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A Quantitative Analysis of Presynaptic Calcium Dynamics That 
Contribute to Short-Term Enhancement 
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Augmentation and posttetanic potentiation-two forms of 
short-term synaptic enhancement produced by repetitive 
presynaptic action potentials-are dependent on the build- 
up and decay of nerve terminal residual calcium that oc- 
curs on the seconds to minutes time scale. With the goal 
of providing a quantitative understanding of these kinetics, 
we measured the buildup and decay of calcium ions in 
nerve terminals at the crayfish neuromuscular junction un- 
der a variety of intracellular buffer conditions and stimu- 
lation paradigms. The calcium extrusion process in the ter- 
minals was characterized by analysis of calcium levels 
reached during long stimulus trains as a function of action 
potential frequency. The extrusion was linearly dependent 
on the free calcium ion concentration. Using this result, we 
developed a mathematical model and computer simulation 
of the residual calcium kinetics. The model demonstrates 
the experimentally observed dependence of decay rate on 
exogenous calcium buffer concentration, and can be ex- 
plicitly solved to provide an expression for the limiting ex- 
ponential time course of calcium decay following trains in 
terms of calcium buffer and extrusion characteristics. 
Methods to determine the calcium influx per action poten- 
tial, characteristics of endogenous buffer, and the rate of 
calcium extrusion are suggested by our analysis and dem- 
onstrated experimentally. 

[Key words: modeling, simulation, augmentation, post- 
tetanic potentiation, crayfish neuromuscular junction, cal- 
cium buffering, calcium extrusion, fura- 

The calcium influx associated with action potential invasion of 
a presynaptic nerve terminal produces brief (milliseconds), high- 
concentration (> 100 PM) gradients of calcium ions near open 
calcium channels that trigger neurotransmitter release (Augus- 
tine and Neher, 1992; Llinas et al., 1992). These gradients rap- 
idly dissipate by diffusion and binding to intracellular calcium 
buffers but add a calcium load to a more spatially extended pool 
of calcium, termed residual calcium. Residual calcium has a 
much slower dynamics, typically on the hundreds of millisec- 
onds to seconds time scale and it plays a central role in the 
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production of short-term synaptic enhancement such as augmen- 
tation and posttetanic potentiation (Zucker et al., 1991). The 
slower dynamics associated with presynaptic residual free cal- 
cium ion concentration ([Ca*+]) can be measured under condi- 
tions of normal synaptic transmission (Delaney et al., 1989, 
1991; Regehr and Tank, 1991; Swandula et al., 1991; Zucker et 
al., 1991; Regehr et al., 1993) using high-affinity fluorescent 
calcium ion indicator molecules such as fura- (Grynkiewicz et 
al., 1985). Several examples of the buildup and decay of [Ca*+] 
determined from fura- measurements in presynaptic terminals 
of the crayfish neuromuscular junction are shown in Figure 1. 

When a train of action potentials is produced in the axon 
leading to the presynaptic terminal, the intraterminal [Ca*+] ris- 
es. For long-duration action potential trains under 25 Hz, [Ca*+] 
reaches a steady-state level during stimulation that is dependent 
on the stimulation frequency and decays following termination 
of the action potential train. When very low concentrations of 
fura- are used, [Ca*+] decays can be approximated, for the time 
period beginning about 1 set following termination, by an ex- 
ponential decay with a time constant of approximately 6 set at 
20°C. This decay parallels a concomitant decay in a component 
of enhanced synaptic connection strength called augmentation. 
During augmentation, the degree of synaptic enhancement is lin- 
early related to the level of increased [Ca*+] (Delaney and Tank, 
1994). As shown in Figure 1, [Ca”] decay kinetics can be pro- 
foundly slowed when exogenous calcium buffers are added to 
the cytoplasm. A concomitant slowing down of augmentation is 
observed, directly demonstrating the importance of calcium han- 
dling in the kinetics of short-term synaptic enhancement (Swan- 
dula et al., 1991; Delaney and Tank, 1994). 

To understand the biophysical processes that control slow 
[Caz+] kinetics, we have measured and analyzed [CaZ+] changes 
in crayfish presynaptic terminals under different conditions of 
exogenous calcium buffers and stimulation trains. We also de- 
veloped a single compartment [Ca*+] dynamics model. Spatial 
gradients within the presynaptic nerve terminal we studied are 
expected to dissipate on a characteristic time scale for diffusion 
given by 

at = 02 = 0.1 set 
60 (1) 

for an intracellular [Ca*+] diffusion coefficient of D = lo-’ cm*/ 
set and radius = 2.5 pm. During the seconds-long [Ca*+] decay 
following a train of action potentials, spatial gradients of [Ca*+] 
are small because the decay rate is long compared to this dif- 
fusion time scale. Our model assumes this spatial homogeneity, 
modeling intracellular space as a single compartment. [CaZ] 
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Figure 1. Semi-log plot of A[&*+] versus time for different estimated 
levels of intraterminal fura- concentration. Each curve shows the build- 
up to a steady-state level of [Ca?+] in a presynaptic terminal at the 
crayfish nmj in response to a stimulus train of action potentials at 25 
Hz. Increasing exogenous buffer concentration slows the buildup and 
decay kinetics but not the level reached during the plateau phase. T = 
18S”C. Estimated fura- concentration (in FM) is indicated by the num- 
ber next to each curve. 

kinetics in the cytoplasm are produced by binding to calcium 
buffers and calcium extrusion. We model these processes with 
differential equations that can be numerically integrated to sim- 
ulate [Caz+] dynamics. In addition, the mathematical form of 
[Ca*+] decay can be explicitly solved and its dependence on 
calcium buffers and extrusion mechanisms summarized in math- 
ematical expressions. 

In the following, we first describe several basic characteristics 
of [Ca*+] buildup and decay in crayfish presynaptic nerve ter- 

Table 1. Summary of symbol definitions 

Symbol 

[Ca2+] 
PI 
PC4 
KB 
k’ 
km 
B’ 
Cat 
f  
S 

QW+l) 
V 
L 
CaR 
A[Ca2+] 
CaO 
Caph”W 

L 
D 

V,nax/K, 

Meaning 

Intracellular free calcium ion concentration 
Free buffer concentration 
Ca2+-bound buffer concentration 
Equilibrium dissociation constant of B 
Forward rate constant of calcium buffer 
Reverse rate constant of calcium buffer 
Total buffer concentration (free + bound) 
Total Ca*+ concentration (free + bound) 
Action potential frequency 
Calcium influx per action potential 
Calcium-dependent calcium extrusion rate 
Terminal volume 
Resting calcium influx rate (leak) 
Resting (unstimulated) [Ca2+] 
[CaZ+] - CaR 
Initial [Ca>+] prior to decay 
Steady state [Ca2+] during action potential train 
Fura- dissociation constant 
Diffusion coefficient 
Calcium extrusion rate constant 

Units 

M 
M 
M 
M 
(Msec)-’ 
set-I 
M 
M 
see-I 
mol 
M set-’ 
liter 
M set-’ 
M 
M 
M 
M 
M 
cm* set-’ 
see-’ 
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minals. We then provide experimental evidence for a calcium 
extrusion rate that is first order in [Caz+]. We use this depen- 
dence in numerical simulations of [CaZ] decay in a single com- 
partment model of the presynaptic nerve terminal. The mathe- 
matical formulae that describe the decay are compared to ex- 
perimentally measured decay curves and used to estimate buffer 
capacity and extrusion rate. Following these descriptions of 
modeling the decay process, we present a mathematical model 
of the slow buildup of presynaptic [CaZ+] during action potential 
trains. We demonstrate how this latter model can be used to 
estimate the [Ca>+] influx per action potential and extrusion rate. 
Mathematical derivations are contained in Appendices A and B. 
A summary of symbol definitions we use is given in Table 1. 

