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Calcium Dynamics Associated with a Single Action Potential in a CNS
Presynaptic Terminal

Fritjof Helmchen, J. Gerard G. Borst, and Bert Sakmann
Abteilung Zellphysiologie, Max-Planck-Institut fiir medizinische Forschung, 69120 Heidelberg, Germany

ABSTRACT Calcium dynamics associated with a single action potential were studied quantitatively in the calyx of Held, a
large presynaptic terminal in the rat brainstem. Terminals were loaded with different concentrations of high- or low-affinity
Ca?* indicators via patch pipettes. Spatially averaged Ca?* signals were measured fluorometrically and analyzed on the basis
of a single compartment model. A single action potential led to a total Ca®* influx of 0.8-1 pC. The accessible volume of the
terminal was about 0.4 pl; thus the total calcium concentration increased by 10-13 uM. The Ca®*-binding ratio of the
endogenous buffer was about 40, as estimated from the competition with Fura-2, indicating that 2.5% of the total calcium
remained free. This is consistent with the peak increase in free calcium concentration of about 400 nM, which was measured
directly with MagFura-2. The decay of the [Ca®*]; transients was fast, with time constants of 100 ms at 23°C and 45 ms at
35°C, indicating Ca2™ extrusion rates of 400 and 900 s, respectively. The combination of the relatively low endogenous
Ca2?*-binding ratio and the high rate of Ca®* extrusion provides an efficient mechanism for rapidly removing the large Ca®*

load of the terminal evoked by an action potential.

INTRODUCTION

Calcium ions in presynaptic nerve terminals control trans-
mitter release, as well as several types of short-term synap-
tic plasticity (Smith and Augustine, 1988; Zucker, 1994).
During a presynaptic action potential Ca>* channels open
for less than a millisecond (Llinds et al., 1982; Borst and
Sakmann, 1996). This causes brief, localized domains of
high concentrations of intracellular free calcium ([Ca2+]i),
which trigger exocytosis of neurotransmitter-containing
vesicles, presumably through binding of calcium to a low-
affinity receptor (Augustine and Neher, 1992; Schweizer et
al., 1995). After the closure of the Ca** channels, the
domains of high [Ca®*}; rapidly collapse and the calcium
ions redistribute within the terminal by diffusion and bind-
ing to calcium buffers (Simon and Llinds, 1985; Fogelson
and Zucker, 1985; Roberts, 1994). Finally, calcium is re-
moved from the terminal cytoplasm via Ca®>* transporters
(Blaustein, 1988).

Most of the studies on presynaptic calcium dynamics that
used optical detection methods focused on the dynamics of
the volume-averaged residual free calcium, because more
localized and rapid calcium signals at present are difficult to
measure (but see Llinds et al., 1992). The dynamics of the
residual free calcium can be described by a single compart-
ment model in which spatial inhomogeneities are neglected
(Neher and Augustine, 1992; Tank et al., 1995; Helmchen et
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al., 1996). In this model Ca’* is captured by a fast endog-
enous buffer and extruded via a nonsaturable pump. The
Ca’* indicator itself is taken into account as a second,
exogenous buffer. Varying the amount of the indicator is a
method of elucidating the endogenous buffering and extru-
sion mechanisms (Neher, 1995). In addition, indicator dye
overload of a cellular compartment can be used to measure
Ca" fluxes (Schneggenburger et al., 1993; Neher, 1995).

There are few reports of Ca®>* signals measured in indi-
vidual central nervous system (CNS) presynaptic terminals
in brain slices (Jackson et al., 1991; Regehr and Tank, 1991;
Regehr et al., 1994; Borst et al., 1995). Alternatively, flu-
orescence signals from pools of labeled terminals were used
to characterize presynaptic calcium dynamics at central
synapses (Regehr et al., 1994; Wu and Saggau, 1994; Re-
gehr and Atluri, 1995). However, in this type of experiment
the concentration of the indicator dye cannot be controlled
well and quantitative measurements of [Ca”]i are difficult
because of the contribution of axons and unstimulated ter-
minals to the fluorescence signal. Recently whole-cell re-
cordings were made from large individual nerve terminals
in the medial nucleus of the trapezoid body (MNTB) in
slices of rat brainstem (Forsythe, 1994; Borst et al., 1995).
In Borst et al. (1995) we reported that single action poten-
tials evoked presynaptic [Ca®*]; transients, the size and

- duration of which depended on the concentration of the

indicator dye calcium green-SN. Here we extend this study
by measuring presynaptic [Ca®"); transients using Fura-2,
MagFura-2, and calcium orange-5N, and we describe the
dynamics of residual free calcium quantitatively according
to a single-compartment model. We were particularly inter-
ested in determining the ratio of bound Ca®>* versus free
Ca®* (the endogenous Ca®"-binding ratio) and the rate of
Ca®* extrusion, to find out how a presynaptic terminal
copes with the Ca>* load evoked by an action potential.
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MATERIALS AND METHODS
Brain slice preparation and electrophysiology

Slices from the brainstem of 8- to 10-day-old Wistar rats were prepared as
described previously (Borst et al., 1995). Briefly, rats were decapitated, and
200-pm-thick transverse slices containing the MNTB were cut in ice-cold
solution with a vibratome (Campden Instruments, Loughborough, En-
gland). The solution for slicing contained (in mM): 125 NaCl, 2.5 KCl, 3
MgCl,, 0.1 CaCl,, 25 dextrose, 1.25 NaH,PO,, 0.4 ascorbic acid, 3
myo-inositol, 2 sodium pyruvate, and 25 NaHCO,, pH 7.4, when bubbled
with carbogen (95% O,, 5% CO,). Slices were incubated for 30 min at
37°C in a solution similar to that used for slicing, but containing 2 mM
CaCl, and I mM MgCl,, and they were stored at room temperature
(22-24°C) thereafter. The same solution (either at room temperature or
prewarmed to 35°C) was used to continuously superfuse slices in the
recording chamber at 1-3 ml min~".

Slices were mounted on an upright epifluorescence microscope (Axio-
skop FS; Zeiss, Oberkochen, Germany) equipped with a 60X water-
immersion objective (NA 0.9; Olympus, Tokyo, Japan). Terminals were
visualized with an additional twofold magnification (Optovar; Zeiss) using
infrared differential interference contrast (IR-DIC) video microscopy (Fig.
1 A; Stuart et al., 1993). Tight-seal whole-cell recordings from terminals
were made with thick-walled borosilicate glass pipettes (611 M{Q resis-
tance) containing (in mM): 115 potassium gluconate, 20 KCl, 4 MgATP,
10 disodium phosphocreatine, 0.3 GTP, 10 HEPES, pH 7.2, adjusted with
KOH. The Ca”* indicator dyes Fura-2, MagFura-2 or calcium orange-5N
(Molecular Probes, Portland, OR) were added to the pipette solution at
different concentrations as noted. Presynaptic recordings were made with
one pipette, except in voltage-clamp experiments, in which two pipettes
were used.

