] =Vv?+ uv— V([FL. + [Cal. + Ky — u[Fl.

In a system of multiple calcium buffers, the response of an indicator to a/Ve calculate the Jacobian matrix arounet 0,v = 0 and approximate the
change in free calcium concentration is complicated by interactions befull system by the linearized form:

tween the buffers. This is demonstrated in Fig. 13, which shows the 5
concentrations of the calcium-bound form of fura-2 and the endogenous du/dt| _ful| _ vg [BLKS Jfu
buffer after a step increase in free ca!cium from 50 nM to 35Q nM (see dv/dt “Miv| T T [F]ocki Ve Vv
Table 1 for model parameters). The time course of calcium binding for

each of the two buffers is different from the exponential increase predlcteqln whichvs, = K< + K ([X]...

for the behavior of a single buffer interacting with calcium. The ender'buffer after a step change in free calcium concentration when the other

nous buffer binds calcium very quickly, but then slowly releas@9% of ) ter is not present. The eigenvalues and corresponding eigenvectbrs of
it. The fura-2 response, on the other hand, is monotonic, with a small rapl(,;lj‘re

component and a large slow component of calcium binding. To provide a
more quantitative description of the dynamics of calcium binding in a 1
system with two buffers and to understand when these interactions will be\, ; = 5 [—(Vg + Vp)
an important determinant of the time course of calcium binding by an 2

indicator, we develop an analytical approximation to the step response of
the two-buffer system. * \/(VB +vp)® + 4BLIFLKIK. — 4vgve] (A1)

+ [Cal..) and is the equilibration rate of each
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| BEia] 1 Estimates of the relative contribution of the fast
Ei2= Eia] | — (Ve + A )([BLKD)™? (A2) " and slow exponentials

and can be used to give the solution to the linear approximation

ca) -ele Jo el

The coefficient,, C,, E,,, andE,, determine the contributions of the fast
and slow components of equilibration to the response of each of the two
1 y [BCB];C buffers. Under normal steady-state conditions within a cell, [&][F]
]e* Tslow [ ] and [Ca]<< [B], so that

y

[FCal..
(A3 [FLK )
where we have used the definitions y [B]mk‘?r
1 1 1 1 From Egs. A3 and A6, we see that the ratio of the magnitude of the fast
Tast— = — — and Tslow — = — — 1 component in the response of the endogenous buffer to its magnitude in the
Vfast )\l Vslow )\2

response of the calcium indicator is given by the ratio of the calcium
binding rates of the buffers. In the fast equilibration phase, the two buffers

The coefficients are determined by the initial conditions and are compete to bind calcium, and the buffer with the faster calcium binding

_ rate will bind more.
= A[ch EZVA[Bca] If the concentration of free calcium is small relative to the concentra-
E, — By tions of free buffers, we have
and (A4) K§ KE\ ™t
Vgl 1+ ﬁ + Vel 1+ ﬁ
c A[BCalE,, — A[FC4dl By~ — °°V v i (A7)
2 = E2y — Ely B F

) For the conditions normally present in a calcium indicator-loaded cell,
with A[BCa] = [BCa].. — [BCa], andA[FCa],. = [FCa]. — [FCal, KX/[X].. << 1, for both the endogenous buffer and the calcium indicator,
We see that after a step change in total calcium concentration, the timgiying

courses of [BCa] and [FCa] are described by the sum of two exponentials

whose magnitudes are determined®y C,, E,,, andE,,. The two buffers 1
are coupled in such a way that, despite their possibly very different kinetic E2y ~—-1 and E,= [_1]
parameters, they react to a step change in calcium concentration with a time

course that is described by a sum of the same two exponentials. Howevertherefore, the magnitude of the slow component of equilibration will be

the magnitude and the sign of the contribution of the two exponentials taxqual and opposite in the two buffers. This represents the slow process of

the response of each buffer will differ. transferring calcium from one buffer to the other until both are in equilib-
The calcium binding displayed in Fig. 13 can now be readily under-rjym with free calcium. It is interesting to note that because d[C4B¥d

stood. Because the endogenous buffer has a faster calcium dissociation ratgj[carF]/¢ during this period, the free calcium concentration will be

than fura-2, it equilibl’ates with free calcium more l’apldly than does fura'z.near|y constant, even though neither buffer has reached Steady state.

As fura-2 continues to bind calcium, the endogenous buffer attempts to From Egs. A3 and A4, we can derive an approximation for the fractional

clamp the free calcium concentration at a level determined by its affinitycontribution of the slow component of equilibration to the response of the
for calcium. This process results in fura-2 reaching equilibrium in two flyorophore:

stages: first, fura-2 binds a small amount of calcium in a competition with

the endogenous buffer; and, second, after the endogenous buffer reaches E2yC2 Vg + A, kF — kB
equilibrium with free calcium, calcium is effectively transferred from the foow = E.C +E.C =~ N — KE
endogenous buffer to fura-2 until both buffers reach steady state. 1y~1 2y~2 1 2 -

(A8)

The larger the difference between the off rates of the endogenous buffer

. . and the indicator, the greater the role played by the interaction between the
Estimates of the time constants of two buffers in determining the time course of the calcium binding to the
the exponentials indicator. On the other hand, for two buffers with the same off rate,

o . . regardless of their concentrations and on rates, no interaction terms will be

We can make further approximations and simply the equations above tgresent. For this reason, the best indicators for optically measuring calcium

understand which parameters are important in determining the time congyrrents will be those with calcium dissociation rates similar to that of the
stants of the exponentials and their relative magnitudes. From the linegjominant endogenous calcium buffer.

approximation to the square root in the eigenvalues, we can estimate We can use the approximations above to explain the results of the
BIF simulations of the effect of the presence of the endogenous buffer on the
VBV — [B]W[F]wk+k+ fluorescence transients (Fig. 5). The parameters used in our model (see
Vsiow = (A5) g . .
slow Vg + Vg Table 1) reproduce our experimental data (Fig. 2) and are similar to those

of the dominant buffer in chromaffin cells (Xu et al., 1997). Because the
and dissociation rate of fura-2 is more than an order of magnitude smaller than
that of the endogenous buffer, the fura-2 fluorescence transient is domi-
Viast= (Vg + VE — Vgiow) = Vg + Vi nated by the slow component of equilibration. Fig. 14 summarizes the
effect of indicator concentration on the kinetics of calcium binding in the
From these equations, we can show that the slow rate of equilibration ipresence of the endogenous buffer. Increasing the concentration of fura-2
slower than the equilibration rate of either buffer alone, but faster than theaccelerates the fast and slow time components of equilibration and aug-
limits imposed by the equilibration of a vanishingly small amount of either ments the relative contribution of the fast component to the response of the
buffer alone. On the other hand, the fast rate constant of equilibration of théndicator, f,; = 1 — f.. HoOwever, because the fura-2 response is
two-buffer system is faster than the rate constant of equilibration of eithedominated by the slow component, increasing the fura-2 concentration
buffer alone. does not accelerate the calcium binding kinetics as much as Eq. 8 predicts.
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