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A number of calcium buffers were examined for their ability 
to reduce evoked transmitter release when injected into the 
presynaptic terminal of the squid giant synapse. Injection of 
EGTA was virtually ineffective at reducing transmitter re- 
lease, even at estimated intracellular concentrations up to 
80 mu. Conversely, the buffer 1,2-bis(2-aminophe- 
noxy)ethane-/V,N,N’,N’-tetraacetic acid (BAPTA), which has 
an equilibrium affinity for calcium similar to that of EGTA at 
pH 7.2, produced a substantial reduction in transmitter re- 
lease when injected presynaptically. This effect of BAPTA 
was reversible, presumably because the buffer diffused out 
of the terminal and into uninjected regions of the presynaptic 
axon. BAPTA derivatives with estimated intracellular calcium 
dissociation constants (K,,) ranging from 0.18 to 4.9 AM were 
effective at reducing transmitter release at similar estimated 
concentrations. A BAPTA derivative with an estimated intra- 
cellular Kd of 31 mM was less effective. BAPTA did not affect 
presynaptic action potentials or calcium spikes in ways that 
could explain its ability to reduce transmitter release. The 
relative effects of presynaptic injections of BAPTA and de- 
rivatives are consistent with the calcium-buffering capability 
of these compounds if the presynaptic calcium transient that 
triggers release is hundreds of AM or larger. The superior 
potency of BAPTA compared to EGTA apparently results 
from the faster calcium-binding kinetics of BAPTA and sug- 
gests that the calcium-binding molecule that triggers release 
binds calcium in considerably less than 200 psec and is 
located very close to calcium channels. 

Many lines of evidence suggest that the release of neurotrans- 
mitter is triggered by a brief increase in the intracellular calcium 
concentration of the presynaptic nerve terminal (Katz, 1969). 
One prediction of this calcium hypothesis of neurotransmitter 
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release is that an increase in the intracellular calcium-buffering 
capacity should dampen this transient rise in free-calcium con- 
centration and hence attenuate transmitter release (see Nachsen 
and Drapeau, 1982). However, Adams et al. (1985) have re- 
ported that injection of the calcium chelator EGTA into the 
presynaptic nerve terminal of the squid giant synapse did not 
reduce evoked transmitter release. This observation could be 
interpreted as contradicting the calcium hypothesis. Indeed, 
similar experiments in rat mast cells, another system in which 
calcium has been considered essential to secretion, have led to 
the suggestion that an increase in intracellular calcium is not 
required to trigger histamine release (Neher, 1988). 

Alternatively, the lack of EGTA effect on transmitter release 
could instead relate to the specifics of EGTA-calcium binding 
compared to the requirements of the endogenous calcium-bind- 
ing molecule or molecules that trigger neurotransmitter release 
(Thomas, 1982; Adams et al., 1985; Marty and Neher, 1985; 
Neher, 1986). This study was undertaken in order to investigate 
the effects on transmitter release of a series of buffers with a 
wide range of affinities and binding rates for calcium. 

We find that, while EGTA has little effect on evoked neuro- 
transmitter release, buffers with similar equilibrium calcium 
affinities but faster binding kinetics produce a pronounced at- 
tenuation of release. This argues that the lack of effect of EGTA 
results from its slow calcium-binding kinetics rather than from 
an inadequacy in the calcium hypothesis of neurotransmitter 
release. The relative efficacy of several calcium buffers in atten- 
uating evoked release suggests that the peak free-calcium con- 
centration attained during the transient may be on the order of 
hundreds of MM or greater and that the calcium-binding molecule 
or molecules involved in triggering neurotransmitter release bind 
calcium very rapidly and are located very close to the presyn- 
aptic calcium channels. 

Preliminary reports of some of these results have appeared 
previously (Adler et al., 1988a,b). 

Materials and Methods 

Synaptic transmission was investigated at the most distal giant synapse 
of stellate ganglia from small (5-l 5 cm) Loligo p&i or L. opalescens. 
Isolation and maintenance of the ganglia were as previously described 
(Charlton and Bittuer, 1978a; Augustine and Eckert, 1984). 