Preliminary reports of these findings have been published 
(Delaney et al., 1990, 1991; Tank et al., 1991). 

Materials and Methods 

Microfluorometric fura- measurement of presynaptic [C&*]. Prepa- 
ration of the crayfish opener muscle for microfluorometric measure- 
ments of [Cap+] in presynaptic nerve terminals has been described pre- 
viously (Delaney et al., 1989, 1991). Experiments reported here were 
performed on terminals of the inhibitor axon, rather than the exciter 
axon, to avoid movement problems that would be caused by contraction 
of the muscle at high stimulation frequencies. Estimates of [Cal+] were 
computed from Eq. (5) of Grynkiewicz et al. (Grynkiewicz et al., 1985), 
using a fura- dissociation constant of 865 nM for crayfish cytoplasm 
and a viscosity correction factor of 0.7 (Delaney et al., 1989). A Pho- 
tometrics (Tucson, AZ) cooled charge-coupled device attached to a 
modified upright epi-fluorescence microscope (Zeiss UEM) was used to 
acquire images of the 340 nm (20 nm bandwidth) and 380 nm (13 nm 
bandwidth) excited fluorescence (emission filter: 5 10 nm, 80 nm band- 
width) from fura-2-filled presynaptic terminals from which ratiometric 
estimates of the intraterminal [Ca?+] were made. Measurements of the 
ratios at saturated and zero [Ca*+] necessary for calibration were ob- 
tained as described previously (Delaney et al., 1989). Image acquisition 
and analysis were controlled by a Mac IIfx computer. 

In several experiments, the intracellular buffer concentration was sys- 
tematically altered by fura-2. A quantity of fura- was injected into the 
axon and then the injection current was turned off, allowing the bolus 
to diffuse into the terminals. Once the concentration of fura- in the 



7942 Tank et al. - A Quantitative Analysis of Calcium Dynamics 

0 10 20 30 40 50 60 
time (set) 

Figure 2. Semi-logarithmic plot of experimentally determined decays 
of A[Ca*+] in a presynaptic terminal under conditions where the dom- 
inant intracellular buffer is exogenously added fura-2. The decays are 
shown for initial [Ca2+] levels produced following action potential trains 
lasting 10 set at 50 Hz (top), 15 set at 25 Hz (middle), and 12.5 set 
at 12.5 Hz (bottom). These initial levels approximately correspond to 
Ca” = 2 KF, K,-, and 0.5 Kp [fura-2] = 900 FM, T  = 18°C. 

imaged terminal had stabilized as determined from the stability of 380 
nm excited fluorescence (typically 30-40 min), trains of action poten- 
tials of various lengths (typically 30 set) and frequencies (3.3-40 Hz) 
were stimulated with a suction electrode on the leg nerve. [Ca*+] build- 
up and decay experiments were performed at the stabilized fura- con- 
centration and then the injection continued until a maximum concen- 
tration of fura- in the terminal, estimated to be 1-3 mM, was produced. 
During and after stimulation with trains of action potentials, 100 msec 
exposure time fluorescence image pairs (340 nm and 380 nm excitation) 
were obtained every 0.52 or 1.52 set, from which ratiometric measure- 
ments of [Ca2+] were calculated. The exposures in an image pair were 
separated by 160 msec and the midpoint between the acquisition of the 
images in a pair was used as the time of the [Ca?+] measurement. Tim- 
ing of image acquisition relative to nerve stimulation was achieved 
using a programmable digital stimulator (AMPI, Master-@. 

Intraterminal fura- concentrations were estimated from the intensity 
of fluorescence measured at 380 nm excitation at resting [Ca*+] (IO& 
150 nM). Terminals were assumed to be ellipsoidal in shape, with a 
circular cross-section perpendicular to their long axis. The optical path 
length (Al) was thus given by the width of the terminal in a direction 
perpendicular to the supporting axon branches. For the short path length 
and low concentrations used in these experiments, the fluorescence in- 
tensity Fix0 of the terminal is related to the fura- concentration by the 
relationship 

F’*“([fura2]) = f;*0Al[fura2]. (2) 
where J”,“” is the instrument-dependent fluorescence intensity constant 
determined from calibration solutions of known Ifura-21 and path 
length. Since the fluorescence produced by 380 nm excitation is also 
dependent on [Ca”], the following procedure was used to calculate the 
fiEo appropriate to the [Ca*+] concentration at rest (CaR). The amount of 

380 nm excited fluorescence produced by a known concentration of 
fura- was measured from a filled 20 pm path-length microcapillary 
(Vitro Dynamics #5002) for the solution used to compute R,,, in the 
ratio calibration procedure (unbound fura-2) and for the solution used 
for R,,, (bound fura-2). From the value produced with the R,,, solution 
an fif7,4p appropriate for unbound fura- was calculated from an equation 
analogous to Eq. (2). Similarly, anym:; appropriate for bound fura- was 
calculated from the value produced with the R,,,, solution. The expected 
fi80 at the known resting [Ca2+] level was then computed from the frac- 
tion of bound and unbound fura- specified by the equilibrium equa- 
tions: 

Resting [Ca”] levels in terminals were estimated to be 140 nM. At this 
concentration, 380 nm excited fura- fluorescence intensity is 87% of 
that observed at zero calcium. Slow drift in the intensity of the illu- 
mination system of the microscope was compensated for by measure- 
ment of the fluorescence produced by a fluorescent glass standard or by 
performing calibrations immediately following terminal imaging exper- 
iments. 

Our ability to estimate the concentration of fura- is limited by our 
estimate of the path length of the terminals, which is based upon the 
assumption that the cross-ection of small terminals is essentially circular 
and not flattened. Larger terminals appear to maintain the same pro- 
portion as small terminals, that is, the intensity of the fluorescence 
scales with the width in the x-y plane. Serial reconstructions from elec- 
tron micrographic sections (Jahromi and Atwood, 1974) suggest that 
small terminals are basically circular, but if a terminal we measure is 
somewhat flattened, we would overestimate the path length and, therefore, 
an underestimate of the fura- concentration would result. We feel that 
our estimate of the concentration of fura- is probably accurate to within 
50%. 