Voltage recordings were made with an Axoclamp-2B amplifier (Axon
Instruments, Foster City, CA), filtered at 5 kHz, and digitized at 10-20
kHz. Ca®* current recordings from calyces were made with an Axopatch-
200A amplifier (Axon Instruments). Ca®* currents were isolated pharma-
cologically. K* currents were blocked by replacement of K* with Cs™ in
the intracellular solution and replacement of 20 mM NaCl with 20 mM
tetracthylammonium chloride (Sigma, St. Louis, MO) plus 0.1 mM 3,4-
diaminopyridine (Sigma) in the extracellular solution. Na* currents were
blocked with 1 uM tetrodotoxin. Series resistance (<26 M{2) compensa-
tion was set at 95% with a lag of 10 us. Currents were filtered at 3 kHz and
sampled at 20 kHz. To check the accuracy of the voltage clamp the
membrane potential was monitored with a second pipette in current-clamp
mode (Fig. 1, A and B; Borst et al., 1995). Voltages and currents were
digitized on a VMEbus computer system (Delta series 1147; Motorola,
Tampa, FL) or with Pulse Control version 4.6 (Herrington and Bookman,
1994) and a 16-bit A/D converter (ITC-16; Instrutech, Great Neck, NY).

Terminals typically had resting membrane potentials between —75 and
—80 mV and input resistances higher than 300 M(). Potentials were
corrected for a junction potential of —11 mV between the extracellular and
the pipette solution. A bipolar electrode placed in the trapezoid body at the
midline was used for orthodromic stimulation (6-25 V, 50 us). A patch
pipette that recorded extracellular currents close to MNTB synapses was
used to find presynaptic terminals that responded to orthodromic stimula-
tion (Borst et al., 1995). No preselection was made in experiments in which
the calibration constants R, K.s. OF frax Were determined. Orthodromi-
cally evoked presynaptic action potentials (Fig. 1 C) had amplitudes around
100 mV, and half-widths of 0.58 ms and 0.26 ms at room temperature and
35°C, respectively, and were followed by a depolarizing afterpotential, as
previously described (Borst et al., 1995).

Single compartment model of the terminal

Fluorescence signals of the Ca*>* indicators were collected from the whole
terminal; therefore they represent spatially averaged cytosolic Ca* signals
(Fig. 1 B). They were analyzed according to a single compartment model
(Neher and Augustine, 1992; Tank et al., 1995; Helmchen et al., 1996).
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This model assumes instantaneous Ca®* influx and neglects spatial inho-
mogeneities. For a discussion of the validity of the assumptions see the
Appendix. During a presynaptic action potential a Ca®* current I, with a
total charge of Qc, = — f I, dt flows into the terminal. The initial increase
of the average total Ca>* concentration (A[Ca]y) is given by Q. /(2 FV),
where F is the Faraday constant and V is the volume accessible to Ca®™,
Calcium is assumed to bind to a fast, endogenous buffer (S). The Ca?*-
binding capacity of this buffer is given as the Ca®*-binding ratio ks =
d[CaS)/o[Ca®*};,. The exogenously added Ca* indicator (B) competes
with the endogenous buffer (S) and as a result affects size and duration of
the [Ca®*]; transients. For data analysis the incremental binding ratio « is
used (Neher and Augustine, 1992):

. AlCaB] [BLK,
ke = A[CaT],  (Cat'ls + K)(Co o + Ky P

[Ca®*]., is the free Ca®* concentration at rest, and [Ca®*]., =
[Ca®*),eq + A[Ca®"];. [Bly is the concentration and K, the dissociation
constant of the indicator. For low-affinity indicators and small changes in
[Ca®*},, Eqg. | simplifies to «f, = [B]/K,. Ca®* removal is modeled as a
linear extrusion mechanism with a rate constant y:

&),
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The removal system may include extrusion via the plasma membrane,
uptake into intracellular organelles, or slow binding to cytoplasmic buffers
(Sala and Hern4ndez-Cruz, 1990; Neher and Augustine, 1992). Exchange
of free and bound Ca®* with the pipette solution is neglected, because this
occurs on a time scale of minutes (Fig. 2 A; Borst et al., 1995). The [Ca®*],
transient evoked by a single action potential is described by an exponential
curve with amplitude A and decay time constant 7 (Helmchen et al., 1996):

Qca/(zFV) _ 1+ Ké + Kg

A+ +r) T v )
The time constant and the inverse of the amplitude depend linearily on the
exogenously added Ca*-binding ratio xj. Measuring these relationships
makes it possible to estimate A and 7 in the absence of exogenous buffers
by extrapolation to kg = 0. Estimates of the endogenous Ca®*-binding
ratio kg can be obtained from the negative x axis intercepts of the plots of
A" and 7 versus kj, which are equal to 1 + kg (Neher and Augustine,
1992).

Fluorescence measurements

A polychromatic illumination system was used for excitation (T.LL.L.
Photonics, Munich, Germany). Fura-2 was excited at 357 nm (isosbestic)
and 385 nm for ratiometric {Ca®>*}, measurements, and at 380 nm in the
overload experiments. MagFura-2 and calcium orange-5N were excited at
380 nm and 545 nm, respectively. Excitation light was coupled to the
microscope via a light guide. UV light was attenuated to 10-40% with
neutral density filters. A 500-nm dichroic mirror and a 510-nm long-pass
emission filter (T.LL.L. Photonics) were usually used for measurements
with Fura-2 or MagFura-2. A 560-nm dichroic and a 565-595-nm band
pass (Omega Optical, Brattleboro, VT) were used for measurements with
calcium orange-5N. In the Fura-2 overload experiments fluorescence was
normalized to the fluorescence of beads that have an excitation maximum
at 470 nm; therefore a 400-nm dichroic and a 410-nm long pass were used.
Fluorescence was measured using a 12-bit, cooled charge-coupled device
(CCD) camera (ATC-5; Photometrics, Tucson, AZ). An action potential
evoked a fluorescence signal, the duration of which strongly depended on
the affinity and the concentration of the indicator used (Fig. 1, D-F). This
reflects the competition for Ca®* between the endogenous buffers and the
Ca®>* indicator. Three different experimental approaches were used to
quantitatively measure the different aspects of the Ca** dynamics associ-
ated with a single presynaptic action potential as outlined below.
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FIGURE 1 Ca®* signals in the calyx of Held evoked by single action potentials. (A) IR-DIC video image of a MNTB principal neuron, covered by a
calyx of Held, in a rat brainstem slice. The tips of two pipettes recording from the same terminal are shown. Scale bar, 10 um. (B) Fluorescence image
of the calyx shown in A, the preterminal axon (top right) and the two attached pipettes (containing 1 mM Fura-2). Squares indicate regions selected in
different types of fluorescence measurements. For ratiometric measurements and for measurements with low-affinity indicators, regions containing the
terminal but not the pipette were selected (rectangle with dashed lines). In the Fura-2 overload experiments, a larger region was selected (rectangle with
solid lines). The fluorescence of one or two pipettes within this larger region did not affect the measurements, because only the changes of the absolute
fluorescence intensity were evaluated. (C) Presynaptic action potential in a calyx of Held, followed by a depolarizing after-potential. The action potential
was evoked by orthodromic stimulation. Resting membrane potential was —80 mV, temperature 23°C. (D—F) Presynaptic fluorescence signals evoked by
single action potentials in terminals loaded with different calcium indicators. Time scale applies to D-F and is different from C. (D) Increase in the free
calcium concentration (A[Ca®" };), measured ratiometrically using 50 uM Fura-2. An exponential curve is fitted to the decay of the transient (time constant
440 ms). (E) Relative fluorescence change AF/F of the low-affinity indicator MagFura-2 at 380-nm excitation (average of 20 sweeps). (F) Fluorescence
change at 380-nm excitation (AF4,) under conditions of Fura-2 overload (1 mM). AFg, is given in bead units (BU). The fluorescence decrement was
evaluated as the difference between the baseline and a regression line to the fluorescence signal in the 0.5 s after the action potential (thicker lines). All
measurements were made at 23°C.