At 50- or 60-set intervals, the presynaptic neuron was stimulated 
intracellularly by a current pulse passed through a microelectrode filled 
with either 3 M KC1 or calcium chelator (in experiments where two 
different buffers were injected sequentially into the same nerve terminal). 
In this case, the electrode not currently being used for buffer iontopho- 
resis was used to stimulate the nerve terminal. The presynaptic action 
potential was recorded at the nerve terminal with the iontophoresis 
electrode. 
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Transmitter release was assayed by recording the electrical response 
of the postsynaptic neuron to presynaptic stimulation. Usually, trans- 
mitter release was quantified by measuring dV/dt of the postsynaptic 
potential (PSP) at a given criterion voltage above resting membrane 
potential; this allowed measurement of responses even when PSPs ex- 
ceeded threshold for initiation of a postsynaptic action potential. In any 
given experiment, this criterion voltage was established as that voltage 
at which maximum dV/dt occurred for the smallest recorded PSP. In 
some experiments, postsynaptic current (PSC) was measured using a 
two-microelectrode voltage clamp (Augustine et al., 1985). In this case, 
PSCs were quantified by measuring their peak amplitude. In most ex- 
periments, electrophysiological signals were digitized, stored, and an- 
alyzed with a PDP- 1 l/23 computer system. In a few experiments, signals 
were measured on a storage oscilloscope screen. 

Measurements were made on isolated ganglia superfused with arti- 
ficial seawater consisting of (in mM) NaCi, 466; M&l,, 54; CaCl,, 11; 
KCl. 10: NaHCO,. 3: and HEPES. 10 (DH. 7.2 at 12-16°C: oxveenated 
with’ 9915% O,, Oy5Oi CO,). In three experiments with 5,5-dinitro-1, 
2-bis(2-aminophenoxy)ethane-N,N,N:N’-tetraacetic acid (dinitro- 
BAPTA), where transmission was exceptionally robust, calcium con- 
centration was reduced to 5.5 mM in order to reduce transmitter release. 
In one experiment with EGTA, 10 PM nimodipine was added to the 
bath in order to inhibit ganglionic contraction (Sanchez et al., 1990). 

Calcium chelator microinjection 
The following calcium buffers were evaluated for effects on synaptic 
transmission: BAPTA, 5,5’-dimethylBAPTA, 5,5’-dibromoBAPTA, 5,5’- 
dinitroBAPTA (all from Molecular Probes, Eugene, OR), and ethylene- 
glycol-bis-@-aminoethyl ether)-N,N’-tetraacetic acid (EGTA) (Sigma). 
DinitroBAPTA was custom svnthesized bv Molecular Probes (on the 
suggestion of L. F. Jaffe). The EGTA solution was adjusted to pH 7 
with KOH. 

Iontophoretic parameters 
Calcium buffers were injected iontophoretically from glass microelec- 
trodes filled with 0.25 or 0.50 M buffer. Currents of 100-200 nA were 
passed between the buffer-filled electrode and ground for 30-set sessions 
repeated at I-min intervals between successive nerve stimulations. This 
hyperpolarized the presynaptic membrane potential by lo-45 mV for 
the duration of the current application. Five to 20 set elapsed between 
cessation of iontophoresis and nerve stimulation to allow membrane 
repolarization. As has previously been reported (Miledi and Slater, 1966), 
similar hyperpolarizations produced by passing current with 3 M KCl- 
containing microelectrodes had no sustained effect on transmitter re- 
lease. 

Buffer concentration 
To compare the actions of different buffers and predict their probable 
effects on calcium concentration requires an estimate of the intrater- 
minal buffer concentration. This relies on two parameters: the amount 
ofbuffer iontophoretically injected and the intracellular volume through 
which it is distributed. 