[Ca2+J decay simulations in a one compartment model. [Ca>+] decay 
kinetics were numerically computed by integration of differential equa- 
tions describing the calcium buffering, influx, and extrusion mecha- 
nisms. The approach was similar to that used in a previous investigation 
(Sala and Hernandez-Cruz, 1990). Simulations were performed on a 
single compartment model in which the terminal was considered as a 
spherical compartment of radius 2.5 pm. An initial [Caz+] level (Ca”) 
was assumed and the initial concentrations of free buffer [B] and bound 
buffer [BCa] were determined from the equilibrium buffer expressions 

B’[Ca2+] 
[BCal = ([Caz+] + K,)’ 

[B] = B’Kn 
([Ca”] + Ku)’ 

(5) 

using [Ca?+] = CaO, where B’ = [B] + [BCa]. The time evolution of 
the system was then determined by Euler integration of the equations 

d[Ca*+] 
- = k-[BCa] - k+[B][Ca*+] + L - P([Ca*+]), 

dt 
(6) 

d[BCa] -= 
dt 

-k-[BCa] + k+[B][CaZ+], 

01 
~ = +k-[BCa] - k+[B][Ca*+], 

dt 

where km and k+ are the forward and reverse rate constants for the 
buffer B, P([Ca*+]) is the calcium-level dependent rate of calcium ex- 
trusion, and L is a constant calcium influx (leak). P([Ca?+]) was mod- 
eled as a first-order reaction [see Eq. (13)]. L was set equal to the 
extrusion rate at a resting [Ca*+] level [see Eq. (38)]. Except where 
noted in the text, we assumed k+ = lo8 (M set)-I, with k- = K,lk+. 
The values used for the other parameters are indicated in the figure 
captions. 

In a few test simulations we did not assume spatial homogeneity and 
examined the effects of diffusion in a multicompartment model in which 
the terminal was comprised of 10 spherical shell compartments. Reac- 
tion kinetics similar to that shown above were employed in each com- 
partment, with only the outer shell containing the leak and pump. In 
addition, the chemical species Ca?+, B, and BCa were assumed to be 
freely diffusing and the radial diffusion equation was numerically in- 
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tegrated as detailed in (Sala and Hernandez-Cruz, 1990). Except where 
noted in the text, there was no significant difference in the [Ca*+] dy- 
namics examined in this study between the single compartment model 
and the multicompartment shell model. 

Results 

Characteristics of [Caz+] buildup and decay in presynaptic 

nerve terminals 

A set of curves showing the buildup and decay of fura-2-mea- 
sured [Ca*+] in nerve terminals of the crayfish opener muscle 
are shown in Figure 1. The different curves represent different 
concentrations of the exogenous calcium buffer fura-2, which 
was also the fluorescence indicator used to measure [CaZ+] 
changes. Increasing concentrations of fura- were produced by 
sequential bolus iontophoretic microinjections into the support- 
ing axon. The fura- levels in the terminals after equilibration 
of each bolus were estimated from the fluorescence intensity 
prior to stimulation (see Materials and Methods). [Ca*+] buildup 
was produced by stimulating the nerve with a constant frequency 
train of suprathreshold brief current pulses through a suction 
electrode. The same train frequency-and thus the same [Caz+] 
load per unit time-was used at each fura- concentration. 

The plateau level reached during the action potential train did 
not depend on the concentration of exogenous calcium buffer. 
Conversely, the kinetics of the buildup and decay were dramat- 
ically altered: increasing exogenous buffer concentration slowed 
both the buildup and the decay. Because the plateau phase (be- 
low 25 Hz stimulation) could be maintained for long periods of 
time, it must be a steady-state situation in which the net calcium 
influx per unit time equals net efflux. This is consistent with the 
expectation that calcium buffers should only alter the rates at 
which [Ca2+] levels change, not steady-state levels. 

A second characteristic feature of the data in Figure 1 is that 
the decays were not exponential at the high levels immediately 
following the train, but did closely approximate exponential be- 
havior (the curves approach straight lines on the semi-log plot) 
below about 500 pM. The characteristic decay time of the ex- 
ponential phase became longer with increasing buffer concen- 
tration. 

A third characteristic feature was that following termination 
of the action potential train, [CaZ+] dropped smoothly over the 
first few data points. Particularly at the higher fura- concentra- 
tions it is evident that the decay can be smoothly extrapolated 
back to the level reached at the last time point during the train. 
This is consistent with the idea (see (Delaney and Tank, 1994) 
that during the stimulus train, the [Ca’+] levels determined from 
fura- fluorescence represent spatially averaged [Ca2+] in the 
terminal, with negligible effects produced by high-concentration, 
rapid (msec), localized transients that are expected near open 
calcium channels during each action potential (see, for example, 
Llinas et al., 1992). Note that the [Ca”] change that is reported 
by our measurements for a single action potential is only a few 
nM (see Fig. 6A) and thus although increases in total fluores- 
cence from a structure containing a high-affinity indicator can 
be produced as calcium ions diffuse away from microdomains, 
this effect would be expected to be small in the experiments 
described here. 

Figure 2 provides evidence that the deviations from single 
exponential decay in Figure 1 (particularly evident with high 
exogenous buffer concentrations) become more pronounced at 
higher [Ca”] levels. Presynaptic terminals were loaded with 
fura- to a level of approximately 900 pM, providing a limiting 
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Figure 3. The dependence of steady-state plateau level of A[Ca2+] on 
the frequency of action potential trains in crayfish presynaptic terminals 
filled with a moderate (= 700 FM) concentration of fura-2. A, Buildup 
of intracellular [Ca2+] to plateau levels for the frequencies of action 
potential trains indicated. B, A graph of the steady-state [Ca*+] level 
reached during the last 5 set of stimulus trains as a function of action 
potential frequency. The data is well fit by a linear function. 

exponential decay time of about 20 sec. The frequency of the 
action potential train was varied to produce three different initial 
[Ca’+] levels Ca”. All three curves show the same exponential 
decay for low [Caz+]. In contrast, the decay from Ca” = 1.6 PM 

cannot be approximated by a single exponential. Thus, the pres- 
ence of nonexponential decay primarily reflects the level of 
[Ca”] obtained during the stimulus train, and is not a conse- 
quence of the aftereffects of the train itself. 