Ratiometric [Ca®*], measurements point after the peak and extended to three times the time interval to decay
to 10% of the peak change. The amplitude of the [Ca®*]; transients is given
as the value of the exponential fit at the moment of the action potential.
Fluorescence signals were converted to [Ca®*], using the standard
ratioing equation (Grynkiewicz et al., 1985). Calibration parameters were
obtained from in vivo calibrations. R,;, and the effective binding constant
K¢ were determined by loading at least three terminals at each temperature

Fura-2 measurements of [Ca®>*]; were done using 357/385 nm ratioing at
33-40 Hz (Fig. 1 D). Each frame transfer on the CCD chip was synchro-
nized with a change in the excitation wavelength. The average fluorescence
from a region containing a terminal but no pipette (Fig. 1 B, broken square)
was measured by binning the pixels on the CCD chip. Background fluo-
rescence was measured directly before and after each sweep from an
adjacent region, interpolated linearily, and subtracted (Helmchen et al., with the intracellular solution containing 20 mM EGTA and 13.3 mM
1996). Small fluorescence offsets between the terminal and the background CaEGTA plus 6.7 mM EGTA, respectively (the dissociation constant of
region, observed before break-in, were corrected. Single exponentials were EGTA was assumed to be 145 nM and 119 nM at 23°C and 35°C,
fitted to the decays of the [Ca®*]; transients with a fit range that started one respectively; Groden et al., 1991). At the end of four experiments at 23°C
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and six experiments at 35°C, R, was determined by stimulating the
terminals for up to 4 s at 100 Hz, which led to saturation of the Fura-2
response. The dissociation constant (K,y) of Fura-2, calculated as K; = K¢
(Rmin/Rinax) (Neher and Augustine, 1992), was 273 and 263 nM at 23°C
and 35°C, respectively.

Ca®™ signals measured using low-affinity indicators

Fluorescence signals of MagFura-2 and calcium orange-5N were measured
at a single excitation wavelength at a frame rate of 100 Hz (e.g., Fig. 1 E).
The selected terminal regions were similar to those used for ratiometric
measurements. Background-subtracted signals are expressed as relative
fluorescence changes from prestimulus levels (AF/F). Single action poten-
tials evoked changes of only 1% or less; therefore 20-50 sweeps were
typically averaged to obtain a sufficient signal-to-noise ratio. The K, values
of MagFura-2 and calcium orange-5N were assumed to be 45 uM (Konishi
and Berlin, 1993) and 20 uM (Molecular Probes catalog), respectively,
which are based on in vitro measurements. We did not try to determine the
K, values in vivo. The K, values may be twice as high in cytoplasm than
in vitro (Zhao et al., 1996), but this would change our estimate of the
endogenous Ca®*-binding ratio in Fig. 3 B only from 20 to 35. For
MagFura-2, AF/F was also converted to absolute {Ca®*|; values using the
formula (Jaffe et al., 1992)

ron [Ca o + K(AFIF)(AFIF),,
() = AFFIGFP )

4)

where (AF/F),,,, is the maximum fluorescence change upon saturation.
The fluorescence intensity of MagFura-2 at 380-nm excitation decreases
with increasing [Ca®*];; therefore (AF/F),,,, cannot exceed 100%. At the
end of three experiments with MagFura-2, terminals were stimulated for 8 s
at 100-200 Hz, which led to membrane depolarization, massive Ca>*
influx, and fluorescence changes up to 74—80%. We assume that this is
close to the maximum fluorescence change and used 78% for (AF/F),,,.
For small AF/F values ((AF/F) << (AF/F),,..). as is the case for an action
potential, Eq. 4 simplifies to a linear relationship between the increase in
[{Ca®*); and AF/F:

Ky

A[Caﬂ]i = [Caz+]i - [Caz+]rest = W

(AF/F). (5)

Fura-2 overload

Fura-2 (1 mM) was used to overload terminals and to measure the total
Ca’" influx per action potential (Fig. 1 F). The decrement in absolute
Fura-2 fluorescence (AFy4,) evoked by a Ca’" influx depends on the
relative amount of the exogenous and the endogenous Ca®*-binding ratio
(Neher, 1995):

Kp

AFsg = AF 0% kst wl)

(6)

In the case of dye overload (xy >>> kg) the decrement approaches the
maximum value AF, ., which is directly proportional to the total Ca’™*
influx:

AF}SO = Aqux :f;nux QCa (KIIE == KS)' (7)
Fluorescence decrements were evaluated as the difference (at the moment
of the action potential) of the regression lines to 0.5 s before and after the
fluorescence step (Fig. 1 F). The proportionality constant f, . (also termed

maximum F/Q ratio; Schneggenburger et al., 1993) was determined by
measuring fluorescence decrements evoked by Ca®* currents in the pres-
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ence of Na* and K* channel blockers. To account for changes in the
illumination intensity or the detection efficiency in the course of these
experiments, AF ., was normalized to the fluorescence of beads (4.5-um-
diameter fluoresbrite BB beads, lot 460565; Polysciences, Warrington, PA)
and expressed in “bead units” (BU) (Schneggenburger et al., 1993). The
bead unit was measured on each experimental day as the mean fluores-
cence of five beads at 380-nm excitation. Fluorescence signals were
measured on a fixed region of the CCD chip, corresponding to a region of
31 X 31 wm? (Fig. 1 B, solid square). We chose a large fixed region and
focused on the center of the synapse to ensure that all terminal fluorescence
was captured. Control measurements in which the focal plane was varied
showed that even with complete defocusing (Az = 30 um), AF s, still was
60-70% of the in-focus value.

3D image reconstruction

Fluorescence images were taken at different focal planes (Az = 0.85 um)
with 0.5- to 1-s exposure time, using the additional twofold magnification
(resulting pixel size, 0.17 um) and a piezoelectric focusing device attached
to the objective (PIFOC P-721.10; Physik Instrumente, Waldbronn, Ger-
many). The three-dimensional image was deblurred in Fourier space with
a simple inverse filtering approach (Agard et al., 1989):

OTF

F=Corr+a

(8)

G and F are the 3D Fourier transforms of the raw image and the deblurred
image, respectively, and OTF is the 3D optical transfer function of the
microscope. A theoretical approximation was used for the OTF (Erhardt et
al., 1984), and the restoration parameter a was set to 0.001.

Estimate of accessible volume

The volume (V) of the nerve terminal accessible to Ca?* was determined
in two different ways. First, V was calculated by using the time constant of
Fura-2 loading (7 ) and the pipette series resistance (Rg) according to the
equation given in Oliva et al. (1988):

_ P DFura-Z

x. ©
A value of 166 um? - s~ ' was used for the diffusion coefficient of Fura-2
Dgyr, > (Adler et al., 1991) and 70 € - cm for the specific resistance p of
the pipette solution. The values obtained from Eq. 9 may not be accurate,
because it neglects the diffusional sink of the preterminal axon and because
of the uncertainty in the values for the diffusion constant of Fura-2 and the
cytoplasmic resistivity. Alternatively, V was calculated using an equation
given in Neher and Augustine (1992):

. Qc. Fisy (Rr;iln - R;u:x)
T 2F[B)ly AF ’

max

1% (10)

where Fi5; is the isosbestic absolute fluorescence intensity after full
loading with Fura-2. In addition, an estimate of the total terminal volume
was obtained from the reconstructed terminals, as described in the legend
of Fig. 6.