Transference number. The amount of buffer iontophoresed into the 
terminal can be calculated from the current passed, the valence of the 
injected species, and the transference number: 

n = ItTdFz, (1) 

in which n is moles injected, I is number ofamperes, t is time in seconds, 
T, is the transference number (i.e., the fraction of total current carried 
by the species of interest), F is the faraday, and z is the valence. It should 
be noted that, while the BAPTA-family buffers are tetraanions at neutral 
pH, EGTA still has two associated protons and is a dianion. Therefore, 
for the same transference number and total coulombs passed, twice as 
much EGTA will be iontophoretically injected. The only experimental 
unknown for the buffer iontophoreses is the transference number. This 
value was determined for BAPTA as follows: 

Microelectrodes containing 0.25 or 0.50 M BAPTA were used to pass 
current (100 or 200 nA) into ZOO-~1 volumes of saline, similar in cationic 
comoosition to sauid cvtonlasm (in mM): KCl, 380: NaCl, 50; MgCl,, 
10; HEPES, 10; and EGTA, 5 (to‘maintain the iontbphoresed chelator 
in the calcium-free form); pH 7.2. A IO-set-on, IO-set-off current cycle 
was used to mimic the interrupted iontophoretic parameters used ex- 
perimentally. In order to obtain detectable BAPTA concentrations, it 

was necessary to continue iontophoresis for 3-6 hr. Evaporative weight 
loss was measured, and volume was accordingly restored. 

BAPTA concentration was measured fluorometrically on a Perkin 
Elmer 650-40 fluorescence spectrophotometer. Excitation was at 254 
nm (5-nm slit width), which corresponds to the peak absorbance for 
the calcium-free form of BAPTA (Tsien, 1980), and emission was mea- 
sured at 375 nm (15-nm slit width), which was the peak of emission 
under our conditions. As has previously been reported (Harrison and 
Bers, 1987), BAPTA (Molecular Probes, lot 6D) contained about 20% 
water by weight. (Following the procedure of Harrison and Bers, three 
samples were dried to constant weight at 150°C. Weight loss ranged 
from 20% to 21.4%.) Therefore, an additional 25% by weight was in- 
cluded in the BAPTA fluorometry standards. 

The transference number for BAPTA ranged from 0.06 to 0.22 under 
various conditions of iontophoretic current and buffer concentration 
(0.5 M BAPTA at 100 nA: T, = 0.10 + 0.03, n = 7; 0.25 M BAPTA at 
100 nA: T, = 0.22 + 0.05, n = 6; 0.5 M BAPTA at 200 nA: T, = 0.06 
+ 0.01, n = 7; mean t- SEM). It was assumed that EGTA and all of 
the other compounds, which are closely related structurally, have trans- 
ference numbers in the same range. 

Presynaptic terminal volume. Nerve terminal dimensions (length, width 
at distal tip, width at base, the proximal junction with axon) were 
estimated with an eyepiece micrometer, and terminal volume was cal- 
culated as a cylinder or truncated cone. A “typical” nerve terminal was 
750 pm long, 50 pm wide at the tip, and 80 pm wide at the base. The 
site of buffer injection along the nerve terminal was not standardized 
from experiment to experiment, but usually this was about one-third 
to one-half of the distance from the base to the tip. For the purposes 
of calculating buffer concentration at the end of the loading period, the 
assumption was made that, during loading, buffer distributed through- 
out the nerve terminal but had not yet begun to diffuse down the pre- 
synaptic axon. Visual observation of the nerve terminal during loading 
of dinitroBAPTA, which is colored yellow, supported this approxi- 
mation (see below). Buffer concentration at the end ofthe loading period 
was calculated by dividing the total number of moles injected by the 
volume of the nerve terminal. 

Using the above assumptions, buffer concentration in the nerve ter- 
minal at the end of a single 30-set iontophoretic session was estimated 
to be on the order of hundreds of PM. Usually, loading was stopped 
after 10 or 12 iontophoretic sessions (i.e., mM concentrations). 