The effects of exogenous buffer concentration shown in Fig- 
ures 1 and 2 were independent of the fact that fura- was also 
being used to measure [Ca*+]. Similar results were observed 
when fura- concentrations were relatively low (-200 FM) but 
combined with high concentrations of other nonfluorescent cal- 
cium buffers like EDTA and EGTA (Delaney and Tank, 1994). 
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Experimental evidence for an extrusion mechanism linear in 
[Ca2+J 

The buildup and plateau of presynaptic terminal [Ca*+] for stim- 
ulus trains of different action potential frequency is shown in 
Figure 3A. As shown in Figure 3B, we found that the level of 
[Ca’+] during the plateau (Capla’eau; measured 60 set after start 
of the train) produced by a train was a linear function of the 
action potential frequency (f): 

Caplam M fi (9) 

We also found that the shape of action potentials measured in 
the preterminal axon does not appreciably change for short trains 
of action potentials in the frequency range below 25 Hz. This 
suggests that, within this limited range of frequency and train 
duration, the calcium influx per action potential is constant and 
thus the net rate of calcium influx during a train is a linear 
function of the action potential frequency. As derived in Appen- 
dix A, the fact that the plateau level is a linear function of fre- 
quency and the influx at that level is also a linear function of 
frequency implies that the calcium removal rate [P([Ca2+])] is a 
linear function of [Caz+]: 

P([Ca2+]) m [Ca”]. (10) 

Previous investigators (Sala and Hernandez-Cruz, 1990) mod- 
eled calcium extrusion using a first order Michaelis-Menten for- 
mulation for a calcium pump: 

V,,[Ca’+l 
P([Ca2+1) = ([Ca2+] + K,) 

V V,“?J =- m‘lx v ? 

(11) 

(12) 

where v,,, is the efflux rate per unit area of cell membrane 
(units: mol/cm2 set), A is the terminal surface area, V is the 
terminal volume, and K,, is the half-maximal concentration (Mi- 
chaelis constant). Our data do not distinguish between a calcium 
pump and other extrusion mechanisms such as Na+/Ca’+ ex- 
change. However, our results are consistent with the expression 
in Eq. (11) in the limiting case that the [CaZ+] levels of interest 
are small compared to K,? ([CaZ+] =% K,), in which case Eq. (11) 
reduces to 

V [Ca*+] 
P([Ca’+]) = marK . 

P 
(13) 

For consistency with previous work, we will use this form in 
our model. In Eqs. (11) and (13), the removal rate has been 
scaled by the size of the terminal and has units of (concentration/ 
time). 

A single compartment model of [Caz+] decay 

The slow decay times evident in the data in Figures 1 and 2 
imply that spatial [Ca*+] gradients are small during the decay 
phase, and a single compartment mode1 that ignores diffusion is 

t 

an appropriate description. The effects shown in these figures 
are easily accounted for in a single compartment model that uses 
a calcium extrusion process linear in [Ca”]. The easiest model 
to understand assumes that the compartment is filled with a sin- 
gle calcium buffer B of total concentration B’ = [B] + [BCa], 
where [B] is the concentration of free buffer and [BCa] is the 
concentration of buffer with bound calcium ion. B is assumed 
to be a simple first-order buffer, 

B + Ca 2 BCa, (14) 

characterized by forward and reverse rate constants (k+,k-) and 
a corresponding equilibrium dissociation constant KB = (k-/k+ ). 

[CaZ+] decay simulation was produced by assuming an initial 
steady-state [Ca*+] level Ca” in equilibrium with B and then 
numerically integrating the differential equations (see Materials 
and Methods section) describing the rate of change of [Ca”], 
free buffer, and calcium-bound buffer. A typical time course of 
[Ca*+] decay produced by the model is shown in Figure 4A. 
Three different initial starting conditions are shown: Ca” = 2 
K,,K,, and 0.5 K,. The decay curves in Figure 4A are shown on 
semi-logarithmic axes in Figure 4B. At low [Ca*+] the decay 
curves are approximated by straight lines, implying that the de- 
cays at low [Ca*+] are approximately exponential. At early time 
points, the shape of the decay is dependent on the initial starting 
concentration. Of particular note is the pronounced curvature for 
levels at or above KB. Figure 4C demonstrates that as the decay 
in [CaZ+] proceeds, there is a concomitant decay in the concen- 
tration of bound buffer ([BCa]) and a rise in the concentration 
of unbound buffer ([B]). The rate of decay of [BCa] is very 
close to the rate of decay of [Ca*+] (dashed line). 

The single compartment model can be explicitly solved under 
the assumption that the rate of calcium equilibration with cal- 
cium buffers is fast compared to the characteristic decay times 
of [Ca”], implying that the buffer is always in chemical equi- 
librium. As derived in Appendix B, the model then predicts that 
for [Ca*+] levels well below the equilibrium dissociation con- 
stant of the calcium buffer, the decay is approximately exponen- 
tial with time constant 

B’ 

* = ~DL~Kp)’ 
(15) 

This expression states that the time constant of decay will in- 
crease linearly with increasing B’IK,, which is the calcium buffer 
capacity at low [Cal+] levels. The decay will also be reduced 
inversely with increasing rate of calcium extrusion (VJK,,). 
The expected dependence of the limiting exponential decay time, 
at low [CaZ+], on total buffer concentration B’ is demonstrated 
in the computer simulations in Figure 40. Similarly, the inverse 
scaling of decay time with V,,,,,IK, is demonstrated in the com- 
puter simulations shown in Figure 4E. 

For [Ca’+] levels approaching and exceeding KS the decay 

Figure 4. A, Computer simulation of the decay of [Ca>+] in a single compartment model of a 5 p.m diameter presynaptic terminal. (K8 = 1.0 PM, 

B’ = 600 FM, V,,,IK,, = 100 set-‘, Ca R = 0.05 FM). The three curves correspond to Ca o = 2 K,, Ku, and 0.5 K,. B, Semi-logarithmic plot of 
A[Ca*+] = [Ca2+] ~ CaR for the data in A. For intracellular [Ca*+] less than KH, the curve is approximately exponential. C, Semi-logarithmic plot 
of the concentration of bound buffer [BCa] and free buffer [B] versus time for the decay shown in B with Ca” = KH. D, Semi-logarithmic plot of 
AICaz+] versus time for B’ = 300, 600, and 1200 pM. The time constant of the limiting exponential decay scales approximately linearly with B’. 
E, Semi-logarithmic plot of A[Caz+] versus time for V,,,,/K,, = 200 set-I, 100 sect’, and 50 sect’. The time constant of the limiting exponential 
decay scales inversely with the extrusion rate. 
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will be faster. From Eq. (42) in Appendix B we see that in the 
(B+ + K,) limit for [Caz+] = K,, 

(4Wa*+l)\ 

\ dt 

A[Ca*+] (16) 

which is four times the limiting value obtained during the ex- 
ponential decay phase. The exponential limit for low [Ca*+] and 
the increased slope as [Ca*+] approaches K, is observed in the 
computer simulations shown in Figure 4B. The three curves cor- 
respond to the three initial starting conditions Ca” = 0.5 KB, KS, 
and 2 K,, with KB = 1.0 pM, B’ = 600 FM. 

