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ABSTRACT 

 

Endogenous Ca2+ buffers (ECBs) typically bind 98% to 99.9% of cytosolic Ca2+, 

and therefore play an important role in regulating synaptic transmission and other 

Ca2+-dependent processes; however, the biophysical characteristics of buffers 

are unknown in most cell types. We attempt to infer the kinetic properties of 

ECBs at the crayfish inhibitor neuromuscular junction, exploring  the recent 

suggestion by Lin et al. (2005) that an endogenous buffering system consisting of 

one fast and one slow buffer can account for the time course of  Ca2+ transients 

recorded in this preparation. It was proposed that the ECB with slow Ca2+ 

binding-unbinding kinetics controls the decay time course of the AP-evoked Ca2+ 

transient (τdecay ~ 50 ms), whereas the fast buffer reduces the amplitude of the 

transient, and accounts for the low degree of saturation of the indicator dye 

during the recording. To estimate the properties of these two buffers, we 

compare the time course of fluorescence transient evoked by two broadened 

action potentials to the one obtained through computational modeling, both in the 

control condition and upon application of EGTA. Our results indicate that the fast 

buffer comprises about 10 to 15% of the total buffering capacity, previously 

estimated by Tank et al. (1995) to equal about 600 in this preparation, with the 

remaining 85-90% of the buffering ratio contributed by the slow buffer. We infer 

that the slow buffer has low affinity ( slow
DK >1 µM) , is present in large 

concentration ( Total
slowB >500 µM), and we estimate its unbinding rate to range 

between 1 s-1 and 4 s-1. Finally, we also estimate the  following bounds on the 

affinity and total concentration of the fast ECB: fast
DK >0.4 µM and Total

fastB >20 µM. 
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INTRODUCTION 
 

Calcium signaling plays a crucial role in the regulation of a vast number of most 

vital cellular processes. The ability of calcium ions (Ca2+) to exert control over a diverse 

set of cell mechanisms critically depends on the precise spatio-temporal regulation of its 

intracellular concentration. The most direct and immediate route of such regulation is 

provided by endogenous Ca2+ buffering substances, which typically bind 98 to 99.9% of 

Ca2+ ions entering the cytoplasm (cite reviews). Therefore, understanding the spatio-

temporal dynamics of intracellular Ca2+ signaling requires the knowledge of the 

properties of ECBs. This is particularly true in the case of synaptic transmission. Due to 

a direct molecular linkage with the SNARE complex, the separation between presynaptic 

Ca2+ channels and the nearest synaptic vesicles can be as short as 20 to 50 nm 

(Sudhof, 2004).  Given the short distance, a vesicle should be exposed to a large 

increase in [Ca2+]i within a fraction of a millisecond after a Ca2+ channel opening (Neher, 

1998).  Furthermore, the minimal lag time between Ca2+ influx and the detection of 

postsynaptic response has been estimated to be 50 to 200 µs (Llinás et al., 1981; 

Sabatini and Regehr, 1996).  Therefore, in order to understand the dynamics of calcium 

activated vesicular secretion, it is necessary to know the distribution of intracellular free 

Ca2+ at a resolution of nanometer and microsecond, in a Ca2+ “nanodomain” surrounding 

an open Ca2+ channel. It has not been possible to monitor [Ca2+]i with such a fine spatial 

and temporal details. Therefore, a precise account of presynaptic Ca2+ dynamics within 

nanodomains requires inferences made from mathematical modeling of Ca2+ diffusion 

and binding to Ca2+ buffers. However, with the exception of chromaffin cells where the 

characteristics of the fixed ECB have been rigorously examined (Xu et al., 1997), in most 

cells the data on the concentration and the Ca2+-binding properties of ECBs is not 

available. In many preparations, computational modeling of Ca2+ distribution relies on the 

buffering parameters estimated in chromaffin cells (Matveev et al., 2004; Tang et al., 

2000).  Adding to the uncertainty, the properties of mobile ECBs that are typically 

washed out during whole cell recording are not fully characterized (Neves et al., 2001; 

Roberts, 1993; Zhou and Neher, 1993). Experiments have consistently suggested the 

importance of mobile buffers, and attempted to resolve this problem. For example, by 

dialyzing reconstituted Ca2+ buffers back into cells and investigating the dynamics of 

[Ca2+]i, it is possible to infer the behavior of some of the Ca2+ buffers in vivo (Blatow et 
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al., 2003; Edmonds et al., 2000; Lee et al., 2000; Schmidt et al., 2003).  Alternatively, 

properties of ECBs have been characterized in terms of EGTA or BAPTA equivalents 

(Neves et al., 2001; Roberts, 1993). In this report, we attempt to infer the kinetic 

properties of ECBs at the crayfish inhibitor by analyzing the decay of Ca2+ transients 

recorded at a high time resolution. 

The neuromuscular junction of the crayfish opener has been extensively used as 

a model for the investigation of synaptic plasticity, due to its robust short and long term 

synaptic enhancement with minimal transmitter depletion (Atwood and Wojtowicz, 1986).  

The presynaptic axons in this preparation are accessible and allow simultaneous 

monitoring of presynaptic action potentials, [Ca2+]i and transmitter release.  It was one of 

the first presynaptic preparations where quantitative Ca2+ imaging studies provided an 

estimate of the Ca2+ influx evoked by individual action potentials, as well as the 

estimates of the endogenous buffering ratio and Ca2+ extrusion rate (Delaney et al., 

1989; Tank et al., 1995). In order to further advance the understanding of this system, 

we seek to account for a gradual decay of Ca2+ transients within 50-100 ms after an 

action potential, referred to in this paper as the early decay. A recent analysis of early 

decay has shown that blockers of known extrusion and sequestration processes have no 

impact on the time course of Ca2+ concentration on this time scale (Lin et al., 2005). In 

addition, numerical simulations incorporating known constraints of the crayfish NMJ 

predict a plateau during the time window of early decay as long as ECBs with fast 

kinetics are assumed (ibid.). Adjustment of such simulation parameters as buffer affinity, 

mobility or terminal dimensions were not sufficient to achieve a gradual early decay of 

the simulated Ca2+ bound indicator dye. Based on these observations, it was proposed 

that the early decay could be due to a slow ECB. However, it was noted that a single 

class of slow buffer cannot account for the experimental results because it  has virtually 

no buffering power during the brief period of action potential activated Ca2+ influx and 

would not prevent the saturation of a low affinity indicator. It was therefore proposed that 

the crayfish inhibitor contains both fast and slow ECBs. The former is capable of 

competing with fast Ca2+ indicators while the latter dictate early decay time course. This 

report focuses on defining the concentration and rate constants of a slow ECB that, 

together with a fast ECB, could fully account for the amplitude and time course of 

fluorescence transients.  

 



 

6 

METHODS 

 

Experimental procedures 

 

Indicator concentration 

Final concentrations of the injected indicators were estimated to be 200-400 µM.  

The indicator concentration was estimated by visually comparing the fluorescence 

intensity of an injected axon and a dye-filled capillary tube of similar diameter.  The 

capillary tube was filled with know concentrations of the dyes in the presence of 100 nM 

Ca2+, prepared from Calcium Calibration Buffer Kit with 1 mM Mg2+ (Molecular Probes C-

3721).  With an indicator concentration of 2.5-5 mM in the injection pipette, there is 

typically a 1 to 10 dilution between the pipette and final intracellular concentrations.  

When the effect of EGTA was investigated, 20 mM EGTA was included in the injection 

pipette, along with 2 mM MgOrg and 400 mM K+ Methansulphonate.  The final EGTA 

concentration was assumed to diluted to a similar extent as MgOrg (~10X), i.e. ~2-4 mM. 