Bu.er distribution 
The diffusion coefficient, D, expected for molecules of this size is about 
2 x 1O-6 cm2sec-’ in free solution (Neher, 1986). If buffer diffusion in 
cells is severely retarded by binding to intracellular constituents (Baylor 
and Hollingworth, 1988), the IO-12-min loading period might be in- 
sufficient to allow buffer distribution throughout the nerve terminal. In 
this case, steep intraterminal buffer concentration gradients could exist, 
making it difficult to calculate a meaningful average terminal buffer 
concentration (though comparison of the relative effects of different 
buffers should still be valid). The related questions of buffer diffusion 
coefficient and intraterminal homogeneity of concentration were ad- 
dressed by optically monitoring the distribution of the colored BAPTA 
derivative dinitroBAPTA in the presynaptic nerve terminal. 

Video microscopic examinafion of buffer d@iiion. To view the spread 
ofdinitroBAPTA, preparations were examined in an upright microscope 
(Zeiss Standard) equipped with a 6.3 x Neofluar objective and stage- 
mounted hydraulic manipulators (Narishige WR-88). Presynaptic ter- 
minals were impaled with dinitroBAPTA-filled microelectrodes, and 
dinitroBAPTA was injected iontophoretically, as described above. Prep- 
arations were illuminated with a tungsten lamp, and the resultant light 
was filtered to an effective bandwidth of approximately 360-500 nm, 
the range of maximum absorbance of dinitroBAPTA (Pethig et al., 
1989). Although the optical absorbance of dinitroBAPTA is calcium 
sensitive in this wavelength range, calcium-dependent changes in ab- 
sorbance occur at calcium concentrations much higher than those ex- 
pected in presynaptic terminals at rest (see Table 1; Pethig et al., 1989). 
Thus, changes in light transmission produced by dinitroBAPTA injec- 
tion into the presynaptic terminal likely reflected changes in dinitro- 
BAPTA concentration. Images of synapses were obtained during 
dinitroBAPTA injection by using an SIT video camera (Cohu 5000) 
attached to the microscope. These images were stored at a rate of 0.5- 
2 set-I on an analog optical disk recorder (Panasonic TQ-2026F) op- 
erating in a time-lapse mode and were digitized off line with a Matrox 
MVP-AT image processor, Digitized images were manipulated with 
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software written by S. J. Smith and with IMAGE-PRO II (Media Cyber- 
netics, Silver Spring, MD). 

Determination of D. DinitroBAPTA spread rapidly within the nerve 
terminal after being injected (Fig. 1). This was quantified by measuring 
the spatial profile of light transmission at various times before and after 
buffer injection. The difference between images obtained before and 
after buffer injection was taken as a measure of dye-dependent trans- 
mission changes. Because the thickness of the nerve terminal (the ef- 
fective path length for these measurements) varies along the length of 
the synapse, it was necessary to normalize the measured changes in light 
transmission in order to estimate the relative changes in buffer concen- 
tration along the nerve terminal. This was done by measuring the profile 
of changes in light transmission remaining 20 min after buffer injection, 
by which time it was assumed that the concentration of buffer within 
the nerve terminal should be spatially uniform, in order to obtain a 
signal proportional to path length, and dividing this into the transmis- 
sion change profiles obtained at earlier times. The resulting normalized 
profiles were steep at early times and gradually flattened at later times 
after buffer injection (Fig. 2A). 

The spatial profile should be described by the equation for diffusion 
from a plane into an infinite cylinder of unit cross section. In this case, 
buffer concentration, Cci,,), is given by 

(2) 

where x is the distance along the axon at any time, t, and N,,, is the 
total number of molecules of buffer iniected into the terminal. The data 
ofFigure 2A were fit to this equation by a statistical curve-fitting program 
(STATGRAPHICS, STSC Corporation; nonlinear regression using the Mar- 
quardt algorithm), which determined the best value for the diffusion 
coefficient, D, and a scaling factor, F, necessary to correct for the actual 
cross-sectional area (Fig. 2B). In this experiment, the average value of 
D determined at six intervals from 0 to 160 set after injection was 1.66 
? 0.11 x 1O-6 cm%ec-I. When values determined in two additional 
experiments using longer iontophoretic injections were included, the 
average value of D was 1.71 & 0.07 x 10m6 cm2sec1 (n = 10). 