We expect that when fura- is present at high concentrations, 
as in Figure 2, the simple model we have just described applies, 
with fura- being the only buffer that needs to be considered. 
For such conditions the endogenous buffer makes insignificant 
contributions to the [Ca”] dynamics. The experiment of Figure 
2 allows us to test the predictions of the single compartment, 
single calcium buffer model. It shows increased curvature at 
high [Ca*+] levels, similar to that shown in Figure 4B. Further- 
more, consistent with Eq. (16) above, at the position where 
(dA[Ca*+]/dt)lA[Ca*+] is approximately equal to four times the 
limiting rate, the corresponding intra-terminal [Ca*+] value is 
850 p,M, close to the dissociation constant estimated for fura- 
in this preparation (Delaney et al., 1989). 

For the experiments of Figure 1, where a wide concentration 
range of exogenous buffer has been used, [Ca”] dynamics are 
better described by a model with two buffers present. (This case 
is also appropriate to many experimental situations where the 
amount of calcium indicator necessary to provide a measurement 
of [Ca”] is only several hundred micromolar, but still high 
enough to affect the [Ca*+] kinetics.) If two buffers B, and B, 
are present at concentrations B,‘ and B,’ then an analysis similar 
to that presented in Appendix B shows that the cCa2+] decay 
will be approximately exponential for the low [Ca*+] conditions 
specified in Eqs. (43) and (44) with time constant 

7= 
i 1 
$+F 

B2 (k\ 
- = 7, + T*. (17) 

BI 

\ KP I 
The total decay time is simply the sum of the contributions from 
the two buffers. 

This expression is appropriate to the experimental results 
shown in Figure 1, where increasing concentrations of total buff- 
er resulted in a longer characteristic decay time during the ex- 
ponential decay portion of the curve present at low [Ca*+]. The 
characteristic time constant versus fura- concentration is shown 
in Figure 5 for a set of experiments similar to that shown in 
Figure 1. Consistent with Eq. (17), there is a linear relationship 
between exogenous fura- concentration and the characteristic 
decay time. Rearranging Eq. (17), with B, = B (endogenous 
buffer), B, = fura-2, and K, = dissociation constant of fura-2, 
we expect that 

7 = n, [fura2] + a,, (18) 

K 
aI xi’ 

VmaxG-’ 

a0 
- B’KP 

K,V,,,, 
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Figure 5. Graph of the characteristic decay time (T) measured from 
the exponential decays at low [Ca2+] versus the estimated intraterminal 
fura- concentration for the data in Figure 1 and pooled data from other 
similar experiments. Data is from eight preparations, nine sets of ter- 
minals, with time constants averaged from responses of two to three 
terminals, most about 4-6 pm in diameter, T = 8.5 + 0.5”C. There is 
a linear relationship between 7 and [fura-21. The extrapolated intercept 
is at [fura-2] = 0 pM is 7 = 5.4 sec. 

These equations can be used with the experimental data to pro- 
vide estimates of the extrusion process and endogenous buffer. 
For example, the calcium extrusion rate constant in the presyn- 
aptic terminals can be estimated from the slope (a,) of the data 
shown in Figure 5, since the equilibrium constant of fura- is 
known: 

vm, 1 1 --= 
F - KFa, (.86 pM)(.oll SeC+M-‘) 

= 100 set-I. (21) 

BVK, for the endogenous buffer can be estimated from the slope 
(a,) and intercept (aJ: 

B’ a,, (5.4 set) --= 
E - a,K, 

= 600. 
(.ol 1 s+M-I)(.86 PM) 

(22) 

The buffer capacity that corresponds to a ratio B’IK, = 600 
would, for example, be provided by 600 pM of an endogenous 
buffer with KB= 1 pM. If the endogenous buffer had the same 
dissociation constant as fura- in crayfish (0.86 PM), its concen- 
tration would be = 520 pM. 

Modeling [Caz+] buildup produced by action potential trains 

An analysis similar to that presented above for the decay of 
[Ca*+] can also be applied to the buildup of [Ca*+] produced by 
a train of action potentials. When the intracellular buffer char- 
acteristics are known, for example when intracellular calcium 
buffering is dominated by a large known amount of an exoge- 
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Figure 6. The dependence of the initial rate of change (slope) of 
[Ca*+] on the frequency of action potential trains in crayfish presynaptic 
terminals filled with a high concentration of fura-2, estimated to be 2.0 
mM. A, Time course of the buildup of A[Caz+] = [Ca*+] - CaR for the 
frequencies of action potential trains indicated, in a terminal = 3.5 pm 
in diameter. The initial slope increases with increasing frequency. B, A 
graph of the initial slope (dA[Caz+]/dt = d[Ca2+]/dt) as a function of 
action potential frequency for [Caz+] buildups as in A in four different 
terminals. For each terminal, the data is well fit by a linear function. 
The slope of the relationship can be used to estimate the calcium influx 
per action potential (see text). 

nous buffer like fura-2, the rate of rise and plateau level reached 
during a train provide information about the calcium influx per 
action potential and the calcium extrusion process. 

In the experiment shown in Figure 6A, a crayfish presynaptic 

terminal was filled with an estimated 2.0 mM fura-2. Then the 
buildup of [Ca”] in response to trains of action potentials was 
measured as a function of frequency. As shown in Figure 6B, 
the initial rate of change of [Ca2+] (the initial slopes of the 
curves in Fig. 6A) was linearly dependent on the action potential 
frequency. 

The linear dependence of the initial rate of [Cal+] rise with 
action potential frequency can be predicted by a simple mathe- 
matical model. At the resting [Ca*+] level present before the 
onset of the stimulus train, calcium influx (L = leak) and cal- 
cium efflux (P([Ca*+]) are equal, and 

dCa’ 
~ = L - P([Ca2+]) = 0, 
dt 

where Car is the total calcium concentration, consisting of [Ca*+] 
and calcium bound to buffer [see Eq. (37) in Appendix B]. As 
the train commences the pump and leak rate are still equal and 
cancel but there is a change (h/V) in the rate of change of total 
calcium concentration, where f is the frequency of action poten- 
tial stimulation, s is the calcium influx per action potential (units: 
moles of calcium), and V is the terminal volume: 

dCar 

i-1 
dt 

mitial 

= g-s). 

Using a similar development to that used in Appendix B, this 
can be expressed as 

a’ = V{l + (K,B&Ca2+] + Kg)?}’ (26) 

Thus, there is a linear dependence of the initial slope of [Ca*+] 
versus time on the frequency of action potential stimulation. The 
slope of a graph of d[Ca*+]/dt (equal to dA[Ca*+]/dt) as a func- 
tion of frequency provides a measure of s, the calcium influx 
per action potential, since the volume V, resting [Ca*+] level 
[Ca*+] = CaR, B’, and KB are known when the intracellular buffer 
characteristics are determined by an excess of an exogenous 
buffer. Note that there is no explicit assumption made of the 
dependence of the extrusion rate on the [Ca”‘] level because the 
leak and pump rate cancel out at the resting [Ca*+] level that 
corresponds to the initial slope measurement. 