 

Computational modeling of fluorescence transients 

 

Single compartment model of buffered Ca2+ diffusion 

The search for rate constants and concentrations of slow and fast ECBs was 

performed using a single-compartment model of Ca2+ dynamics.  As was previously 

observed (Lin and Allana, 2005), the time course of Ca2+ transients recorded using low 

mobility, dextran-coupled indicators and near-membrane indicators was not significantly 

different from the time course of Ca2+ decay recorded with highly mobile indicators, 

which suggests that the spatial equilibration plays insignificant role in shaping early 

decay. The effect of spatial diffusion on our results will be discussed in more detail below 

(See Fig. 9). The one-compartmental model gives 
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where Ca and Bi denote the concentrations of  Ca2+ and the Ca2+-bound i-th buffer (or 

dye) species, respectively, on
ik  and off

ik  are the binding and the unbinding rates of the i-

th buffer, and Total
iB  is its total concentration. ICa(t) denotes the Ca2+ current,  F is the 

Faraday constant, and V is the cell volume. In the first equation, summation is extended 

over the number of buffers present in the cell, Nb, which includes the Ca2+ indicator dye, 

Bind. kpump denotes the rate of Ca2+ extrusion by membrane pumps, which equals 

kpump=(1+κtotal)/ τpump, where κtotal=600 is the total resting buffering capacity, and τpump ≈ 5 

sec is the estimated extrusion time (Tank et al., 1995). Equations (1) are integrated 

numerically using the CalC (“Calcium Calculator”) modeling software running in ODE-

only  mode (http://web.njit.edu/~matveev/calc.html). Analysis of certain limiting cases 

allowing for exact solution of Eqs. 1-2 is given in the Appendix. 

 

Simulated Ca2+ indicator dye fluorescence 

Assuming that one of the buffer species represents the Ca2+-sensitive indicator MgOrg, 

fluorescence time course is modeled as  

F(t) =
bgr

ind ind
Total bgr
ind ind

( ) −

−

B t B

B B
     (3) 

where Bind(t) is the concentration of the Ca2+-bound indicator calculated by solving Eqs. 

1-2, Total
indB is the indicator dye total concentration, and 

2 2[ ] /( [ ] )bgr Total ind
ind rest ind D restB Ca B K Ca+ += + is the resting background value of Bind(t) . We 

assume a resting background Ca2+ concentration of [Ca2+]rest=0.1 µM. Experimental 

fluorescence transients were recorded using a low affinity MgOrg indicator dye, with 

concentration estimated to lie in the range Total
indB = 200-400 µM. We assume its Ca2+-

binding rate to equal 0.5µM-1s-1. It’s affinity, published  by Molecular Probes, is ind
DK =12 

µM, yielding an off rate of off
indk =6 ms-1. The fast off rate is consistent with previous report 
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showing MgOrg fluorescence transient in skeletal muscle to be faster than that of 

Magnesium Green (KD=7 µM), and comparable to that of Magnesium Fura-2 (KD=42 µM) 

(Zhao et al., 1996).  The mobility of the indicator is 0.118 µm2s-1. 

 MgOrg binds Mg2+  with  a Kd of 3.9 mM.  Although the resting Mg2+ concentration 

at the crayfish NMJ is unknown, we assume that there is no rapid change in [Mg2+] 

during the early decay.  Therefore, a constant fraction of Mg2+ bound MgOrg contributes 

to background fluorescence.  Since the Ca2+ transient in this report is quantified by 

calculating the action potential-activated peak MgOrg fluorescence as a fraction of the 

maximal fluorescence activated by a prolonged Ca2+ influx (Lin et al, 2005), the 

presence of Mg2+-bound MgOrg should not introduce an error into the calculation. 

 MgOrg has been chosen over other indicators on the bases of its Ca2+ binding 

affinity and long excitation wavelength.  Illumination of crayfish NMJ with UV, and to a 

less extent blue light, creates strong autofluorescence, which, depending on pigment 

distribution, is typically non-uniform spatially.  As a result, the correction of background 

fluorescence is difficult with photodiode imaging.  There are several long wavelength 

Ca2+ indicators, some of them, such as meg-fura-red, exhibit anomaly in fast Ca2+ 

transient (Zhao et al., 1996), while others, such as Rhod-FF, have such a low 

background fluorescence that it becomes impossible to gauge the concentration injected 

in the axon.  Overall, MgOrg is bright and typically is observed against a black 

background, i.e. without autofluorescence. 

 

Estimates of presynaptic Ca2+ influx 

The early decay of Ca2+ transients was analyzed from experiments where broad action 

potentials were used, in the presence of 20 mM TEA and 1 mM 4-AP. A previous study 

has shown that the peak amplitude of fluorescence transient evoked by broad action 

potentials was about 10 times larger than that measured in physiological saline 

(Vyshedskiy and Lin, 2000).  Since low affinity Ca2+ indicator (Magnesium Green Kd =7 

µM) was used in that study, it is reasonable to assume that there was minimal indicator 

saturation and that a broad action potential triggers a Ca2+ influx at least 10 times larger 

than that activated by a narrow action potential recorded in physiological saline. 

According to an estimate of Tank et al. (1995), a single action potential leads to a Ca2+ 

influx of 3±2×10-18 mole into the terminal. Assuming a spherical bouton of 3 µm in radius, 
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this corresponds to a step increase of average total (bound plus unbound) whole-

terminal Ca2+ concentration of about 27±18 µM. This value is consistent with but 

somewhat larger than the 15.5±10 µM range inferred from the study by Tang et al. 

(2000). Therefore, we assume that a broad action potential elevates the total Ca2+ 

concentration by ∆CaAP=50 to 400µM. Given the endogenous buffering capacity of 600, 

this corresponds to,an increase in free Ca2+ of between 0.08 and 0.67 µM. 

 

Comparison of model and experimental fluorescence transients 

For a given set of buffering parameters, simulated fluorescence time course 

Fsim(t) is computed according to Eq. 3, rescaled by a constant calibration factor α, and its 

deviation from the experimentally measured time-course Fexp(t) is quantified by the 

weighted sum of squared residuals:  

2
exp

2
0

[ ( ) ( )]

( )

T
simF t F t

SSR dt
t

α

σ

−
= ∫     (4) 

Here σ(t) denotes the standard deviation in the experimental measurement of Fexp(t), 

and the integral extends over the duration of the recording (see Fig. 1). The integral is 

computed as a simple sum over the time sample points; the fluorescence is sampled 

with a 10 kHz (0.1 ms) time resolution. Because of the variance term in the denominator 

of the weighted SSR deviation measure, the more accurate the measurement at a 

particular time point, the higher is the contribution of the corresponding residual to the 

total deviation. This weighting ensures that minimizing SSR is equivalent to maximizing 

the likelihood function.  

In Eq. 4, we restrict integration to the decay intervals in the fluorescence time-

course only, excluding the 8 ms time intervals corresponding to the two rising phases; 

therefore, we do not attempt to fit the fluorescence increase during the two action 

potentials. This is justified since the assumption of spatial equilibrium implicit in the 

single-compartment approach is the least accurate during the rapid rising phases. 

Further, neglecting the rising phase removes the necessity to accurately reproduce the 

time course of Ca2+ influx. 

The use of the scaling parameter α in equation 4 eliminates the problem of 

uncertainty in the calibration between the recorded fluorescence signal and the inferred 
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absolute value of bound dye concentration given by Eq. 3. This scaling factor is chosen 

in such a way that the deviation given by Eq. 4 is minimized; the extremum condition 

d(SSR)/dα=0 leads to an equation  

 

2
exp

2 2
0 0

( ) ( ) ( )

( ) ( )

T T
sim sim

F t F t F t
dt dt

t t
α

σ σ
= ∫ ∫     (5) 

Because of this scaling procedure, the deviation measure given by Eq. 4 compares only 

the time courses of predicted and measured fluorescence transients, and not their 

magnitudes. The amplitude of the transient is constrained independently by comparing 

the amount of dye saturation during the pulse with the experimentally determined upper 

bound on its value (see Eqs. 6 and 7 below).  

The buffering parameters are constrained by fitting the fluorescence data 

recorded both in the absence and in the presence of EGTA (Figs. 1 A, B). When 

calculating the deviation between model and experiment using Eq. 4 for the EGTA case, 

we use the value of the calibration factor α that was obtained by fitting the control data, 

thereby assuming that the concentration of the indicator dye is the same under both 

experimental conditions. The reason for using only the control data when evaluating the 

calibration factor is that the measurement error was larger for the EGTA condition (see 

below). 