A similar D has been found for a closely related compound, fura-2, 
in lamprey axons (Strautman et al., 1990) and it also appears that fura- 
diffuses at similar rates in chromaffin cells (Pusch and Neher, 1988). It 
seems unlikely that there would be gross differences in D for the other 
buffers we used because they are closely related chemically and have 
similar molecular weights (Tsien, 1989). The values of D obtained for 
dinitroBAPTA and fura- are similar to the values expected for these 
molecules in free solution (Neher, 1986) and suggest little binding to 
intracellular constituents. The retardation of fura- diffusion seen in 
skeletal muscle cells (Baylor and Hollingworth, 1988) may be due to 
the relatively large amounts of cytoskeletal proteins present in these 
cells. 

Determination of intraterminal chelator concentration profiles. The 
flattened profile of the spatial scan taken 640 set after starting a brief 
injection shows little evidence ofdinitroBAPTA concentration gradients 
within the nerve terminal over a range of about 800 pm (Fig. 2A). The 
question of intraterminal buffer homogeneity was examined further us- 
ing the multiple-pulse injection protocol that was used in the experi- 
ments on transmitter release. 

DinitroBAPTA was iontophoresed for 30 set at 100 nA 10 times at 
1 -min intervals. During the 1 0-min iontophoretic loading period, and 
for 10 min thereafter, optical transmission was monitored at three points: 
at the injection site, at the tip of the nerve terminal (-350 pm from 
injection site), and in the preterminal axon (-620 wrn from the injection 
site; - 130 Nrn from the base of the terminal; Fig. 3A). Normalized 
optical transmission changes showed steep intraterminal concentration 
gradients during the period of iontophoresis, as evident from the dif- 
ferences between traces a and b in Figure 3B, but relatively small gra- 
dients were apparent after cessation. The slow rise of trace c indicates 
that little buffer had escaped the terminal 5 min after initiation of 
iontophoresis, though some buffer was clearly detectable beyond the 
terminal by the end of the iontophoretic session. 

These observations suggest that the approximations used to determine 
buffer concentration are reasonable. While buffer concentration gradi- 
ents do exist during the injection period, they diminish considerably by 
the end of the loading period. Some of the chelator does appear to 
escape from the nerve terminal during iontophoresis, as indicated by 
the change in light transmission measured in the preterminal axon, but 

Figure I. Digital imaging of dinitroBAPTA diffusion in the presyn- 
aptic nerve terminal. DinitroBAPTA was iontophoretically injected for 
10 set at I-PA current. Successive images taken at 0, 10, 20, 80, 160, 
and 640 set after stopping the injection are shown in A-E. These images 
indicate the decreases in light transmission caused by dinitroBAPTA 
(relative to maximum light transmission in the image field) and are 
encoded in the pseudocolor scale shown at the bottom of the figure. The 
changes in light transmission are overlayed on a bright-field image of 
the synapse to indicate the position of the presynaptic (pre) and post- 
synaptic (post) elements. 

this appears to be a relatively minor fraction ofthe entire terminal buffer 
content. 

Estimation of dinitroBAPTA concentration 
We have used the changes in optical transmission produced by 
dinitroBAPTA injection to provide an independent estimate of the con- 
centration of dinitroBAPTA in the nerve terminal. By Beer’s law, 

[dinitroBAPTA] = a/El, (3) 
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Figure 2. A, Profiles of spatial and 
temporal changes in relative light trans- 
mission (An during the dinitroBAPTA 
injection shown in Figure 1. The changes 
in transmission caused by dinitro- 
BAPTA were normalized by dividing 
by the transmission measured 20 min 
after injection. Time points 0, 10, 20, 
80, and 640 set after stopping ionto- 
phoresis are indicated by curves I, 2, 3, 
4, and 5, respectively. B, The left-hand 
limbs of curves 1,2, and 4 from A (syrn- 
MS) have been superimposed on the 
best-fit solutions of Equation 2 (contin- 
uous curves) for t = 5, 15, and 85 sec. 
These times are calculated relative to 
the midpoint of the IO-set-long injec- 