Using the expression for the slope (a,) inferred from Eq. (26) 
on the data in Figure 6B provides an experimental estimate of 
s. The average of s from the four different lines (four different 
sized terminals) is s = 2.4 X lo-‘* mol per action potential 
(range: 0.9-4.8). To get a feeling for the magnitude of this influx 
per action potential, assume that the calcium current following 
an action potential lasts 1 msec. The calcium influx s calculated 
above would then correspond to 460 pA (range: 180-920) of 
calcium current lasting 1 msec, thus equivalent to the opening 
of about 900 calcium channels, assuming a single channel cal- 
cium current of 0.5 pA found in an invertebrate neuron (Hille, 
1992) as a rough estimate of channel current. 

We can use the value of s determined above with the data in 
Figure 3B showing the plateau level as a function of frequency 
to provide quantitative information about the rate of calcium 
extrusion. As previously described, at the steady state [CaZ+] 
plateau level (Caplateau) reached during a long action potential 
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train at frequency f, the total calcium influx (h/V) must equal 
the total calcium removal rate [Eq. (13)]: 

or, using Eq. 38, 

(27) 

(28) 

with 

Acaplamu = Caplilvzx - CaR. (2% 

This can be rearranged to give 

expressing that the plateau [Ca*+] level is a linear function of 
frequency. Equation (31) can be used with the slope (a,) of the 
data shown in Figure 3B and our previous estimate of the cal- 
cium influx per action potential (s) to provide an estimate the 
calcium extrusion rate: 

V max s -- 
K, - a,V 

= 80 set-I. 

This value, calculated from the plateau level reached in response 
to action potential trains, is similar to the value calculated in- 
dependently in an earlier section from the dependence of the 
[Caz+] decay kinetics on exogenous buffer concentration. 

Discussion 

A model of slow presynaptic [Ca2+] dynamics 
We presented a single-compartment model that provides a 
framework for understanding slow [Ca*+] dynamics in nerve ter- 
minals. It includes an extrusion mechanism linear in [Caz+], one 
or two calcium buffers, and calcium entry through voltage-gated 
calcium channels. It ignores diffusion and internal calcium 
stores. Because of the model’s simplicity it was possible to de- 
rive explicit mathematical expressions for calcium buildup and 
decay rates. The substantial agreement between experimental re- 
sults and the model suggests that it is an adequate description 
of [Ca2+] dynamics in presynaptic nerve terminals on the sec- 
onds to minutes time scale. 

There are many previous models of [Ca”] dynamics in neu- 
rons (Andresen et al., 1979; Gorman and Thomas, 1980; Smith 
and Zucker, 1980; Connor and Nikolakopoulou, 1982; Barish 
and Thompson, 1983; Zucker and Stockbridge, 1983; Stockbrid- 
ge and Moore, 1984; Fogelson and Zucker, 198.5; Simon and 
Llinas, 1985; Gamble and Koch, 1987; Tillotson and Nasi, 1988; 
Parnas et al., 1989; Holmes and Levy, 1990; Sala and Hernan- 
dez-Cruz, 1990; Blumenfeld et al., 1992; Yamada and Zucker, 
1992; Winslow et al., 1994). These models have primarily em- 
phasized the importance of spatial gradients and intracellular 
[Ca*+] diffusion, and were concerned with changes on the msec 
time scale. Because of the added complexity that results from 
introducing diffusion, these models could not be solved analyt- 
ically. A style of modeling and experiment more similar to our 
approach has been applied to [Ca”] dynamics in ventricular 
myocytes (Mathias et al., 1990) and the cell bodies of secretory 
cells (Neher and Augustine, 1992). Our modeling is somewhat 

different, however, in that we did not assume small perturbations 
from rest in our derivations, and thus, we could describe effects 
such as the curvature in decay curves for [Caz+] levels near the 
K, of the dominant calcium buffer. We could take this approach 
because we were able to experimentally demonstrate the linear 
calcium dependence of the extrusion process over a wide range 
of [Ca?+] levels. Our experiments also differ from those of Neher 
et al. (Neher and Augustine, 1992) in that we studied an intact 
fast chemical synapse. 

In general, the mathematical expressions we derived can be 
interpreted as representing the fact that almost all of the total 
calcium ions are bound to calcium buffers, with calcium influx 
increasing, and calcium extrusion decreasing, the concentration 
of bound calcium. [Ca2+] changes correspondingly, according to 
the equilibrium equations for the buffers (cf. Fig. 4C). Our an- 
alytical solutions are therefore strictly dependent on the as- 
sumption that the characteristic response time of the buffers in 
question are short compared to the rate of change of [Cal+]. 
When this assumption is not valid it is necessary to take into 
account buffer kinetics, as we did in computer simulations. (An 
effect of slow buffer kinetics on the initial transient in a decay, 
that can be treated analytically, is presented at the end of Ap- 
pendix B.) 

One result of the model is that the decay of residual [Caz+] 
from an initial elevated level has the form of an exponential 
decay when the [Ca*+] is low compared to the buffer equilibrium 
constant. The decay is more rapid for higher [CaZ+] levels and 
a distinct kink occurs in the decay curve at the buffer dissoci- 
ation constant KB (Fig. 2). High above KB, where the buffer is 
saturated, rapid decay is observed since small changes in the 
amount of bound buffer correspond to large changes in [Ca*+]. 
Equation (42) demonstrates that, in general, the slope of the 
decay curve at all levels will scale with the total buffer concen- 
tration and will be inversely proportional to the calcium extru- 
sion rate. 

Decay curves that have a limiting exponential dependence at 
low [Ca*+] levels have been described in a number of other 
experimental systems in which the assumptions of our model are 
probably valid, including the axon terminal release sites of Aply- 
sia neurons (Connor et al., 1986), neuronal dendrites (Regehr 
and Tank, 1990) chromaffin cells (Neher and Augustine, 1992; 
Zhou and Neher, 1993), and forebrain neurons of the medial 
septum (Schneggenburger et al., 1993). Many of the decays de- 
viate from single-exponential behavior at high [Ca”+] levels by 
showing a more rapid decay. Our results suggest that this effect 
may be produced by buffer nonlinearities. 