 

Goodness of fit 

The combined deviation measure shown in grayscale in Figs. 4 D, 6, 7 and 8 includes a 

sum of deviations calculated in the control condition and in the presence of EGTA, and 

incorporates an upper bound on the peak AP-evoked fluorescence. The EGTA data 

contribution to the combined deviation is weighed more lightly due to a “ringing” artifact 

in the recording, arising from a mechanical coupling (cf. Figs. 1 A and 1 B):  

SSRtotal = SSRcontrol + w SSREGTA + Dsat  (6)  

The weight factor w=0.0162 equals the ratio of the SSR values of the control and EGTA 

data relative to the reference best-fit curves. Dsat implements the constraint on peak 

MgOrg saturation; it equals zero at low levels of MgOrg saturation (see Eq. 8 below).   
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We quantify the goodness of fit using the standard R2 measure, which compares 

the weighted SSR value given by Eq. 6 with SST, the so-called total sum of squared 

residuals: 

R2 = 1−SSRtotal / SSTtotal =1−SSRtotal / (SSTcontrol + w SSTEGTA)    (7) 

where SSTcontrol and SSTEGTA are defined as the sum of squared residuals between the 

corresponding data and a time-independent constant equal to the average of this data 

over the relevant time interval. The value of R2 can be interpreted as the fraction of the 

total variance present in the data which is captured by the model. Note that R2 and 

SSRtotal are linearly related. We consider the deviation between model and experiment to 

be acceptable if R2≥ R2
min

 =97.5%. The corresponding parameter regions are shown in 

white in the parameter sweep plots of Figs. 4 D,  6, 7 and 8. This goodness of fit 

threshold is quite conservative, as illustrated by the simulations shown in Fig. 5, which 

correspond to parameter values lying just outside of the parameter range satisfying this 

bound on R2. 

 The contour plots of Figs. 2 A and 4 A indicate the value of SSRcontrol, the 

deviation between model and experiment for the control condition only, while  Figs. 2 B 

and 4 B show the value of SSREGTA, the deviation for the EGTA data fit. The white 

parameter regions in these plots correspond to R2 goodness of fit thresholds of R2
control

 

=98.5% for the control data and R2
EGTA=81.5% for EGTA data. Each of these two error 

bounds represents half of the total deviation corresponding to R2
min: 

  

     (1−R2
control ) SSTcontrol = w (1– R2

EGTA) SSTEGTA = (1−R2
min) SSTtotal / 2 

Note once again that these R2 constraints are quite conservative, as indicated for 

instance by a significant degree of temporal correlation remaining in the distribution of 

the residuals of the corresponding data fits (data not shown). 
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Constraint on peak saturation of MgOrg indicator 

MgOrg fluorescence reaches 6±1.4% of its resting value at the peak of the broad 

action potential, as compared to 34±11% for a prolonged depolarization. Therefore, the 

dye saturation during an action potential cannot exceed an upper bound of 18±7% (see 

Fig. 4 C).  This constraint is implemented by adding the following term to the total 

deviation measure given by Eq. 6: 

λ
+

− =   
3

0.11
0.14

AP
sat

F
D     (8) 

where FAP is the maximal fraction of bound MgOrg achieved at the peak of the simulated 

action potential (see Fig. 4 C), and the “+” subscript indicates that only positive values of 

this expression are accepted, which ensures that Dsat is zero below the low end of the 

18±7% upper bound on FAP. The Lagrange multiplier λ is set to the value of SSR 

corresponding to the minimal accepted value of R2, λ=SSRmax= SSTtotal (1 - R2
min), so that 

the combined goodness of fit given by Eq. 7 is below R2
min for values of FAP violating the 

upper bound of 0.25. The power of 3 in the definition of Dsat ensures that this deviation 

measure decays rapidly for values of FAP approaching the lower end of the 18±7% 

range, and grows supra-linearly for values of FAP above the upper limit of this range. 

 

Ca2+ binding properties of EGTA 

 When fitting the fluorescence time course recorded in the presence of EGTA, we relied 

on the results of (DiGregorio et al., 1999): ,
EGTA
D CaK =130 nM, on

EGTAk =0.006 µM-1ms-1 

 

Geometry of the terminals for three dimensional modeling 

Although most of our results are based on a single-compartmental model of Ca2+ 

diffusion and buffering, in Fig. 9 we present a comparison of these results with data 

obtained using full 3-dimensional simulations that take into account non-uniform spatial 

distribution of Ca2+ and buffer concentrations. The corresponding system is similar to the 

one described by Eqs. 1-2, but in addition includes a diffusion term in each of the 

equations. The resulting partial differential equations were integrated using the Calcium 

Calculator.  The topography of the Ca2+ channel distribution is identical to those 
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published previously (Matveev et al., 2002; Tang et al., 2000).  Specifically, Ca2+ 

channels in an active zone are assumed to be spaced 60 nm apart in a grid of 16 

channels.  This active zone is located at the center of a 1.6 µm by 1.6 µm plane. The 

terminal is assumed to have a height of 1 µm.  Due to the symmetry, the simulated 

volume is a 0.8x0.8x1 µm cube, i.e. a quarter of a whole active zone with 4 Ca+2 

channels located at the corner.  Although a recent study has suggested a differential 

distributions of P- vs. non P-type Ca2+ channels (Allana and Lin, 2004), this factor is not 

incorporated because subtle differences in channel locations should have no impact on 

globally averaged fluorescence signals.   

 

RESULTS 

 

A single class of slow endogenous buffer. 

We first investigated whether a single endogenous buffer species can give rise to 

experimentally recorded Ca2+ transients, measured as the concentration of Ca2+-bound 

indicator dye (Eq. 3). The unknown parameters in our search are the on- and off-rate 

constants of the buffer, kon and koff. Given the rate constants, and thus KD, the 

concentration of the buffer (Btotal) is determined, since previous study has estimated a 

total binding ratio  (approximately equal to Btotal/KD) of 600 in this preparation (Tank et 

al., 1995). The remaining parameters in a single compartment model, which are the Ca2+ 

influx, the EGTA and MgOrg rate constants and concentration, are all based on 

experimental estimates.  

As shown in Fig. 1A, a single class of endogenous buffer is sufficient to account 

for the fluorescence decay recorded under control condition (in the absence of EGTA).  

We found that the unbinding rate of the buffer is the critical parameter, and the value of 

about koff=0.6 sec-1 was optimal for obtaining a good fit in this case, as was found by Lin 

et al. (2005). However, Figure 1B shows that the fit to the fluorescence transient 

recorded in the presence of EGTA is quite poor for the chosen set of ECB parameters. 

This is because EGTA can compete quite efficiently with a slow ECB, and reduces the 

Ca2+ concentration more than what is reported by MgOrg. This result is analyzed more 

systematically in parameter sweep plots of Figure 2, by scanning over a wide range of 

values of the buffer’s unbinding rate and affinity.  The deviations between model and 
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experimental transients are indicated in grayscale (lighter shade indicates better fit). 

Note that the resting buffering ratio is kept fixed at 600, so the total buffer concentration 

increases along with the KD in the vertical direction. In both the control and the EGTA 

cases, the goodness of fit is only weakly dependent on the buffer affinity and its total 

concentration, as long as KD>1µM (Btotal>600 µM). The reason for this lower bound is 

that the buffer becomes completely saturated at low values of KD and Btotal, leading to a 

significant retardation of early decay. 

 The different optimal koff ranges in Figure 2 A and B suggest that it is impossible 

to fit the control and the EGTA data simultaneously: the single buffer model consistently 

overestimates the effect of EGTA on the Ca2+ transient, since EGTA can compete quite 

efficiently with a single slow ECB. This conclusion was verified for a range of values of 

total concentrations of EGTA ([EGTA]total=2-4 mM) and the indicator dye 

([MgOrg]total=200-400µM), as well as Ca2+ influx (∆CaAP=50-400 µM) (data not shown). 

 There is another reason why a single ECB is inadequate: due to its slow binding 

rate, it cannot effectively buffer incoming Ca2+ during an action potential.  As a result, the 

estimated maximal Ca2+ bound indicator concentration is much higher than experimental 

estimates.  Figure 1A shows about 50% saturation of the indicator dye at the peak of the 

Ca2+ pulse, significantly higher than maximal level of fluorescence intensity induced by a 

prolonged presynaptic depolarization, 18±7 % (n=5) (Lin et al., 2005). In other words, 

unreasonably high Ca2+ transients would be predicted by a model that includes only slow 

ECBs. Therefore, a second buffer with rate constants comparable to those of MgOrg is 

likely to be present. We therefore attempt to model a system that includes two classes of 

endogenous buffer, one with fast and one with slow rate constants. 

 

Possibility of a fast Ca2+ extrusion mechanism. 