RESULTS
Loading of nerve terminals with Ca®* indicators

Presynaptic terminals (calyces of Held) in the medial nu-
cleus of the trapezoid body (MNTB) in rat brainstem slices
were visualized using IR-DIC video microscopy and loaded
with fluorescent Ca*>* indicators via whole-cell patch pi-
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FIGURE 2 [Ca®*]; transients during Fura-2 loading. (4) Loading of a presynaptic terminal with 100 uM Fura-2 was monitored using the fluorescence

at the isosbestic excitation wavelength (line). [Ca®* ], transients evoked by single action potentials were measured at 12— 60-s intervals during Fura-2 loading
(indicated by circles). (B) Fluorescence signals at 385-nm excitation (F,gs) and the corresponding transients after conversion to [Ca®*];, measured directly
after break-in, during Fura-2 loading and after complete loading (filled circles in A). Absolute fluorescence is expressed in analog-to-digital units (adu) of
the CCD camera. Fluorescence changes AF;45 were evaluated as the difference between the prestimulus fluorescence level and a regression line fitted to
six to eight data points after the maximum fluorescence decrease. Exponential curves were fitted to the decays of the [Ca®"]; transients with time constants
of 0.20, 0.80, and 1.13 s, respectively. (C-E) Absolute fluorescence decrement AFsqs, decay time constant 7, and inverse of the peak amplitude A™' as a
function of the Fura-2 Ca®*-binding ratio xp. The smooth curve in C is a fit according to Eq. 6, with AF, . and kg as free parameters (kg = 37). Regression
lines through the first eight points of the T and the A™! plots yielded extrapolated y axis intercepts corresponding to 0.104 s and 404 nM for time constant
and amplitude at kg = O (regression coefficients r of 0.93 and 0.99, respectively). Negative x axis intercepts were 25 and 31, respectively. All data are from

the same experiment at 23°C.

pettes (Fig. 1, A and B). The structure of the terminals was
similar to the published descriptions of the calyx of Held at
this developmental stage, with finger-like extensions of the
preterminal axon covering large parts of the principal neu-
ron (see also Fig. 6; Morest, 1968; Forsythe, 1994; Borst et
al., 1995). Single presynaptic action potentials were evoked
by orthodromic stimulation (Fig. 1 C), and the fluorescence
of the Ca®>* indicator was measured with a CCD camera
(Fig. 1, D-F). We used three different experimental ap-
proaches, examples of which are shown in Fig. 1, D-F, and
which are described in detail in Materials and Methods, to
quantitatively study presynaptic calcium dynamics in indi-
vidual nerve terminals.

Presynaptic [Ca2*]; transients strongly depend on
Fura-2 concentration

The high-affinity indicator Fura-2 was used to determine the
effect of an added Ca®" buffer on the [Ca*]; transients and
to estimate the endogenous Ca”*-binding ratio of the ter-
minals. We studied how size and duration of presynaptic
[Ca2™]; transients depended on the exogenous Ca®*-binding
ratio by measuring transients during loading with an inter-
mediate concentration of Fura-2 (100 uM at 23°C; 160 uM
at 35°C). A terminal region not containing the pipette and a
background region were selected based on the IR-DIC im-
age, when the pipette was still in the cell-attached recording
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configuration. After break-in, every 12-60 s a single action
potential was elicited in current clamp by orthodromic stim-
ulation. At the same time Fura-2 fluorescence signals were
measured at 357- and 385-nm excitation. The Ca”*-insen-
sitive fluorescence (Fs,) was used to monitor the diffusion
of Fura-2 into the terminal. We assumed that the concen-
tration of the indicator dye in the terminal was equal to the
concentration in the pipette when Fs, reached a plateau
level (Fig. 2 A). Indicator dye loading followed an approx-
imately exponential time course, and was complete within
5-10 min with series resistances of the loading pipette of
20-30 M(}. The Fura-2 concentrations were used to calcu-
late the Ca”*-binding ratio of Fura-2 (kp) at the moment of
each measurement (Eq. 1). Resting calcium concentrations
were around 40 nM.

The decrement of the fluorescence intensity at 385-nm
excitation (AF;g5) that was evoked by a single action po-
tential increased during Fura-2 loading (Fig. 2 B, upper
traces). At full loading with 100 uM Fura-2 (corresponding
to a kp of about 230), AF;gs already approached the max-
imum value AF, ., as seen from the fit of Eq. 6 to the plot
of AFsgs versus Fura-2 Ca®>*-binding ratio «p (Fig. 2 C).
The half-maximum value of AF;g5 provides an estimate of
the endogenous Ca**-binding ratio kg and was on average
44 £ 6 at 23°C (n = 8, mean * SEM). This means that the
addition of about 25 uM Fura-2 doubles the Ca®*-binding
capacity of the terminal. The fluorescence signals were
ratiometrically converted to [Ca®*];. The [Ca®"]; transients
progressively decreased in amplitude during Fura-2 loading,
and their time course was prolonged (Fig. 2 B, lower traces).
The dependencies of the decay time constant (7) and of the
inverse of the amplitude (A™') on kj were both well de-
scribed by a linear relationship according to Eq. 3 (Fig. 2, D
and E). Extrapolation to kg = 0 yielded 407 * 90 nM and
91 * 13 ms as estimates of the amplitude and the time
constant of the Ca®* signal in the absence of exogenous
buffers (n = 8; 23°C). At 35°C, amplitudes of the transients
were similar, but the decays were faster (see below Table 1).
The negative x axis intercepts of the plots of 7 and A~'
versus kp provide another estimate of the Ca®*-binding
ratio kg of the endogenous buffer (Neher and Augustine,
1992; Helmchen et al., 1996). Average kg values obtained
by this method were between 26 and 71 with a mean of
about 40. Thus, about 2.5% of the calcium ions entering the
presynaptic terminal during an action potential remain free.

Low-affinity indicators reveal large and fast
presynaptic [CaZ*]; transients

As shown in Fig. 2, a high-affinity Ca”* indicator such as
Fura-2 alters the presynaptic [Ca®*]; transients. Indicators
with a lower affinity increase the Ca”*-binding capacity of
the terminal only a little and for this reason are expected to
affect [Ca2+]i transients much less. Therefore, we measured
[Ca®*]; transients with the low-affinity indicators Mag-
Fura-2 and calcium orange-5N, and compared their size and
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time course with the results obtained with Fura-2 by extrap-
olating to zero concentration of Fura-2.

Single action potentials evoked relative fluorescence
changes of the low-affinity indicators of only 1% or less
(Fig. 3 A). Therefore, after 10 min of dye loading, 20-30 (in
a few cases 50-100) sweeps were acquired in 30-s intervals
and averaged. The signals measured with 400 uM Mag-
Fura-2 reached peak values within two sample points (i.e.,
within 20 ms) and decayed back to resting levels with time
constants of 106 = 6 ms and 45 * 3 at 23°C and 35°C,
respectively (Fig. 3 A, left traces). MagFura-2 signals were
converted to A[Ca”*]; using Eq. 5. Peak amplitudes of the
transients were on average 400—-500 nM. The results of the
experiments with Fura-2 and MagFura-2 agree well (see
below Table 1). Transients with the amplitudes and time
constants obtained by extrapolation to zero Fura-2 concen-
tration superimpose well on the transients measured with
400 uM MagFura-2 (Fig. 3 A). If the endogenous Ca®*-
binding ratio is as low as 40 (the value estimated in the
previous section), the [Ca2+]i transient is expected to de-
pend on the concentration of the low-affinity dye as well.
Therefore, we also measured transients with 2 mM Mag-
Fura-2, corresponding to an exogenous Ca’*-binding ratio
of about 40 (Fig. 3 A, middle traces). Indeed, the transients
were both reduced in size and prolonged by a factor of 2.2
compared to those measured with 400 uM. Action poten-
tials evoked fluorescence signals of calcium orange-5N with
similar time courses. This demonstrates that the MagFura-2
signals were caused by changes in the Ca®>* concentration
and not in the Mg®* concentration, because, in contrast to
MagFura-2, calcium orange-5N fluorescence is not sensi-
tive to Mg?*. The decays of the transients measured with
400 uM calcium orange-5N were slightly slower than those
measured with 400 uM MagFura-2 (Fig. 3 A, right traces).
In Fig. 3 B the decay time constants, measured with differ-
ent dyes at different concentrations, are plotted versus the
exogenous Ca’*-binding ratio. From the negative x axis
intercepts an endogenous Ca”*-binding ratio of about 20 is
obtained. In conclusion, the low-affinity dyes and Fura-2
yielded similar estimates for the size and the time course of
the [Ca®*]; transients in the absence of exogenous buffers,
as well as for the endogenous Ca”*-binding capacity.