0 0 tion. Equation 2 optimally fit the data 

0 200 400 600 800 400 300 200 100 0 w,hen the diffusion coefficient for 
dmltroBAPTA was set at 2.16, 1.56, 

Position (Nrnl Position (yrn) and 1.50 x 10m6 cm*sec’. 

where a is absorbance, 1 is path length, and E is the extinction coefficient 
of dinitroBAPTA. For the experiment shown in Figure 3, the change 
in light transmission caused by dinitroBAPTA injection (A trans) was 
approximately 50% when measured at point b in the nerve terminal 
(see Fig. 3A) 4 min after loading. From the relationship 

10-0 = l/A trans., (4) 

absorbance was calculated to be 0.3. The average E (measured at 360- 
500 nm in the absence of calcium) for the same lot of dinitroBAPTA 
used in the injections was 1.4 x lo4 M-’ cm-l. Although the thickness 

of the nerve terminal, and hence 1, was not known, it was approximately 
100 rrn and certainly no less than 50 pm. Thus, the estimated 
dinitroBAPTA concentration is approximately 2.2 mM and certainly no 
more than 4.3 mM. Calculation of the average concentration of 
dinitroBAPTA using Equation 2, modified for the actual dimensions of 
the nerve terminal and diffusional loss of buffer after cessation of loading 
(see below), yielded a value of 2.15 mM 4 min after loading. Given the 
uncertainty about the thickness of the nerve terminal, and the necessity 
of using an average value for E, the correlation between the two esti- 
mates is certainly reasonable and supports the validity of the assump- 
tions used to calculate average buffer concentrations. 

Time (mid 

Figure 3. The spatial and temporal 
profile of light transmission changes 
caused by multiple injections of 
dinitroBAPTA. A, Diagram of experi- 
mental arrangement, showing the lo- 
cation of the injection pipette and the 
sites of measurement of changes in op- 
tical transmission resulting from 
dinitroBAPTA injection. B, Following 
the same iontophoretic protocol used 
to examine buffer effects on synaptic 
transmission, 10 30-set lOO-nA ion- 
tophoretic pulses were given at I-min 
intervals, indicated by the bars num- 
bered I-10. Curve b shows the changes 
in relative light transmission (Ar) at the 
injection site, curve a at the tip of the 
terminal, and curve c in the preterminal 
axon, corresponding to the areas indi- 
cated in A. All three curves have been 
normalized for variation in path length 
by dividing by the changes in optical 
transmission remaining 40 min after 
injection. Pre, presynaptic; Post, post- 
synaptic. 
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Calculation of Kd 
The Kds of the various buffers are affected by both temperature and 
ionic strength (Harrison and Bers, 1987). Under the present experi- 
mental conditions of high ionic strength and low temperature, the cal- 
cium affinities of BAPTA-family buffers will be less than the published 
values measured at 22°C in 0.1 M KCl, 0.01 M HEPES (Tsien, 1980). 
Additionally, the Kd of EGTA for calcium is markedly influenced by 
pH in the physiological range (Thomas, 1982). Because a major purpose 
of this study was to compare the effects of a series of calcium chelators 
of varying Kd, we have calculated Kds for the following conditions: ionic 
strength = 0.453; T = 287°K; pH = 7.0-7.3. 

Ionic strength was calculated as ionic equivalence Z = 0.5 Z m 1 z 1, 
where m is molal concentration and z is valence (see Smith and Miller, 
1985) for a solution containing, in mmol/kg, K+, 362; Na+, 50; Mg*+, 
13; SO,>-, 7.5; and anion-, 453. These values represent the midpoints 
of the ranges for cation concentration of squid axoplasm given in Gainer 
et al. (1984). The calculated values are likely to be somewhat inaccurate 
both because of uncertainty as to the exact composition of squid axo- 
plasm, and because the equations used are more accurate for dilute 
solutions. They should, however, be much closer to the true intracellular 
Kds than uncorrected values measured under standard conditions of 
ionic strength and temperature. In any case, this correction should not 
distort the relationship between the Kds of the various buffers. 