Lin et al. (2005) demonstrated that the early decay of the fluorescence is not 

influenced by blockers of the known Ca2+ extrusion and uptake pathways.  Still, it can be 

argued that the characteristic decay of Ca2+ fluorescence is controlled not by a slow 

ECB, but by a Ca2+ clearance process insensitive to the blockers tested. However, this 

hypothesis is unlikely to be correct: even though well chosen extrusion parameters could 

undoubtedly enable the model to accurately recreate the early decay time course, it 

cannot explain the dramatic acceleration of decay in the presence of EGTA shown in 
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Fig. 1. This is because adding EGTA, by effectively buffering Ca2+, would slow down the 

Ca2+ extrusion. This reasoning was verified by attempting to fit the control and EGTA 

fluorescence data using a single fast ECB (KD=5µM, kon=0.5 µM-1ms-1), and a 

combination of two saturable Ca2+ clearance processes with different time constants and 

affinities. Despite a systematic scan of the rate constants and affinity parameters of the 

two extrusion processes over several orders of magnitude, we were unable to obtain a 

satisfactory fit of the recorded fluorescence transients under this assumption. As we 

expected, extrusion parameters that could accurately reproduce the early decay for the 

control condition consistently predicted a slower decay than that obtained by 

experimental recordings in EGTA. Therefore, the fluorescence data recorded in the 

presence of EGTA argues against a Ca2+ extrusion process as a source of early decay.  

 

A combination of fast and slow endogenous buffers. 

 We next consider a system of two ECBs, where the first, slow buffer is largely 

responsible for the time course of the early decay, while the second, fast buffer is 

responsible for fast Ca2+ binding upon AP-triggered Ca2+ influx, preventing the saturation 

of the indicator dye (Lin et al., 2005). As demonstrated in Figure 3, in this case we are 

able to find a combination of buffering parameters yielding a good fit to experimental 

fluorescent transients, both in the control condition, and in the presence of EGTA. Note 

that in the control simulation (Fig. 3 A), the peak MgOrg saturation level is about 15%, 

consistent with the low level of Ca2+ bound dye observed experimentally. It should also 

be noted that probing the synapse with a pair of broad action potentials imposes a 

significant constraint on the freedom of choosing buffer parameters, by ruling out 

parameters that results in significant saturation during the second action potential  (data 

not shown). 

The suggestion of two ECBs leads to a large number of parameters to be 

analyzed, mainly the concentrations and rate constants for each buffer. In addition, the 

Ca2+ current (quantified by ∆CaAP) should also be treated as a free parameter, given the 

uncertainty in its experimental estimate. In the following, we evaluate the constraints on 

these model parameters by systematically varying their values and calculating the 

goodness of fit (Eq. 6) for each set of values, as in Fig. 2.  Since the critical parameter 

determining the time course of the Ca2+ transient decay is the off
slowk , while the amplitude 
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of the transient is determined by the affinity of the fast buffer which shunts the transients, 

we first perform a systematic sweep across different values of off
slowk  and fast

DK  (Fig. 4 D). 

The on-rate of the fast buffer is kept fixed to a value reported in other preparations (Xu et 

al., 1997), so the fast buffer’s off-rate constant is determined by fast
DK .  We next examine 

the remaining free parameter of the fast buffer, i.e. its concentration, given by the 

product of fast
DK  and the zero-Ca2+ binding ratio of the fast buffer, 0

fastκ .  An assumed 

value of 0
fastκ  will automatically set 0

slowκ =(600- 0
fastκ ).  Since the interplay between the 

concentration of the fast buffer and the magnitude of Ca2+ influx determines the degree 

of MgOrg binding at the peak of the transient, the scan of  0
fastκ  was carried out against 

∆CaAP. This is done by repeating the two-parameter sweep shown in Fig. 4 D for a set of 

different values of 0
fastκ  and ∆CaAP. The resulting four-dimensional parameter scan is 

presented as a matrix of fast
DK  vs. off

slowk  sweeps, with columns and rows corresponding 

to different values of 0
fastκ  and ∆CaAP, respectively (Fig. 6). This parameter sensitivity 

analysis effectively narrows down the ranges of 0
fastκ , 0

slowκ , fast
DK  and off

slowk .  However, 

these simulations are performed assuming slow
DK  of 10 µM.  In the third parameter scan 

(Fig. 7 A), slow
DK  is varied against off

slowk ; the results of this scan establish a lower bound 

on slow
DK , and show that the narrow range of off

slowk  deduced from Figs. 4 D and 6 

remains valid for a wide range of values of slow
DK . Finally, since the lower bound on 

slow
DK  arises from the saturation of the slow buffer and therefore should depend on the 

affinity of the fast buffer, fast
DK , we analyze the goodness of fit as we vary slow

DK  against 

fast
DK .  In summary, our systematic analysis of the two buffer system involves studying 

the dependence of the goodness of fit on the following parameters: (1) the fast buffer 

affinity, fast
DK , vs. the slow buffer’s unbinding rate, off

slowk ; (2) the relative resting buffering 

capacities of the fast and slow buffers, 0
fastκ  and 0

slowκ , vs. the magnitude of AP-evoked 

Ca2+ influx, ∆CaAP, and, finally, (3) the affinity of the slow buffer slow
DK  against off

slowk  and 

(4)  slow
DK  against fast

DK . 
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Range of optimal buffering parameters for a two-buffer system. 

In Figure 4 we present the results of a sweep over the values of the unbinding 

rate of the slow buffer, off
slowk , and the affinity of the fast buffer, fast

DK  (cf. Fig. 2). Given the 

assumed resting Ca2+ buffering ratios of the two buffers of fast
0κ =60 and slow

0κ =540, 

yielding a total buffering strength of 600 (Tank et al., 1995), the total concentration of the 

fast buffer is varied along with its affinity, as in Fig. 2. The affinity of the slow buffer is set 

to slow
DK =10µM. 

We use three distinct measures when comparing the model and experimental 

traces. Figures 4 A and 4 B are similar to Figs. 2 A and 2 B, and demonstrate the 

parameter dependence of the total deviation between simulated and recorded transients 

(Eq. 4) in the control condition and in the presence of 4mM of EGTA.  Figure 4 C shows 

in grayscale the regions of parameter space which are not consistent with the upper 

bound on the indicator dye saturation during the first action potential of 18±7% (see Eq. 

8). In this respect the critical parameter is the affinity of the fast buffer, which plays a 

major role in reducing the saturation of the indicator dye by absorbing a significant 

fraction of incoming Ca2+ influx. Finally, in panel 4 D these three deviation measures are 

combined together (see Eqs. 6, 7), the white area indicating the values of parameters 

satisfying the lower bound on the goodness of fit between model and experiment of 

R2>97.5%. The parameter point marked with a diamond lies within this region and 

corresponds to the simulation shown in Fig. 3. In order to illustrate the sensitivity of the 

goodness of fit to the values of off
slowk  and fast

DK ,  in Figure 5 we presents the simulation 

results for four different parameter choices corresponding to the points marked with 

triangles in Fig. 4. These four parameter points lie just outside of the most likely 

parameter region.  

The simulated transient shown in panel 5 A (dashed curve) corresponds to a 

value of fast
DK  lying above the optimal parameter region of Fig. 4 D, and exhibits a decay 

time course slower than that recorded experimentally.  The increase of the time constant 

of early decay with increasing fast
DK  is explained by the fact that the decay time is 

inversely correlated with the fast buffer’s instantaneous Ca2+ binding ratio, ( )fast Caκ , 

which is an increasing function of fast
DK  for any fixed value of the resting (zero-Ca2+) 
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buffering ratio, 0
fastκ  (see Eqs. A7-A10 of the Appendix). Panel 5 C and D show opposite 

effects for points lying to the left and to the right of the optimal parameter range: the 

decay is too fast (too slow) for large (small) off
slowk . Since off

slowk  characterizes the slow 

buffer’s Ca2+ unbinding time, such dependence of fluorescence time course on off
slowk  is 

quite intuitive. 

The parameter dependence of the goodness of fit of the EGTA data can also be 

understood through similar arguments, but the relationship is under an additional 

constraint since the quality of EGTA fit depends on the fit obtained in the control 

condition. This is because the scaling constant needed to match the amplitude of the 

observed and the simulated fluorescence time courses in control condition is applied to 

the EGTA condition. For example, when fast
DK has a small value, the fluorescence signal 

will be very high due to the saturation of the fast buffer (Fig. 5 B). Under this condition, 

EGTA would reduce the peak amplitude by more than 50%. The opposite is true for Fig. 