Using Fura-2 overload to measure the total Ca®*
influx per action potential

As demonstrated above, Fura-2 distorts the presynaptic
[Ca®*]; transients because of its high affinity for Ca®**. On
the other hand, this property can be used to measure the
number of calcium ions entering the terminal during an
action potential. If the endogenous Ca”*-binding ratio kg of
the terminal is known, a Fura-2 concentration can be chosen
to overload it (kg >> kg). Assuming a resting Ca®>* con-
centration of 40 nM, 1 mM Fura-2 corresponds to a kj of
about 2600, considerably larger than the value of 40 esti-
mated for ks. Hence at this concentration Fura-2 outcom-
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FIGURE 3 Ca®" signals measured with low-af-
finity Ca®* indicators. (A) Fluorescence signals
evoked by single action potentials in presynaptic
terminals loaded with 400 uM or 2 mM MagFura-2,
or with 400 uM calcium orange-5N. Each trace is an
average of 20—80 sweeps taken at a frame rate of
100 Hz. Upper traces were measured at 23°C, lower
traces at 35°C. Signals are expressed as percentage
changes of the fluorescence AF/F. MagFura-2 sig-
nals were also converted to changes in calcium
concentration (A[Ca®*],) using Eq. 5. Dashed curves
represent exponential [Ca®*}; transients for kp = 0
using the amplitudes and time constants obtained by B

35°C
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petes the endogenous buffers, and virtually all calcium ions
that enter the terminal bind to Fura-2.

According to Eq. 7, under these conditions the fluores-
cence decrement at 380-nm excitation (AF;q,) is propor-
tional to the total Ca®" charge (Qc,). To determine the
proportionality constant f,,.. between AFsg, and Qc, we
measured fluorescence decrements that were evoked by
pharmacologically isolated presynaptic Ca?* currents (Fig.
4). Ca®" currents were evoked by 10-ms voltage steps to
different potentials (Fig. 4 A). To check the accuracy of the
voltage clamp, the membrane potential was monitored with
a second pipette in current-clamp mode (Borst et al., 1995).
Ca?"* currents activated around —40 mV and had peak
amplitudes of 1.5-2 nA at around 0 mV. Simultaneously
measured fluorescence decrements were large and depended
on the membrane potential as well (Fig. 4 B). Fig. 4 C shows
the voltage dependence of AFg, and of Q,, which was
obtained by integrating the Ca®" currents. Both curves
superimpose, and f,,,, was determined as the slope of the
plot of AF;g, versus Qc, (Fig. 4 C, inset). In three experi-
ments with maximum voltage escapes of less than 10 mV,
foax Was 15 = 0.5 BU - nC ™. In an additional four exper-
iments with maximum voltage escapes larger than 10 mV,

1 r T I T I T I 1

100 200 300 400
exogenous Ca2*-binding ratio

fiax Was between 13.2 and 16.4 BU - nC™'. A different
protocol, in which voltage steps to 0 mV with progressively
increasing pulse durations were given, yielded similar val-
ues for f,,,, (data not shown).

Knowing f,,,, we quantified the total Ca®" influx per
action potential in normal extracellular solution. In termi-
nals loaded with 1 mM Fura-2, single action potentials
evoked fluorescence signals consisting of an initial decre-
ment followed by a slow recovery (Fig. 1 F). The AFsq,
values were converted to Ca®* charge according to Eq. 7.
On average the charge carried by calcium ions was 0.96 +
0.06 pC at 23°C (n = 14) and 0.82 = 0.05 pC at 35°C (n =
6). This means that 2.5-3 X 10° calcium ions (about 4-5 X
1076 pmol) enter the presynaptic terminal during an action
potential. According to our estimate of the endogenous
Ca’*-binding ratio, 2.5% of this number, i.e., 6-8 X 10*
calcium ions, remain free.

Dependence of presynaptic Ca®* influx on
external calcium

Because the total Ca®* influx per action potential could be
quantified, the modulation of presynaptic Ca** influx was
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FIGURE 4 Determination of f,,,, using voltage clamp of presynaptic Ca>* currents. (4) Voltage clamp of a terminal to different command potentials at
10 mV increments from a holding potential of —80 mV. (Upper traces) Membrane voltage measured with a separate pipette. Dashed lines are command
voltages. (Lower traces) Ca>” current (Ic,) recordings. Numbers on the right indicate command voltages. Every second voltage and current record is shown.
The passive current response to the step to —70 mV was used to correct for leak and capacitive currents after appropriate scaling. (B) Simultaneously
measured absolute fluorescence changes at 380-nm excitation (AF,40) with 1 mM of Fura-2 in the terminal. Numbers on the right indicate command
voltages. (C) Charge Q. (open circles) and fluorescence decrement AF g, (open squares) as a function of membrane potential. O, was obtained by
integrating the current traces shown in A. The smooth curve is a cubic spline through the Q, data points. The value of £, ,, was determined as the slope
of the regression line of the plot of AFyg, (in BU) versus Ca®* charge in pC and was 15.1 BU - nC™! in this experiment (inset; r > 0.999). Data are from

the calyx shown in Fig. |, A and B.

studied at the level of a single mammalian CNS synapse.
We measured the dependence of presynaptic Ca®* influx on
the external calcium concentration [Ca2+]0. After a 10-min
loading period with 1 mM Fura-2, fluorescence decrements
AF 4, were evoked every 40 s by single action potentials.
[Ca2+]0 was lowered from 2 mM (control) to concentrations
in the range of 0.25 to 1.5 mM, while [Mg?* ], was adjusted
to keep the total extracellular divalent concentration con-
stant. In the experiment shown in Fig. 5, AF,,, was 0.0135
BU in 2 mM [Ca®"], (Qc, = 091 pC). Reduction of
[Ca®*], to 1 and 0.25 mM reduced AFsg, to 63 and 18%,
respectively (Fig. 5, A and B). Q, returned to the control
value after switching back to 2 mM [Ca2+]o, even after
almost 1 h of whole-cell recording. This was regularly
observed, except in one experiment in which Q., had in-
creased to 140% of its initial value after 50 min. Fig. 5 C
shows the relationship between Q, and [Ca®*], as obtained
from 14 experiments. It is nearly linear for low external
Ca** concentrations and shows some saturation of Qc. at
higher concentrations. Saturation of presynaptic Ca*>* in-
flux with increasing [Ca®"], has been attributed to the
binding of permeating calcium ions to the pore of the
calcium channels and can be described by a bimolecular
binding process (Augustine and Charlton, 1986). Thus, with
the method of Fura-2 overload the modulation of action
potential-evoked Ca”>* influx in individual CNS nerve ter-
minals can be studied.