In order to correct for the change in ionic activity and the increase 
of Kd by high ionic strength, we have used the equations of Smith and 
Miller (Miller and Smith, 1984; Smith and Miller, 1985), which are 
derived from the Guggenheim approximation to the Debye-Htickel 
limiting law (see Davies, 1962, pp. 34-53): 

log K’ = log K - logf: (5) 

where K’ is the association constant to be calculated for experimental 
ionic strength, K is the association constant measured under standard 
conditions, and log f’ is defined by 

bf’= &‘[a(& - BZ) - a(& - PZj], (6) 

which corrects the ion activity coefficient for ionic strength. x and y  are 
the charges on cation and anion, respectively; Z is ionic strength under 
standard conditions; I’ is ionic strength under experimental conditions; 
p is a variable coefficient. Smith and Miller (1985) empirically found 
that p = 0.25 best described the decrease in ion activity with increasing 
ionic strength for their solutions. o( is calculated from 

a = (1.8246 x 106)/(cT)3’2, (7) 

where t is the dielectric constant of water and T is the temperature 
Kelvin. The correction was made for ionic strength of 0.453 M at 295°K. 

Harrison and Bers (1987) found that K’ calculated for dibromo- 
BAPTA, unlike that for BAPTA and EGTA, was consistently below 
that measured empirically. The difference amounted to 0.19 log units 
at 0.304 M (the highest ionic strength they measured). Therefore, this 
amount has been added to the Kd calculated for dibromoBAPTA. Be- 
cause no information comparing the theoretical to empirical values of 
K’for dimethyl- or dinitroBAPTA is available at present, the theoretical 
values of these two compounds have been used. 

Following Harrison and Bers (1987), the Van’t Hoff Isochore was 
used to correct the Kg for experimental temperature (287°K): 

logK’=lo,K-A+$][&] (8) 

The AZZ values empirically determined by Harrison and Bers (1987) for 
EGTA (16.6 kJ/mol), BAPTA(13.9 kJ/mol), anddibromoBAPTA(16.9 
kJ/mol) were used. For dimethylBAPTA and dinitroBAPTA, the AZ? 
value for BAPTA, 13.9 kJ/mol, was used because no empirically mea- 
sured values are available. AH values for these compounds would be 
expected to be similar to those measured for the related species, and 
differences on the order of those measured among EGTA, BAPTA, and 
dibromoBAPTA should have little effect on the final calculated K& 

Table 1. Equilibrium Ca*+ Kds of chelators 

Kd (standard Kd (cytoplasmic 
Chelator conditions*) conditionst) 

DimethylBAPTA 4.0 X lo-*M 1.8 X lo-‘M 

BAPTA 1.0 X lo-‘M 5.0 X lo-‘M 

DibromoBAPTA 1.6 X lt6M 4.9 X lt6M 

DinitroBAPTA 7.0 X lo-‘M 3.1 X lo-2M 

EGTA (pH, 7.3) 9.5 X lo-*M 2.2 X lo-‘M 

EGTA (pH, 7.0) 3.8 x lo-‘M 8.6 X lo-‘M 

The calcium of Kd of EGTA was calculated for pH 7.0 and pH 7.3, the limits 
reported for squid cytoplasm (Bicher and Ohki, 1972; Boron and DeWeer, 1976; 
Adams and Thomas, 1989). No corrections were made for reduction of apparent 
calcium Kd by magnesium, because the alhnity of both EGTA (Zucker and Steinhardt, 
1978; Thomas, 1982) and most of the BAPTA-family buffers (Tsien, 1980) is so 
much greater for calcium than for magnesium that the presence of several mr.r 
free magnesium should have a negligible effect on calcium binding. It is possible 
that free intracellular magnesium is high enough to bind sufficient dimethylBAPTA 
to reduce the apparent calcium affinity of this compound (Pethig et al., 1989); 
however, its calcium affinity should still be greater than that of BAPTA. 
* Standard Kg for BAPTA, dimethylBAPTA, and dibromoBAPTA are from Tsien 
(1980). Standard Kd for dinitroBAPTA is from Pethig et al. (1989). 

t Cytoplasmic Kds were calculated as described in the text. 