5 A where the peak fluorescence is low due to the presence of a large concentration of 

fast buffer. In this case introduction of EGTA would have a smaller effect on the peak 

fluorescence.  Figures 5 C and D illustrate the interaction between EGTA and the slow 

buffer off-rate.  Figure 5 C (D) shows that EGTA is more (less) effective in reducing the 

peak fluorescence when off
slowk  is slow (fast). 

 

Dependence of data fit to fast buffer binding rate and Ca2+ influx per AP. 

In simulations shown in Figs. 3-5, we assumed that the fast ECB has a resting 

binding ratio of 0
fastκ =60, or 10% of the total endogenous buffering capacity totalκ =600. 

As we showed above, this choice yields a good agreement between model and 

experiment.  However, one should expect the optimal value of 0
fastκ  to depend on the 

estimate of Ca2+ influx per action potential, as well as other buffering parameters.  Figure 

6 presents the results of the parameter sweep similar to the one shown in Fig. 4 D, for a 

set of different values of 0
fastκ and total Ca2+ influx, ∆CaAP.  Each panel in Fig. 6 is 

equivalent to that shown in Fig. 4 D, namely it incorporates the deviations for the control 

and the EGTA data, as well as the constraint on the indicator saturation (Eq. 8). Note 

however that Fig. 6 zooms in on a narrower range of fast
DK  and off

slowk  values, as 
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compared to Fig. 4.  Finally, we assume that neither buffer can have a concentration 

above 20 mM. Given a certain binding ratio 0κ , this translates into an upper limit on the 

KD value of (20/ 0κ ) mM.  

Each of the four panel columns in Fig. 6 corresponds to a distinct value of  0
fastκ , 

which also determines the binding ratio of the slow buffer via 0
slowκ =600- 0

fastκ . Inspection 

of the abscissa ranges of the white parameter areas yielding the best fit between model 

and experiment shows that slow
offk  consistently resides within a narrow range 1.5-4 s-1.  

These optimal fit areas shrink and disappear as 0
fastκ  move outside of the 50-100 range. 

If 0
fastκ  is below about 50, the fast buffer would not be able to prevent the saturation of 

MgOrg. Conversely, for values of 0
fastκ  larger than about 100, the fast buffer dominates 

over the slow buffer in determining the time course of the Ca2+ transient, again leading to 

a reduction in the fit quality.  Since we assume the total buffering ratio to equal 600, 

these results imply that the resting binding ratio of the slow buffer lies in the range  

500< 0
slowκ <550. 

Inspection of the ordinate range of the optimal fit regions leads to a bound on the 

dissociation constant of the fast buffer: fast
DK > 0.4 µM. This lower bound on fast

DK  follows 

primarily from the low saturation of the indicator (see Fig. 4 C). The low saturation 

condition also imposes an upper bound on total Ca2+ elevation per AP of about 220 µM. 

Finally, the combined constraints on 0
fastκ  and fast

DK  lead to an estimate on the minimal 

total concentration of the fast buffer: Total
fastB > 20 µM .  

 

Lower bound on the dissociation constant of the slow endogenous buffer. 

Results presented above constrain the Ca2+ unbinding rate and the resting 

binding ratio of the slow buffer, but make an arbitrary assumption on its Ca2+ dissociation 

constant, fixing it at slow
DK =10 µM . To complete the analysis of the properties of the two-

buffer system, we examine the dependence of the results on the affinity of the slow 

buffer. To this end, in Fig. 7 A we repeat the parameter sweep similar to ones shown in 

Figs. 4 D and 6, this time varying slow
DK  along the ordinate axis, instead of fast

DK . As in 
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the single-buffer case (Fig. 2), our results show that the value of slow
DK  is constrained 

from below by a lower bound of about 3 µM. Lower values of slow
DK  and Total

slowB  would 

predict a slower decay of the  fluorescent transient than seen experimentally (Fig. 7 B, 

upper panel), due to the saturation of the slow buffer.  Furthermore, this saturation would 

result in excessive accumulation of free Ca2+, accentuating the effect of EGTA in 

reducing the peak MgOrg amplitude (Fig. 7 B, lower panel).   

It is important to note that the white region in Fig. 7 A marking the most probable 

range of parameter values is almost parallel to the ordinate slow
DK  axis. This means that 

the constraints on the value of off
slowk  inferred from Fig. 6 is not affected by the particular 

value of slow
DK  used in our simulations, as long as slow

DK  and Total
slowB  are high enough to 

avoid saturation of the slow buffer. This agrees with the results of the qualitative analysis 

presented in the Appendix, which show that in certain parameter regimes, the decay rate 

of the Ca2+ transient is not sensitive to the affinity of the slow buffer (Eqs. A9 and A10). 

Since the lower bound on slow
DK  is associated with the saturation of the slow 

buffer, this constraint should depend on the magnitude of the Ca2+ influx, ∆CaAP, as well 

as the properties of the fast buffer which absorbs a significant portion of the Ca2+ 

transient. In particular, this minimal value of slow
DK  should decrease as ∆CaAP is reduced. 

Results presented in Figure 8 agree with this argument. In contrast to the simple 

parameter scans of Figs. 4, 6 and 7 A, in each of the slow
DK  vs. fast

DK scans presented in 

this Figure, the fit has been optimized with respect to off
slowk  at every point in parameter 

space. The optimal off
slowk  value for each panel remains within 1.5-4 s-1 range, in 

agreement with inferences derived from Figure 6. This procedure reduces the 

dimensionality of the parameter space by eliminating off
slowk from the problem.  Different 

panels of Figure 8 correspond to different choices of 0
fastκ  and ∆CaAP, as in Fig. 6. As we 

discussed above, a satisfactory data fit cannot be achieved for values of 0
fastκ  below 50 

due to the saturation of MgOrg, even though the optimal parameter area is the largest 

for values of 0
fastκ lying close to the low end of the 50-100 range that we established 

above. The non-trivial relationship between the optimal ranges of slow
DK  and fast

DK  can be 
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understood in terms of the interplay between the conditions required to accurately 

reproduce the Ca2+ transient decay time course on the one hand, and the conditions 

required to reproduce the effect of EGTA on the Ca2+ transient on the other hand (see 

discussion of Figs. 4, 5 and 6 above).  

Figure 8 yields a lower bound on the value of slow
DK  of about 1 µM. Since the 

value of 0
slowκ  is set to 600- 0

fastκ  for each given value of 0
fastκ , Fig. 8 allows us to infer 

the bound on the total concentration of the slow buffer: Total
slowB = slow

DK (600- 0
fastκ ) > 550 

µM. 

 

Check of reliability of the single-compartment approximation. 

Finally, in Figure 9 we evaluate the accuracy of the single-compartment 

approximation, by comparing the simulation results shown in Figure 3 with the results 

obtained by integrating the three-dimensional partial differntial equations describing Ca2+ 

diffusion and buffering. Note the good agreement between the two simulations, 

indicating that the use of a single compartment approximation is quite justified for our 

problem. The slight deviation between the two models is only apparent in the control (no 

EGTA) condition, and is most likely explained by the difference in the treatment of Ca2+ 

extrusion in the two approaches. Note also that the results of the 3D simulations were 

not sensitive to the assumption on the mobility of the ECBs, since the mobile Ca2+ 

indicator (as well as mobile EGTA) ensure efficient spatial re-equilibration of Ca2+ 

throughout the simulated presynaptic terminal.  

 

DISCUSSION 

 

Although the buffering capacities of ECBs have been estimated in many cell types 

(Neher, 1995), their affinities, binding rates and concentrations are inaccessible to direct 

measurement in crayfish NMJ, as well as most other cells. However, this information is 

crucial for elucidating the role of ECBs in regulating Ca2+-dependent cell processes, in 

particular synaptic plasticity properties such as short-term facilitation (Burnashev and 

Rozov, 2005; Schwaller et al., 2002).  In this study we have estimated the characteristics 
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of the fast and slow ECBs in crayfish NMJ terminals, by fitting the simulated Ca2+ 

transients to the fluorescence transients recorded using a low affinity indicator MgOrg in 

the presence and in the absence of EGTA. The presence of a slow ECB was inferred by 

Lin et al. (2005) based on the finding that neither the known Ca2+ extrusion mechanisms 

nor the diffusion of intracellular Ca2+ could explain the time scale of the early decay 

component. We have explored the parameter sensitivity of this two-buffer model, by 

performing an exhaustive search through the relevant parameter space, varying the 

model ECB properties over several orders of magnitude. The results reported here 

suggest that the off-rate of the slow ECB has to be within a very narrow range in order to 

account for the time course of early decay: 1.5 s-1 < off
slowk <  4 s-1.  Further, the 

experimental constraints on the maximal indicator saturation and the observed effect of 

EGTA on the fluorescence transients allowed us to establish bounds on the effective 

affinities of the two buffers ( slow
DK >1 µM, fast

DK >0.4 µM ), as well as their relative 

capacities and apparent concentrations (50< 0
fastκ <100, 500< 0

slowκ <550, slow
TotalB >500 µM, 

fast
TotalB >20 µM). Thus, we infer that the two buffers have low affinity, and that the slow 

buffer contributes 80-90% of the total buffering capacity. 