Volume estimate of the presynaptic terminal

To correlate the number of calcium ions flowing into the
presynaptic terminal with the measurements of free Ca®*
concentration, we obtained several estimates of the terminal
volume. The total volume of the terminals was estimated
from nine stacks of fluorescence images that were acquired
after retraction of the pipette (Fig. 6 A). Terminals were
reconstructed by deblurring the three-dimensional image,
and a threshold gray level was set to obtain an estimate of
the total terminal volume, yielding a range of 350-1050
pm? (Fig. 6, B and C). This estimate, however, is rough and
may include volume not accessible to Ca®*.

The volume accessible to Ca®* (V) was determined using
Eqgs. 9 and 10 (see Materials and Methods). In a simple
description of dye loading, the intraterminal dye concentra-
tion rises exponentially with a time constant 7,, which
depends on the pipette series resistance, the resistivity of the
pipette solution, the diffusion constant of Fura-2, and V (Eq.
9). This assumes that the tip of the pipette forms the major
diffusional barrier, which has already been shown for dye
loading of the calyx (Borst et al., 1995). For the Fura-2
loading experiments, V calculated in this way was between
200 and 620 wm’, with an average of 390 * 53 um® (n =
8). Alternatively, an equation based on the usage of the
isosbestic wavelength was applied (Eq. 10). In the Fura-2
loading experiments, the relevant parameters of Eq. 10 were
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FIGURE 5 Dependence of total Ca®>* influx per action potential on
external Ca®* concentration. (A) Fluorescence decrements at 380-nm ex-
citation (AF,g,) with 0.25, 1, and 2 mM external Ca®* concentration
([Ca®*],) measured in a presynaptic terminal that was filled with | mM
Fura-2. Each trace is an average of nine sweeps. Decrements were ex-
pressed in bead units (BU) and converted to Ca®>* charge (Qc,) using f,a
(scale bar in pC). (B) Time course of Q, during the experiment. Single
action potentials were evoked at 40-s intervals, and [Ca®*], was lowered
from 2 mM (control) to 1 and 0.25 mM during two periods, each lasting 10
min. The sweeps measured during the periods indicated by the dotted lines
were averaged to obtain the traces shown in A. (C) Summary plot showing
the dependence of Qc, on [Ca”*],. Data are shown as mean = SEM (n =
4-6). The data are well described by a bimolecular binding reaction with
a dissociation constant of 3.6 mM (solid line).

either measured or known from calibration experiments.
Using the derived values for AF,,, (Fig. 2 C) and a value
of 0.96 pC for Qc,, V was in the range of 170-570 um?,
with an average of 390 = 50 pm® (n = 8, 23°C). Thus Eqgs.
9 and 10 both yield an estimate for V of about 400 um> (0.4
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pD). This also agrees reasonably well with the rough estimate
for the total terminal volume. In addition, it is consistent
with the estimates of the free Ca®>" concentration change
and of the endogenous Ca>*-binding ratio. This can be seen
by dividing the number of calcium ions entering the termi-
nal (4-5 X 10~° pmol) by 0.4 pl, which yields 10-13 uM
for the average total Ca’" concentration change in the
terminal. Taking into account that about 2.5% of the cal-
cium ions remain free, this is in reasonable agreement with
the measured increase in the free Ca®" concentration of
about 400 nM.

Table 1 and Fig. 7 summarize the results obtained for the
Ca’* dynamics associated with a single action potential in
the calyx of Held. Values for all aspects according to the
single compartment model are given. The Ca®’-binding
ratio was obtained from the plots of A", 7, or AFsg5 versus
the Fura-2 Ca’*-binding ratio k. Amplitude and decay
time constant of the [Ca®>*); transient, nearly unaffected by
exogenous buffers, were determined either by extrapolation
of the Fura-2 loading experiments or by direct measurement
using MagFura-2.

DISCUSSION

The following picture of Ca®* dynamics associated with a
single action potential in the calyx of Held arises. During an
action potential 4—5 X 10~ pmol of calcium ions enter the
terminal, which has an accessible volume of about 0.4 pl.
This causes an increase in the total concentration of calcium
(free and bound) by 10-13 uM. With an endogenous Ca**-
binding ratio of about 40, 2.5% of the inflowing calcium
remains free, yielding 300—400 nM for the increase in
cytoplasmic [Ca®*],. The removal of free Ca*" is rapid,
with a rate of up to 900 s~ at physiological temperatures.
This means that after an action potential [Ca*]; returns to
the resting level after 100 ms (Fig. 7). The independent
measurements of Ca>" influx, volume, and Ca®>" concen-
tration and the values for the Ca>* -binding ratio and for the
size and duration of the [Ca®*]; transients (determined by
low- and high-affinity indicator measurements) are consis-
tent with this picture of Ca®" influx, buffering, and extru-
sion (Table 1).

Influx

Direct measurements of the presynaptic Ca*>* current at the
squid giant synapse and at the rat MNTB synapse have
shown that inflow occurs during the repolarization phase of
the action potential and lasts less than 1 ms (Llinds et al.,
1982; Borst and Sakmann, 1996). In these studies Ca®*
currents were pharmacologically isolated and were evoked
by action potential waveform voltage-clamp commands.
We extended the method of Fura-2 overload, which previ-
ously has been used to determine fractional Ca>* currents
through ligand-gated ion channels (for a review see Neher,
1995), to the measurement of the time integral of the Ca**
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FIGURE 6 Volume estimate of a calyx of Held from a 3D reconstruction. (A) Fluorescence images of a calyx of Held loaded with 400 uM MagFura-2,
taken at different focal planes after retraction of the patch pipette. From left to right, the focal plane changes from above to below the principal neuron.
The preterminal axon entering the slice is seen in the rightmost images in the upper right corner. (B) Deblurred images after applying a 3D restoration filter
to the stack of fluorescence images. (C) Binary images obtained by a threshold segmentation of the deblurred images shown in B. The threshold gray value
was set to 3 times the gray level in the center of the middle section after deblurring (the position of the unstained principal neuron), and volume elements
with gray values above the threshold were assigned to the terminal. Scale bar, 10 pwm.

current during an action potential (Q,) in normal extracel-
lular solution. The value of 0.96 pC for Q, that we ob-
tained at 23°C agrees well with the time integral of the
presynaptic Ca®" current at the calyx of Held (0.89 pC;
Borst and Sakmann, 1996). This charge corresponds to
1.4 X 10* calcium ions entering the terminal per vesicle
released, assuming a quantal content of 210 at the MNTB
synapse (Borst and Sakmann, 1996). At 35°C the value of
QOc. was only slightly smaller than at 23°C, although the
half-width of action potentials was about half as long.
Apparently, temperature-dependent changes of Ca”>* chan-
nel properties compensate for the reduction in the duration
of the action potential. Q, depended slightly sublinearly on
the external calcium concentration, in agreement with pre-
vious reports (Augustine and Charlton, 1986; Mintz et al.,
1995; Borst and Sakmann, 1996). Measuring changes in
presynaptic Ca®" influx using Fura-2 overload may prove
useful for pharmacological studies of the relative contribu-
tion of Ca®* channel subtypes to fast transmitter release

(Wu and Saggau, 1994; Mintz et al., 1995) and of the
modulation of Ca’* influx by presynaptic adenosine,
GABAg, or metabotropic glutamate receptors (Barnes-Da-
vies and Forsythe, 1995).