Detecting changes in presynaptic calcium regulation 

Changes in [Caz+] dynamics that are expected when extrusion 
rate, calcium influx, or calcium buffer capacity are modified are 
shown by representative drawings in Figure XA-D. An increase 
in calcium influx will increase Caplaleilu and the initial slope of 
the [Ca*+] buildup with no change in the decay time constant. 
In contrast, an increase in extrusion rate will reduce Capiateau and 
the decay time constant with no change in the slope of the initial 
buildup. Finally, an increase in buffer capacity produces no 
change in Ca@alcau but increases the decay time while reducing 
the slope of the initial buildup. These curves suggest general 
strategies for associating an observed change in [Ca*+] dynamics 
with a specific biophysical mechanism. 
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Figure 7. Fast transient decay observed for the nonequilibrium con- 
ditions when the calcium buffer binding kinetics are slow compared to 
the removal rate of calcium. A, Computer simulation of [Ca*+] decay 
for (K, = 0.8 PM, B’ = 100 PM, V,,,IK,, = 3000 set-I, CaR = 0.15 
PM). B, Experimentally observed fast transient decay. A short high- 
frequency train was used to reach a high intracellular [Cal+] level with- 
out generating a large concentration of calcium bound buffer. [fura-2] 
i= 230 PM, T  = 18°C. 

C halve extrusion rate D double Ca influx 

Figure 8. Illustrations of the expected changes in [Ca2+] buildup and 
decay produced by a calcium influx (control curve shown in A) that 
would be produced by doubling the buffer capacity (B), reducing the 
extrusion rate by two (C), and doubling the calcium influx per unit time 
during the train (D). Note that these changes can be distinguished from 
each other because equilibrium phenomena such as plateau level are 
affected differently than kinetic phenomena such as decay time or initial 
slope of the buildup during the action potential train. 

Estimates of influx, buffering, and extrusion 

We used the expressions derived from the single compartment 
model to estimate calcium influx, buffering, and extrusion. The 
buffer capacity of the crayfish presynaptic terminal was esti- 
mated to be B’IK, = 600. This means that at low [Caz+] levels, 
there are about 600 bound calcium ions for each free ion. The 
frog sacculus contains a mobile calcium buffer that is equivalent 
to 800 micromolar BAPTA, and this corresponds to a much 
higher capacity (B’IK, = 800 p~/O.2 PM = 4000 (Roberts, 
1993)) than we observed. In contrast, chromaffin cells have a 
lower binding capacity, being equivalent to less that 50 micro- 
molar fura- (B’IK, = 50 p,M/0.2 pM = 250; (Neher and Au- 
gustine, 1992; Zhou and Neher, 1993)). Intact salamander rod 
outer segments have a high-affinity mobile buffer with a buffer 
capacity of (B’IK, = 240 p~/O.66 pM = 364) (Lagnado et al., 
1992). 

We demonstrated that the calcium extrusion rate was linear in 
[Caz+] and demonstrated how the proportionality constant (V,,,l 
K,) for this process could be calculated by two different pro- 
cedures: (1) the dependence of the buildup of [Ca*+] from rest 
as a function of action potential frequency, and (2) the depen- 
dence of the time constant of [Ca*+] decay on the concentration 
of exogenous buffer (fura-2). Both methods gave similar values, 
V,,,,IK,, = 80-100 set-I. To our knowledge, these are the first 
estimates of the [Caz+] dependence and rate of extrusion that 
have been made in an intact synapse. A Na+/Ca2+,K+ exchange 
that is activated in a first-order manner by internal free calcium, 
but which saturates with a mean Michaelis constant of about 1.6 
FM has been observed in dialyzed outer segments of tiger sal- 
amander rods (Lagnado et al., 1992). 

Our results suggest that in a single presynaptic terminal of the 
crayfish opener muscle the calcium influx per action potential is 
about l-5 X lo-l8 mol, corresponding to the influx that would 
be produced by about 400-2000 0.5 pA calcium channels open 
for 1 msec. Electron micrographic studies of synaptic terminals 
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of the inhibitor axon of the closer muscle indicate an average 
of approximately 2.4 synapses per micron in regions containing 
fine axon and bouton-like structures (Jahromi and Atwood, 
1974). Each of these synapses has O-4 putative release sites 
(mean 1.5), as determined from the presence of vesicles clus- 
tered at presynaptic dense bodies. Therefore, a reasonable esti- 
mate for the number of synapses and transmitter release sites in 
an average 5 pm diameter inhibitor terminal is 12 and 18, re- 
spectively. Although based on only rough estimates of channel 
open time and single channel current, from our measurements 
of the [Ca2+] change per action potential we estimate that ap- 
proximately 450 calcium channels open in response to each ac- 
tion potential in a 5 pm terminal suggesting that there are of 
order 50 channels per putative release site if all channels are 
clustered in the membrane with vesicles at presynaptic dense 
bodies. 

Implications for short-term synaptic enhancement 

The expressions describing [CaZ+] dynamics provide a concep- 
tual framework for the design and interpretation of experiments 
on the relationship between the level of presynaptic residual 
[Ca”] and the enhancement of synaptic connection strength. For 
example, we have observed that the time course of synaptic 
augmentation follows altered [Caz+] kinetics produced by ex- 
ogenous calcium buffers in a systematic way consistent with this 
model (Delaney and Tank, 1994). The direct relationship be- 
tween [Caz+] dynamics and two forms of synaptic enhancement, 
augmentation, and posttetanic potentiation, suggests the hypoth- 
esis that neuromodulators could prolong or shorten the time 
scales of synaptic memory and thus possibly, behavioral short- 
term memory, by altering calcium handling properties in pre- 
synaptic nerve terminals. Our results suggest several specific 
hypothesis about how such [Cal+] dynamics control mechanisms 
might work. For example, dopamine alters the kinetic properties 
of the ATP-dependent Na+/K+ exchange through second-mes- 
senger/protein phosphorylation mechanisms (Bertorello et al., 
1990). A similar neuromodulatory effect on the rate (V,,,/K,J of 
calcium extrusion in nerve terminals would alter the calcium 
decay rate as in Eq. (15). Changes in [Caz+] dynamics would 
also be produced by changing buffer characteristics (B’, KB) 
through changes in transcription, translation or posttranslational 
alteration of binding properties. 

Our model can be used as a starting point to evaluate other 
forms of [Ca*+] dynamics in presynaptic terminals. For example, 
following high-frequency prolonged stimulation of the exciter 
axon in the crayfish preparation, [Ca*+] decay acquires a second 
longer-time component (60-120 set) that is not observed in re- 
sponse to short low-frequency trains that only produce augmen- 
tation of synaptic transmission. This longer component of [Ca*+] 
decay produces ptp. A slower decay of [Ca*+] might be pro- 
duced by a large buildup of sodium ions in the terminal reducing 
a sodium/calcium exchange-based calcium-extrusion mecha- 
nism. Although there is some evidence in favor of this mecha- 
nism (Mulkey and Zucker, 1992), we note that in our model 
slowing the extrusion rate only changes the time constant of the 
decay; it does not introduce a second exponential component. 
An additional possibility is that sequestration of calcium into 
internal organelles (such as mitochondria) during the train with 
subsequent leak into the cytoplasm during the decay may pro- 
duce the longer component. This latter hypothesis seems ap- 
pealing for several reasons. First, ptp becomes apparent when 
the frequency of action potential trains is 25 Hz or greater. At 

these frequencies, the buildup of [Ca”] to steady state during 
an action potential train acquires a slow upward creep (see Fig. 
3) consistent with the introduction of a new (saturable) sink for 
[Ca*+] ions. Second, a simple extension of the present model 
using a second internal calcium compartment also easily dem- 
onstrates how this mechanism could introduce an additional lon- 
ger time constant component into decay kinetics. 