We note however that the identities and composition of the buffers remain 

unknown.  For example, it is unclear whether the kinetic properties we inferred for the 

slow buffer are the sum of several independent processes with similar kinetics or a 

single process.  The same uncertainty is also applicable to the fast buffer.  Further, we 

assumed simple one-to-one Ca2+ binding stoichiometry for both buffers, which may not 

reflect their actual chemistry. Finally, the obtained estimates may be affected by the 

possible affinity of ECBs to Mg2+ (see below). Therefore, the constraints on total 

buffering capacities and concentrations inferred from our study should be viewed as 

constraints on the effective, or apparent values of these parameters. However, the 

knowledge of these apparent quantities is no less valuable, as it provides the information 

necessary to determine the effect of these buffers on presynaptic Ca2+ signals, and 

thereby allows to evaluate the role of ECBs in regulating exocytosis and other Ca2+-

dependent processes. Moreover, we note that the estimates of the slow buffer Ca2+ 

unbinding rate and the estimates of their relative capacities should be relatively 

insensitive to these additional considerations. 
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Other parameters affecting intracellular Ca2+ dynamics 

Presynaptic terminal at the crayfish neuromuscular junction is one of the best 

characterized presynaptic model systems.  The Ca2+ extrusion rate and the endogenous 

Ca2+ binding ratio have been estimated and tested with independent experimental 

protocols by Tank et al. (1995). In addition, the amount of Ca2+ influx per action potential 

has also been evaluated (Tang et al., 2000; Tank et al., 1995).  These estimates serve 

as valuable constraints for the simulations in this report. Below we briefly discuss the 

possible sensitivity of our results to these and other parameters that were considered 

fixed in our work. 

   

Total binding ratio and concentrations of injected buffers: In this study we rely on 

the estimate of the total Ca2+ binding ratio in crayfish NMJ of 600 obtained by Tank et al. 

(1995). It should be noted that this estimate was obtained by evaluating the decay of 

[Ca2+]  on a time scale of tens of seconds to minutes, long enough for us to assume that 

the slow buffer proposed in this report is in equilibrium with cytosolic free Ca2+ and is 

included in the estimate. In other words, the assumption that fast and slow buffers both 

contribute to the total binding ratio estimated previously is justified. This value is 

considerably higher than those reported for most mammalian neurons and other 

terminals, with the exception of cerebellar Purkinje cells, cerebellar interneurons, and 

hair cells (Collin et al., 2005; Neher, 1995).  The high binding ratio could be partly due to 

experimental techniques used.  Specifically, sharp electrode recording and pressure 

injection, the only feasible approach for this preparation, do not have the uncertainty 

related to the wash-out of cytosolic constituents which typically occurs with whole-cell 

patch recordings.  On the other hand, pressure injection of indicators or buffers 

introduces uncertainty in the estimate of dye to buffer concentration ratios.  To address 

this issue, we repeated the exhaustive parameter scan shown in Fig. 8 with 200 µM 

MgOrg and with 2 mM EGTA, half the values used in all simulations above, which 

represent our best estimates of the concentrations of injected buffers. This reduction in 

the estimated concentrations of MgOrg and EGTA has a relatively minor impact on the 

inferred relative buffering capacities of the fast and slow buffers (30< 0
fastκ <90, 

510< 0
slowκ <570 vs. 50< 0

fastκ <100, 500< 0
slowκ <550 ), while the estimates of the optimal 

range of the slow buffer off-rate is reduced to 0.6 s-1 < off
slowk <  1.8 s-1 , and the estimate of 
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total AP-induced Ca2+ influx is reduced roughly two-fold (data not shown). Therefore, 

errors in the estimate of injected buffer concentrations does not change the main 

conclusion of this report, namely that the slow ECB should have an off-rate within a 

narrow range (0.6 s-1 < off
slowk <  4 s-1), and that the slow buffer constitutes the main portion 

of the overall buffering capacity. 

Extrusion.  The extrusion rate estimated previously is adopted without further change 

for two reasons.  First, an extensive pharmacological screening has shown that all of the 

know blockers or modulators of Ca2+ extrusion and sequestration have no effect on the 

early decay (Lin et al., 2005).  Therefore, the early decay is unlikely to be mediated by 

extrusion processes with known pharmacological properties.  Second, when we 

examined the possibility that the early decay is due to a pharmacologically undefined 

extrusion process by an extensive parameter search, we found that this possibility is not 

compatible with the observed effect of EGTA injection on the decay of fluorescence 

transients. recorded after EGTA injection. Therefore, since there is no experimental 

evidence for a fast extrusion process and the impact of this hypothetical process is 

incompatible with the data, no further analysis of such extrusion process is attempted.  

Ca2+ influx:  Estimates of Ca2+ influx per action potential from previous studies showed 

significant variation (Tang et al., 2000; Tank et al., 1995).  We addressed this uncertainty 

by varying the value of ∆CaAP over an order of magnitude and showed that the range of 

values yielding the best fit to experimental results is well within the range estimated 

previously. Namely, we estimate the maximal elevation of total Ca2+ evoked by a single 

broad action potential to satisfy ∆CaAP<220 µM. Since we believe that a broad action 

potential admits a factor of 10 higher Ca influx that a physiological action potential, this 

upper bound agrees well with the influx estimates for physiological APs obtained by 

Tank et al. (1995) (∆CaAP =27 ± 18 µM) and Tang et al. (2000) (∆CaAP =15 ± 10 µM). 

Ca2+ binding properties of the indicator dye:  The remaining free parameters of this 

system are associated with the binding properties of MgOrg, and the on-rate of the fast 

buffer.  The Ca2+ indicator used in this report, Magnesium Orange, has a reported affinity 

for Ca2+ of 12 µM.  It has been shown to exhibit Ca2+ transient faster than that recorded 

with Magnesium Green (Kd,Ca=7µM), and comparable to that of mag-Fura-2 (Kd,Ca=20-

40µM) (Zhao et al., 1996).  Therefore, the assumption of fast Ca binding rate we have 

adopted for this indicator is justified. 
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Ca2+ binding rates of the fast ECB and MgOrg:  Although there is no direct 

measurement for the binding rate of the fast buffer at the crayfish NMJ, studies in 

excitable cells, including chromaffin cells, hair cells and neurons, all suggest the 

presence of fast endogenous buffers with on-rates comparable to those of fast Ca2+ 

indicators.  Further, the presence of fast endogenous buffer is consistent with 

experimental observation that MgOrg saturation level is relatively low even with Ca2+ 

influx activated by broad action potentials. Note that none of our results are sensitive to 

the value of the binding rate of the fast buffer and MgOrg, which we assumed to equal 

0.5 µM-1ms-1. This is because we are only interested in the dynamics of Ca2+ on the time 

scales of tens to hundreds of milliseconds. On these time scales, the Ca2+ can be 

assumed to be in instantaneous equilibrium with both MgOrg and the fast ECB. This was 

verified by repeating the simulations for a set of different values of on-rate of MgOrg and 

the fast ECT. 