Buffering

The endogenous Ca”*-binding ratio (k) was in the range of
~40, meaning that 97.5% of the calcium entering the ter-
minal during an action potential is rapidly bound to endog-
enous Ca’* buffers. Previous estimates for kg range from
40 in squid axoplasm (Brinley, 1978), 174 in isolated rat
neurohypophysial nerve endings (Stuenkel, 1994), 600 at
the crayfish neuromuscular junction (Tank et al., 1995), to
>10,000 in rat synaptosomes (Martinez-Serrano et al.,
1992; for review see Neher, 1995). Differences in experi-
mental conditions are likely to contribute to this extremely
large range of k. For example, kg could depend on the size
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Qcaz 1 pC
influx
volume V= 0.4 pl
buffering Ca?*-binding ratio x, = 40
A[Ca?), = 400 nM
extrusion Z

rate y = 900 s

FIGURE 7 Schematic drawing of the Ca®>*
compartment model.

TABLE 1 Ca?* dynamics in the calyx of Held associated with
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40 mV
v, —v
T
A 200 "M
2+ — |
[Ca™} 50 ms

dynamics associated with a single action potential in the calyx of Held at 35°C according to the single

a single action potential

23°C 35°C

Resting membrane potential (mV) -76 * 1 (18) -717+1 Qan
Action potential amplitude (mV) 104 =2 (18) 94 *+2 amn
Action potential half-width (ms) 0.58 = 0.03 (18) 0.26 = 0.02 an
Resting [Ca?*]; (nM) 46 = 7 8) 39+7 8)
Total Ca* influx Qc, (pC) 096 =006 (14) 0.82 + 0.05 6)
Accessible volume V (Eq. 9) (um®) 390 = 53 8) 510 £ 62 (8)
Accessible volume V (Eq. 10) (um®) 390 + 50 8) 31517 (8)
Ca?*-binding ratio kg (from AF;gs) 4 +6 ®) 71 =13 ®)
Ca*-binding ratio xg (from 7) 264 (8) 49 * 23 (8)
Ca”*-binding ratio ks (from A™") 416 ®) 377 8)
Amplitude* A (nM) 407 = 90 (8) 486 * 82 (8)
Amplitude* A (nM) 443 * 36 5 507 *+ 49 3)
Decay time constant* T (ms) 91 + 13 8) 47 * 16 (8)
Decay time constant” 7 (ms) 106 = 6 S) 453 3)
Ca®* extrusion rate y (s™") ~400 ~900

* Values from extrapolation to zero Fura-2 concentration.
# Values from terminals loaded with 400 uM MagFura-2.
All values are given as mean = SEM (number of experiments).

of the Ca®* load, being higher after larger Ca’* loads
(Stuenkel, 1994). On the other hand, the wide range of kg
values may reflect differences in the content of Ca®*-
binding proteins. However, at present the nature of endog-
enous Ca’* buffers is not well defined, and expression of
Ca* -binding proteins is developmentally regulated (Friauf,
1993; Lohmann and Friauf, 1996).

We did not directly address the question of mobility of
endogenous buffers. However, the [Ca®*}; transients extrap-
olated from Fura-2 measurements during the first minutes
after break-in agreed well with the average [Ca®*]; tran-
sients measured 10—30 min after break-in with low-affinity
indicators (Fig. 3 A). In addition, the mobile Ca®* buffer
BAPTA reduces postsynaptic currents at the MNTB syn-

apse substantially when present in the terminal at a concen-
tration of 1 mM, whereas BAPTA at 50 uM does not alter
synaptic transmission measurably (Borst et al., 1995). Both
observations suggest that the endogenous buffer in the calyx
of Held is rather immobile, in agreement with reports on
other preparations (Neher, 1995).

In the MNTB, the content of Ca*>*-binding proteins is
different in the neuropil and in the cell bodies of principal
neurons (Friauf, 1993; Lohmann and Friauf, 1996). This
suggests that the Ca”* -binding ratio of the pre- and postsyn-
aptic compartments at an individual synapse could be dif-
ferent. The Ca’*-binding ratio in the principal neurons of
the MNTB has not yet been determined. However, in the
proximal dendrites of neocortical and hippocampal pyrami-
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dal neurons, a 2 to 4 times higher value of kg was found
using the same method and experimental setup as described
here (Helmchen et al., 1996).

Because of the relatively low endogenous Ca®*-binding
ratio, the [Ca®*]; transients in the calyx of Held strongly
depended on the amount of Ca®*-binding capacity, which
was added to the cytoplasm in the form of fluorescent
indicators. Even an increase in the concentration of the
low-affinity dye MagFura-2 from 400 uM to 2 mM reduced
and prolonged the transients significantly. In contrast, Ca®"
transients in cerebellar granule cell terminals were not pro-
longed when the duration of local extracellular application
of MagFura-2-AM was increased (Regehr and Atluri,
1995). A higher Ca**-binding capacity in these terminals
may account for this difference, but the concentrations of
the indicator were uncertain in these experiments. In a
previous report we measured Ca’" transients in the calyx of
Held using calcium green-5N (Borst et al., 1995), which is
supposed to be a low-affinity indicator (Escobar et al.,
1994). However, size and duration of the transients de-
pended on the concentration of calcium green-5N. At 200
uM the decay time constant was 0.66 s. This cannot be
explained by the low endogenous Ca*-binding ratio alone.
When the quantitative relationship between the time con-
stant and the added Ca"-binding ratio is used as a lookup
table (Fig. 3 B), 200 uM calcium green-5N should corre-
spond to a Ca®*-binding ratio of 140. This indicates that its
dissociation constant was only a few uM under our condi-
tions or that the Ca®" dependence of the calcium green-SN
fluorescence deviated from a one-to-one binding scheme
(Ukhanov et al., 1995).

Extrusion

We used low-affinity Ca®>* indicators to measure the time
course of the presynaptic [Ca®*); transient after a single
action potential. The transient decayed with a time constant
of 45 ms at 35°C. Recent studies on other CNS presynaptic
terminals using MagFura-2 report a decay time constant of
150 ms in cerebellar granule cell terminals (20-23°C; Re-
gehr and Atluri, 1995) and a half-decay time of 30 ms at the
CA3-CAl synapse (28-30°C; Sinha et al., 1997). Thus,
although presynaptic terminals in the MNTB, cerebellum,
and hippocampus differ greatly in size, the Ca®" transients
all have fast decays. This suggests rapid Ca®" signaling as
a general feature of CNS presynaptic terminals.

The Ca®* extrusion rate (), calculated using Eq. 3 and
assuming kg = 40, was 900 s~' at 35°C. This means that
after an increase of [Ca**]; of 400 nM evoked by an action
potential, the initial velocity of the reduction in Ca*>* con-
centration is 360 nM - ms~' at physiological temperatures.
The extrusion rate depended on the temperature with a Q,,
of about 2, similar to the Q,, reported for the decay time
constant of Ca®" transients in mossy fiber terminals (Re-
gehr et al.,, 1994). Taking into account this Q,,, our estimate
of vy is consistent with the value of 100 s™! reported for
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nerve terminals at the crayfish neuromuscular junction at
8°C (Tank et al., 1995). However, the extrusion in the calyx
of Held is about 40 times faster than in adrenal chromaffin
cells (Neher and Augustine, 1992). This cannot be ex-
plained by a difference in surface-to-volume ratio alone.
Rather, it suggests a difference in Ca’" extrusion mecha-
nisms between cellular structures in which secretion is
tightly linked to the action potential, as in presynaptic
terminals of the CNS or the neuromuscular junction, and
others that do not display this tight coupling, e.g., chromaf-
fin cells (Zhou and Misler, 1995). Ca®* extrusion mecha-
nisms in the calyx of Held have not yet been studied, but it
seems likely that Na*/Ca®* exchange and Ca**-ATPases in
the plasma membrane and in the endoplasmic reticulum
contribute to the removal of cytoplasmic Ca>* near resting
levels, and that uptake into mitochondria may be involved
after large Ca®* loads (Stuenkel, 1994; Reuter and Porzig,
1995; reviewed by Blaustein, 1988).