Appendix A 

Linear extrusion process from analysis of plateau levels 
Once [Ca*+] levels have plateaued during a long train of action 
potentials at frequency A the total influx (leak + term propor- 
tional to f) and the efflux produced by the extrusion mechanism 
(P[Ca*+]) are balanced: 

p(CaPl:~tcilu) = a ,f + L, (33) 

where a, is a constant. The experimental observation that the 
plateau level is a linear function of action potential frequency 
also implies that 

P(af + Ca”) = a,,f + L, (34) 

where a2 is a constant. Taking the derivative of both sides with 
respect to f yields 

dP 
d[Ca2tl% = a,, 

dP 
pa = constant, 
d[Ca2+] 2 

(35) 

with solution 

P([Ca*+]) = a,[Ca2+], (36) 

where u, is a constant. Although a general solution would in- 
clude a constant (offset), we drop this coefficient because it 
would lead to the physically implausible situation of a finite 
pump rate at zero [Ca*+] concentration. 

Appendix B 

Single compartment model analysis: kinetics of decay 
Analytic expressions for decay rates can be obtained for a single 
compartment model. We assume that the spherical compartment 
is filled with a single buffer B of total concentration B’. The 
total calcium concentration Ca’ in the terminal is the sum of 
[Ca”] and the calcium bound to the buffer B: 

Ca’ = [Ca”] + [BCa]. (37) 

A resting level of calcium (Ca”) is present in nerve terminals 
in the absence of action potential invasion. Like the steady-state 
condition during the plateau phase generated by long action po- 
tential trains, in the resting steady-state condition ([Ca*+] = 
Ca”), the total calcium concentration does not change with time 
and therefore the resting level of calcium extrusion, given by 
Eq. (11) above, is balanced by a constant calcium leak (L; units 
are concentration/time): 

In a typical experiment at the crayfish neuromuscular junction, 
action potential trains are used to raise [Ca*+] into the range 
0.3-3 pM. Then the action potential train is terminated and the 
decay of [Cal+] is measured. The form of this decay can be 
calculated in the one-compartment model. The total calcium ion 
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concentration (Cat) decays according to the net calcium removal 
rate produced by the leak and calcium extrusion process: 

dCa’ d[Ca*+] 1 d[BCal = L _ V,,,Ka*+l -= 
dt dt dt KP . 

(39) 

A buffer will remain in equilibrium with the [Ca”‘] during 
the decay if its characteristic relaxation time is short compared 
to the [Ca’+] decay time. In the following, we assume that this 
condition is satisfied and use the equilibrium buffer equations 
[Eqs. (13) and (14) in Materials and Methods) to express 

d[BCa] d[BCa] d[Ca2+] -= 
dt d[Ca2+] dt (40) 

d[Caz+] 

dt (41) 

Combining this with Eq. (39) gives 

This 

L _ V,,,[Ca*+l 
d[Ca*+] -zz KP 

dt 

equation can be simplified when 

[Caz+] < KB, 

(42) 

(43) 

K, < B’, (44) 

to yield 

L _ V,,,[Ca’+l 

d[Ca2+] KP 
-= 

dt B’ ’ 

t-1 KB 

(45) 

Expressing L in terms of the resting [Ca*+] level CaR [Eq. (38)] 
and changing variables to A[Ca*+] = [Ca*+] - CaR gives 

vmJ[ca2+l 
d@[Ca2+1) = KP - 

dt 1Bf\ 

\ ) E 
with solution 

A[Ca*+(t)] = ACaOexp - f , 
( 1 

(46) 

ACa” = Ca” - CaR, (48) 

(49) 

Thus, when both [Cal+] ion concentration is small compared to 
the equilibrium constant for the buffer, and also the total buffer 
concentration is large compared to this equilibrium constant, we 
expect the raised intraterminal [Ca*+] to decay exponentially 
with a time constant that is directly proportional to the total 
buffer concentration and inversely proportional to the equilibri- 
um constant for the buffer and the rate of calcium removal. A 
further assumption in this derivation is that the calcium buffer 
remains in equilibrium during the slow decay process. 

A transient effect of slow buffer kinetics 

The above analysis assumes that during the decay phase the 
buffer kinetics are sufficiently fast to donate and accept ions and 
thus [Ca:+] and calcium buffer remain in equilibrium. When the 
extrusion mechanisms have high capacity relative to the rate of 
calcium equilibration with internal buffers, this situation is vi- 
olated and a sharp drop in calcium concentration from the initial 
state can occur before the slower decays discussed above occur. 
This effect is shown as the fast transient drop at time t = 0 in 
a numerically calculated [Caz+] decay curve in Figure 7A. 

The amount of the fast drop can be approximated by com- 
paring the extrusion rate (i.e., the calcium pump rate) to the rate 
at which the bound calcium can be given up by B. A fast drop 
occurs when 

V m&x [Ca”] 
7r > km[BCa]. (50) 

Conversely, equilibration of the buffer with the [Ca*+] decay will 
occur when the [Caz+] has dropped from Ca” to the level Cae 
where 

VmaxCae 
~ = km[BCa]. I, (51) 

RIJ 

Since the concentration of bound calcium ([BCa]) does not 
change appreciably during the transient drop, we can use the 
predecay equilibrium conditions to simplify: 

(52) 

k-BzCao K 

Cae = (CaO + K,)c’ (53) 

01 

ACafast CaO - Ca@ k-B’ K - zz 
’ - (Ca” + K,) < ’ Ca” Ca” (54) 

Thus, the fast transient drop (ACafas’) will be reduced as the 
concentration of buffer increases, the buffer off rate increases, 
the initial [Ca*+] level decreases, or the effective pumping speed 
decreases. 

Fast decay components are observed, under certain condi- 
tions, in the experimental measurements of [Ca’+] decay in pre- 
synaptic terminals when [fura-2] is low. An example is shown 
in Figure 7B. In all cases that we have examined, the drops were 
observed at [Ca*+] levels above expected dissociation constants 
for the intracellular buffers. It was thus difficult to determine if 
the faster kinetics at the commencement of the decay was due 
to the higher slope expected above K,, as in Eq. (15), or due to 
a nonequilibrium condition between buffer and [Ca”‘]. In gen- 
eral, increasing fura- concentration reduced the magnitude of 
fast drops of this kind (data not shown), although we could not 
obtain data accurate enough to directly test Eq. (54). 
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