ECB affinity to Mg2+: As was noted above, ECB binding to Mg2+ may have a significant 

effect on our results. In fact, the low Ca2+ affinity of the slow ECBs may indicate a two-

step Ca2+ binding process, whereby the binding of a Ca2+ ion may have to preceeded by 

the unbinding of Mg2+. This is true for instance for parvalbumin (PV), a slow ECB found 

in mammalian neurons (see below), which displays a significant affinity for Ca2+ (Lee et 

al., 2000; Schmidt et al., 2003). Assuming that the off-rate for Mg2+ is much faster than 

the off-rate for Ca2+, as in the case of PV, the apparent affinity, concentration and on-

rate estimates can be translated back to their actual values using the relationship given 

by Lee et al., 2000: 

( ) ( )+ += + = +2 2
, ,[ ] [ ] 1 [ ] / , [ ] [ ] 1 [ ] /total Total slow slow slow slow

slow actual slow app D Mg D actual D app D MgB B Mg K K K Mg K

where ,
slow
D MgK is the affinity of the slow buffer to Mg2+, and [Mg2+] is the intracellular 

concentration of Mg2+. Note that the estimates of the Ca2+ unbinding rate and of the Ca2+ 

buffering capacity range remains valid under this assumption. According to this result, 

the low affinity of ECBs to Ca2+ demonstrated in our study could be a result of large 

concentration of intracellular Mg2+ relative to ,
slow
D MgK . 
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Functional significance of slow endogenous buffers 

 

The presence of slow ECBs has been inferred from the studies of Ca2+ dynamics 

in other cell types as well, for example in chromaffin cells (Marengo and Monck, 2000). 

Further, many mammalian neurons are known to express parvalbumin (PV), which is 

believed to exhibit slow Ca2+-unbinding kinetics. With the use of reconstituted PV, in 

experiments on PV knock-out mice and in developmental studies of PV expression, it 

was shown that this protein does not significantly affect the peak [Ca2+] transients, but 

promotes a biphasic decay of [Ca2+]i, accelerating the fast component of [Ca2+]i decay 

that corresponds to the time scale of early decay studied in this work, while prolonging 

the decay of Ca2+ on longer time scales  (Collin et al., 2005; Lee et al., 2000; Schmidt et 

al., 2003). This effect of slow ECBs on Ca2+ was suggested to underlie its effect on 

short-term synaptic plasticity. Namely, it was found that the knock-out of the PV gene 

promotes synaptic facilitation and may turn depressing synapses into facilitating ones, 

presumably due to higher residual Ca2+ remaining after PV elimination (Caillard et al., 

2000; Vreugdenhil et al., 2003). This result is quite intuitive, as the early decay time 

scale corresponds to the time window when synaptic facilitation is most pronounced.  

Interestingly, the reduction of facilitation by PV is accompanied with an increase in 

delayed release, presumably due to the prolonged second phase of Ca2+ clearance 

(Collin et al., 2005). This effect of PV on synaptic plasticity should be contrasted with the 

effect of fast ECB calbindin, which has been shown to promote facilitation by the buffer 

saturation mechanism (Blatow et al., 2003; Jackson and Redman, 2003; Maeda et al., 

1999; Matveev et al., 2004; Neher, 1998). In cerebellar Purkinje cells, both of these 

buffers are expressed. In this system, the CB was shown to play a significant role in 

shunting the fast Ca2+ transients, while PV primarily accelerates the time course of the 

early decay of Ca2+ transients (Schmidt et al., 2003). Therefore, this two-buffer system is 

not unlike the system we have proposed, with the fast buffer capping the peak level of 

[Ca2+]i rise and the slow buffer controlling the decay of [Ca2+]i after the peak.  The 

extrusion process then takes over and reduces [Ca2+]i slowly. However, the apparent 

affinity of PV to Ca2+ is about 50 nM (Lee et al., 2000), which is a factor of 20 higher than 

the upper bound on the affinity of the slow ECB in the crayfish NMJ inferred in our study. 

This difference may in part inderlie the difference between the short-term plasticity 

properties of Purkinje afferents and the crayfish NMJ inhibitor terminals, which exhibit 
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very pronounced short-term facilitation not occluded by depression. The possible 

relationship between the short-term plasticity properties of crayfish NMJ and the 

properties of ECBs inferred in this work is a subject of future investigation. 
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APPENDIX 

 

Analysis of fluorescence decay time course in a fast-slow buffer system 

 

In order to understand the dependence of the fluorescence decay time on model 

parameters, it is useful to consider an approximation to the model obtained from an 

assumption of equilibrium between Ca2+ and the fast buffers. Assuming a system with 

one slow and one fast ECB, plus a fast Ca2+ indicator, equations (1) reduce to (Neher 

and Augustine, 1992): 

 

( )
1 ( ) ( ) ( )

2

( )

on Total off Ca
fast ind slow slow slow slow slow

on Total offslow
slow slow slow slow slow

I tdCa
Ca Ca k Ca B B k B

dt FV
dB

k Ca B B k B
dt

κ κ
 + + = − − + +  = − −

    (A1, A2) 

where the Ca2+ extrusion term is neglected and the instantaneous buffering ratios are 

given by: 

( ) ( )2 2( ) , ( )
Total fast Total ind
fast D ind D

fast ind
fast ind

D D

B K B K
Ca Ca

Ca K Ca K
κ κ= =

+ +
    (A3) 

It is useful to introduce dimensionless concentration parameters C=[Ca2+]/ slow
DK  and  

B=[Bslow]/ slow
TotalB . Dividing each of the equations by slow

TotalB off
slowk , we then obtain 
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0

1 ( ) ( )
(1 )

1
(1 )

fast ind

slow off
slow

off
slow

C C dC
C B B

k dt

dB
C B B

k dt

κ κ

κ

+ + = − − + = − −
     (A4, A5) 

In Eq. A4 the ICa influx term is dropped since we are only interested in the decay 

behavior of fluorescence rafter a brief Ca2+ current pulse, and do not consider its rise 

phase, which happens on a fast time scale. fast
0κ  represents the zero-Ca2+ binding ratio, 

which is close to the resting capacity of the buffer if [Ca2+]rest << KD: 

fast slow
fast slowTotal Total
0 fast 0 slowfast slow

D D

(0) ; (0)
B B

K K
κ κ κ κ= = = =     (A6) 

Note that equation A4 allows us to approximate the initial decay rate of Ca2+ transient 

immediately following a brief Ca2+ influx. Assuming for simplicity that the background 

Ca2+ concentration is negligibly low, the slow buffer is initially free: B=0. In this case Eq. 

A4 describes an exponential decay with initial decay rate of  

 0

0 01 ( ) ( )

off slow
slow

decay
fast ind

k
r

Ca Ca

κ

κ κ
=
+ +

      (A7) 

Where Ca0 is determined by the total Ca2+ charge entering the terminal during the action 

potential, ∆CaAP. We assume that the Ca2+ concentration equilibrates instantly with the 

fast buffer and the MgOrg; therefore, the initial (post-AP) Ca2+ concentration is given by 

a quadratic equation 

Total Total
fast ind

0 fast ind
0 0

1 Total
D D

B B
Ca Ca

K Ca K Ca

 + + = + + 
     (A8) 

Where CaTotal=∆CaAP+Ca0. Figure 10 compares the solution of the algebraic system 

(A8,A9) to a constant given by the experimental value of decay rate in control condition: 

exp
decayr ~0.023 ms-1. Notice the close correspondence between these semi-analytic results 

and the simulation results of Fig. 4 A. We note however, that Eqs. (A7, A8) are only an 

approximation, and therefore do not explain the constraints on the values of fast
DK  

evident in Fig. 4 A.  
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It is useful to consider two approximations of Eqs. A7-A8, which apply respectively in the 

case of small and large affinities of the fast buffers. 

If the concentration of free Ca2+ remaining upon binding to fast buffers is small (i.e. Ca0 

<< fast
DK ,  Ca0 << ind

DK ), and the total capacity of fast buffers much greater than 1, 

equation A8 yields a well-known approximation Ca0=CaTotal/( 0
fastκ + 0

fastκ ). Expanding Eq. 

A7 to first order in Ca0/ DK  then gives 

0 0 0

0 0 0 0

2
1

slow off fast ind
slow Total

decay fast ind fast ind fast ind
D D

k Ca
r

K K

κ κ κ

κ κ κ κ

  ≈ + +  + +   
    (A9) 

Equation A9 explains the decrease of decay rate with increasing dissociation constant of 

the fast buffer demonstrated in Fig. 5 A.  