Functional relevance

After an action potential the high concentrations of free
calcium near the sites of Ca’* entry rapidly collapse be-
cause of diffusion and binding (Roberts, 1994). The residual
calcium, bound or free, has to be removed from the cytosol
to prevent Ca>* accumulation and cell damage. The initial
fast reduction of localized [Ca®*]; may terminate fast re-
lease if the Ca®* sensor has a low affinity (Fogelson and
Zucker, 1985). The remaining, residual free calcium may
account for the delayed vesicle release observed in the calyx
of Held (Borst and Sakmann, 1996). In addition, residual
calcium controls different types of short-term enhancement
of release (Zucker, 1994), and several steps in the synaptic-
vesicle cycle appear to be [Ca®*]; sensitive (Neher and
Zucker, 1993).

The large load of free calcium ions presented to a pre-
synaptic terminal during an action potential can be removed
by buffering or by extrusion (Fogelson and Zucker, 1985).
It has been suggested that presynaptic terminals contain
high concentrations of cytosolic Ca**-binding sites, corre-
sponding to a Ca**-binding ratio of more than 10,000, to
cope with this Ca?* load (Martinez-Serrano et al., 1992).
Although such a high Ca®*-binding capacity would lower
[Ca®"]; directly after an action potential to values near the
resting level, the final decay to the resting level would take
tens of seconds. As a result, Ca’* would accumulate in the
terminal during trains of action potentials, even at a low
discharge frequency. In contrast, the MNTB presynaptic
terminals have an efficient extrusion mechanism to remove
Ca’*, but their endogenous Ca®*-binding capacity is rela-
tively low. The functional significance of the low Ca?*-
binding capacity could be to minimize competition of en-
dogenous buffers, not only with the putative Ca®* receptor
controlling fast release, but also with the fast extrusion
mechanism. This provides an efficient way to extrude Ca®*
loads rapidly and to prevent accumulation of Ca** between
action potentials.
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APPENDIX: ASSUMPTIONS OF THE SINGLE
COMPARTMENT MODEL

The single compartment model for Ca®>* dynamics in the calyx of Held is
based on the following assumptions: 1) Ca®* influx is instantaneous. 2)
The Ca®* extrusion mechanism is linear and nonsaturable. 3) The Ca?*-
binding ratios are constant. 4) Ca®* is in diffusional and chemical equi-
librium. Here we discuss these assumptions and find that in the case of
rapid local chemical equilibration and a homogeneously distributed, non-
saturable pump, diffusional equilibrium is not a necessary assumption.

The Ca®* cumrent in the calyx of Held during an action potential
recently was shown to last less than 1 ms at room temperature (Borst and
Sakmann, 1996). The fluorescence signals of the low-affinity dyes reached
the peak value within one or two sample points (i.e., within 10-20 ms),
with no measurable deviation from an exponential decay thereafter. This
indicates that Ca®*-induced Ca®* release does not contribute to the signal.
Therefore, Ca®* influx is rapid compared to the time course of the Ca®*
signals, validating the first assumption.

The dependence on [Ca®*]; of an extrusion mechanism that follows
Michaelis-Menten kinetics simplifies to a linear relationship if [Ca?*]; is
well below the half-maximum concentration of the pump (Tank et al.,
1995). This is likely to hold in our experiments because the decay time
course was well described by a single exponential. In addition, we used a
small stimulus with peak volume-averaged [Ca®*]; levels always below 0.8
uM. At the crayfish neuromuscular junction the time course of presynaptic
[Caz"]i signals is consistent with a linear extrusion mechanism, even
during trains of action potentials (Tank et al., 1995).

Ca?*-binding ratios decrease with increasing [Ca®*],. The estimate of
the endogenous Ca®* -binding ratio kg therefore represents a mean value if
the free Ca®* concentration is below 1 M. It may change significantly for
higher [Ca®*}; levels. For the Ca®>*-binding ratio of Fura-2 the dependence
on [Ca®*], was taken into account by using the incremental Ca*- binding
ratio xg (Eq. 1).

Calcium binding to Fura-2 and cytoplasmic Ca®*-binding proteins
occurs within milliseconds (Neher, 1995); therefore the assumption of
rapid local chemical equilibration is likely to hold. The measurements of
the decay time constants of the [Ca®>*]; transients using Fura-2 were not
limited by its estimated off rate of 150 s™* (k,, ~ 6 X 108 M~' -s7!; Kao
and Tsien, 1988; K, =~ 260 nM), because the fastest decays measured had
time constants of 100—-150 ms. On the other hand, the decay time constants
we measured using low-affinity indicators were so fast (<50 ms) that a
strict separation between diffusional equilibration and extrusion of Ca®*
may not be possible (Neher, 1995). Although [Ca®*]); presumably equili-
brates rapidly within a terminal thickness of r = 1-2 um (characteristic
time r*/6Dc, is about 3-13 ms, assuming an effective Ca®* diffusion
constant D, of 50 um? - s™"), there might exist lateral [Ca®*}); gradients
that dissipate more slowly. Therefore we discuss the assumption of spatial
homogeneity here in more detail.

For simplicity we write c(X, #) for the spatially dependent free calcium
concentration A[Ca?*]; (x, f) with x = (x, y, z). We assume rapid local
chemical equilibrium of calcium with the mobile Ca>* buffers S and B, and
a spatially homogeneous linear Ca®* extrusion with rate . If the diffusion
constants of the free and the bound forms of the buffers are assumed to be
equal, then the spatiotemporal distribution of free calcium after an action
potential is described by the differential equation (Wagner and Keizer, 1994)

dcdx, 1)
=5 (1 + ks + wg) = | S D,V (Vei(x, 0) = yer (x, ).
1

(AD)

The summation runs over free calcium and the bound forms of calcium
with the corresponding diffusion constants. The volume-averaged free
Ca®* concentration is defined as

1

%z_

v d® ¢x, 1),

v

(A2)
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with the accessible volume V. Integrating Eq. Al over V and exchanging
integration and differentiation on the left side yields

9%(,2 (1 + ks + k) = 22‘, e V(Ve(x, 1) = vedD).

(A3)

Using Gauss’s law, the volume integrals can be converted to surface
integrals

dedr) D, .
cafft) (1 + ks + Kkg) = Z 7 $s dn(Vai(x, 1), = vedd),

(A4)

where S corresponds to all surface membranes of the cytoplasm and (Vc;(x,
1)), is the normal component of the concentration gradient of free or bound
calcium at the surface. The cell membranes are considered to be reflective
walls, i.e., impermeable for calcium ions and buffer molecules. Therefore
(Vei(x, 1), is zero and the surface integrals vanish. Thus Eq. A4 reduces to
the simple differential equation of the single compartment model for the
volume-averaged A[Ca®*];. The model even holds under conditions of a
persisting Ca®>* concentration gradient within the volume, provided the
pump is linear and homogeneously distributed within the terminal volume.
With respect to possible lateral Ca®>* gradients in the calyx, this means that
Ca®* removal should follow a similar (exponential) time course in the
different parts of the terminal. Consistent with this idea, the Ca®* signals
in the preterminal axon and in the calyx followed a similar time course,
despite a large concentration gradient between them (Borst et al., 1995).
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