Conversely, for large free Ca2+ concentration (Ca0 >> fast
DK ,  Ca0 >> ind

DK ), and 

the total capacity of fast buffers much greater than 1, equation A8 yields  Ca0=CaTotal -

Total
fastB - Total

indB  (condition of complete saturation of fast buffers), and equation A7 is 

approximated by 

( )0 21
fast Total ind fast

D fast D indslow off
decay slow

Total fast
Total fast ind

K B K B
r k

Ca B B
κ

 + ≈ − − − 
   (A10) 

It is clear that Equation A10 also agrees with the general trend of decrease in the decay 

rate with increasing dissociation constant of the fast buffer, demonstrated in Figs. 4 A, 5 

A, and 8. As to be expected, Eq. A10 predicts that the value of decay rate approaches 

0
off slow
slowk κ   as the fast buffers are getting progressively more saturated. 
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FIGURE CAPTIONS 

 

Figure 1: Comparison between experimental and model fluorescence time course 

assuming a single endogenous buffer species with slow kinetics. Experimental 

fluorescence transients are shown in black, and the corresponding model fits are dashed 

red lines. A: Comparison in control condition; B: with 4 mM EGTA. In A, the amplitude of 

experimental trace is scaled to minimize the deviation with the model traces (Eqs. 4, 5), 

and the same scaling factor is then applied to traces in B (see Methods). Goodness of fit 

R2 values are 99.0% in A and 46.5% in B. ECB parameters are KD=1.06 µM, Btotal=636 

µM, and koff=0.64 sec-1.  MgOrg indicator dye parameters are KD=12 µM, 

[MgOrg]total=400 µM, and koff=6 ms-1. In B, EGTA parameters are KD=0.13 µM, 

[EGTA]total=4 mM, and koff=0.78 sec-1 (DiGregorio et al., 1999). Total (bound + free) 

Ca2+ elevation per AP is ∆CaAP=200 µM. 

 

Figure 2: Goodness of fit between single-buffer model results and experimental data, as 

a function of buffer’s unbinding rate and affinity. For each pair of values of KD and koff, 

the deviation between experimental and model traces is integrated over the time interval 

shown in Fig. 1 (Eq. 4), and the corresponding point is shaded according to the 

magnitude of this deviation. (A) Deviation between model and experiment under control 

condition (no EGTA). (B) Same, for the EGTA data. Parameter point marked by an “♦” 

corresponds to simulations shown in Fig. 1. Darker shades correspond to larger 

deviations (smaller R2). White region in Fig. 1 A marks the set of parameter points 

yielding a goodness of fit of R2 ≥ 98.5%. Gray scales are not equivalent in the two 

panels: deviations in B are significantly larger, given the same shade level. Note that the 

resting buffering ratio is kept fixed at 600, so Btotal increases along with KD along the 

vertical axis.  

 

  

Figure 3: Satisfactory fit between experimental and model fluorescence time courses 

can be achieved in a two-buffer system. Fast buffer affinity is set to fast
DK =5 µM, its 



 

33 

buffering ratio is 0
fastκ = 60, and we assume its on-rate to be comparable to that of 

chromaffin cells, on
fastk =0.5 µM-1s-1 (REF). Slow buffer parameters are slow

DK =10 µM, 

off
slowk =2.5 s-1, and 0

slowκ =540. Total (bound + free) Ca2+ elevation per AP is ∆CaAP=150 

µM. These parameter values correspond to the point marked by a “♦” in the optimal 

region of the parameter space shown in Fig. 4. Total goodness of fit is R2 =97.9%. EGTA 

and MgOrg indicator parameters are the same as in Fig. 1. 

 

Figure 4. Deviation between model and experimental fluorescence time-courses in a 

two-buffer system, as a function of model’s buffering parameters. For each pair of values 

of off
slowk  and fast

DK , fluorescence time-course is simulated, and the deviation between 

experimental and model traces is indicated in grayscale at the corresponding point in the 

parameter space. A: Control simulation (no EGTA); B: simulation with 4mM EGTA 

present. C: Peak saturation of the indicator dye during action potential, in control 

condition. Saturation above 25% violates the experimentally determined upper bound. 

Panel D combines all three deviation measures shown in A-C (see Eq. 6). In A, B and D, 

numbers indicate the values of the goodness of fit (R2). In D, white area corresponds to 

the total goodness of fit of R2≥97.5%, and represents the region of most likely parameter 

values. Parameter point marked by a “♦” corresponds to the simulation shown in Fig. 3, 

while the parameter points marked with triangles correspond to simulations shown in 

Fig. 5. All other parameters same as in Fig. 3 ( 0
fastκ =60, slow

DK =10 µM, ∆CaAP=150 µM). 

 

Figure 5. Comparison between model and experimental fluorescence transient time 

courses, for parameter points marked by triangles in Figure 4. The values of off
slowk  and 

fast
DK are: (A) 2.5 s-1 and 30 µM (B); 0.8 s-1 and 0.5 µM; (C) 1.5 s-1 and 5 µM; (D) 4 s-1 

and 5 µM. In A, good fit is obtained in the presence of EGTA, but not in the control 

condition. The opposite is true for B. In A and C, the decay of model fluorescence in 

control condition is too slow, and is too fast in D. In B, the simulated peak saturation of 

indicator dye is about 30%, violating the upper bound of 18±7% (see text). Total 

goodness of fit (R2) values for panels A-D are 95.8%, 90.0%, 93.3% and 93.5%, 
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respectively. In all simulations the resting buffering capacity of the fast buffer is kept 

fixed at 60, and all other parameters are the same as in Fig. 3. 

 

Figure 6. Dependence of the deviation between model and experiment on the values of 

the fast buffer’s capacity, 0
fastκ , and the Ca2+ influx per action potential, ∆CaAP. The 

optimal range of parameter values is shown in white on each of the nine panels, and 

correspond to a goodness of fit of R2≥97.5%, as in Fig. 4 D. Each of four columns 

corresponds to a distinct value of 0
fastκ , labeled at the top. Each of the three rows 

corresponds to a different value of Ca2+ influx per AP, as indicated on the right margin. 

The panel in the 2nd row of the 2nd column corresponds to Fig. 4 D (κfast=60, ∆CaAP=150 

µM). All other parameters are the same as in Fig. 4.  

 

Figure 7. Deviation between experiment and the two-buffer model as a function of slow 

buffer’s affinity and unbinding rate. Panel A shows combined time averaged deviation 

measure similar to the one shown in Figs. 4 D and 6 is plotted as a function of off
slowk and 

slow
DK . Goodness of fit grayscale is the same as in Figs. 4 D and 6. Diamond marks the 

same parameter point as in Figs. 4 and 6, and corresponds to the simulation shown in 

Fig. 3. Panel B present the simulated fluorescence corresponding to the parameter point 

labeled with a circle in A ( slow
DK =0.5 µM, off

slowk =2.5 s-1). Note the lower bound on the 

value of slow
DK , and the small correlation between the optimal off

slowk  estimate and the 

magnitude of slow
DK . Affinity of the fast buffer is kept fixed at fast

DK =5 µM. All other 

parameters same as in Figs. 3-5. 

 

Figure 8. Optimal affinity ranges of the fast and slow ECBs. Each of the two columns 

corresponds to a distinct value of 0
fastκ , labeled at the top. Each of the three rows 

correspond to a different value of Ca2+ influx per AP, as indicated on the right margin. In 

each of the panels, the combined deviation measure (Eq. 6) is minimized with respect to 

off
slowk  for every pair of values of fast

DK and slow
DK , and the resulting goodness of fit level is 

indicated in grayscale. White areas correspond to R2≥97.5%, as in Figs. 4D, 6, and 7 A. 
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Triangles and the diamond mark the same parameter points as in Figs. 4 and 6, and 

correspond to simulations shown in Figs. 3 and 5. Open circle corresponds to  the 

simulation shown in Fig. 7 B.  

 

 

Figure 9. Comparison of the single-compartment model results (solid curves)  with the 

results of a full three-dimensional simulation of Ca2+ diffusion and buffering (dashed 

curves). Simulation parameters are the same as in Fig. 3. 3D simulations were 

performed using the Calcium Calculator, with the geometry parameters of Tang et al. 

(2000) and Matveev et al. (2002). 

 

Figure 10. Deviation between the value of decay rate obtained by solving the algebraic 

system (A7, A8) and the experimental value of decay equal to rdecay~0.023 ms-1. Notice 

the qualitative agreement with results of model simulations shown in Fig. 4 A. Grey scale 

indicates the logarithm of deviation; darker shades correspond to larger deviations. The 

border of the white region corresponds to a deviation of 3·10−3. Decay rate is faster then 

the experimental value in the bottom right parameter region, and is slower than the 

experimental value in the top left region. Parameter values are the same as in Fig. 4. 
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