The buffer Kds under standard conditions and those calculated for 
14°C at estimated squid cytoplasmic ionic strength are shown in Table 1. 

Results 
D@erential effects of EGTA and BAPTA on synaptic 
transmission 
EGTA, injected into the presynaptic terminal at estimated con- 
centrations up to 80 mM, had little or no effect on transmitter 
release in 10 experiments (Fig. 4). In some experiments, the first 

Pre 

Post - 

15mV 
I 
I ms 

Figure 4. Lack of effect of iontophoresing EGTA into the presynaptic 
nerve terminal. Five traces of pre- (Pre) and postsynaptic (Post) re- 
sponses are shown. All five responses consisted of suprathreshold PSPs 
that triggered action potentials. The first, third, fifth, seventh, and ninth 
PSPs following initiation of EGTA iontophoresis were completely su- 
perimposable. In this unusually small terminal, the presynaptic con- 
centration of EGTA produced by the standard injection protocol was 
estimated to be 8 1 mM. 



The Journal of Neuroscience, June 1991, 71(6) 1501 

Pre 

Post 

12mV 
15mV L 

1 ms 

Figure 5. Reduction of the PSP resulting from BAPTA iontophoresis. 
First, third, fifth, seventh, and ninth responses following initiation of 
BAPTA iontophoresis showed a progressive reduction in PSP amplitude 
and dV/dt with continuing iontophoresis of buffer. In this experiment, 
a slight decrease in presynaptic action potential latency and amplitude 
(which would lead to an accompanying decrease in PSP latency) was 
apparent after the first trace; however, the presynaptic spike remained 
stable thereafter, while the PSP continued to decrease. 

stimulus following initiation of iontophoresis resulted in a larger 
and more rapid presynaptic spike. This was accompanied by a 
small and transient increase in transmitter output. Presumably, 
the potentiation of the presynaptic spike and concomitant in- 
crease in transmitter output (Miledi and Slater, 1966; Charlton 
and Bittner, 1978b; Llinas et al., 1982) are caused by membrane 
potential hyperpolarization leading to a reduction of sodium 
channel inactivation (Hodgkin and Huxley, 1952). In some ex- 
periments, evoked release remained elevated during the entire 
loading period; in others, it returned to or was slightly below 

preinjection levels. However, little sustained effect of EGTA 
injection was seen. 

Injection of BAPTA, which has a & similar to that of EGTA 
at pH 7.2, into the presynaptic nerve terminal caused a marked 
reduction of neurotransmitter release in 24 out of 25 experi- 
ments. In three of these experiments, an ineffective EGTA in- 
jection was followed by an effective BAPTA injection into the 
same nerve terminal. A reduction in postsynaptic response was 
apparent within two or three 30-set iontophoretic sessions at 
100 nA (Fig. 5). Transmitter release continued to decrease as 
more buffer was injected. 

A reduction in the amplitude or duration of the presynaptic 
action potential will reduce neurotransmitter release (Katz and 
Miledi, 1967; Llinas et al., 1982). However, BAPTA iontopho- 
resis did not attenuate the presynaptic action potential; there- 
fore, this was not a factor in the present results. There was 
sometimes a transient increase in presynaptic spike amplitude 
and transmitter release following initiation of BAPTA ionto- 
phoresis, as with EGTA. Following this initial increase, trans- 
mitter release to subsequent stimuli declined with continued 
BAPTA iontophoresis despite a maintained increase in the pre- 
synaptic action potential. In other experiments, release began 
to decline immediately after initiation of iontophoresis. 

After cessation of iontophoresis, transmitter release often con- 
tinued to decline for several minutes. This probably was due to 
a redistribution of buffer within the nerve terminal, leading to 
an increase in the number of release sites at which calcium was 
chelated (see Fig. 3) though other explanations (e.g., residual 
effects of sustained hyperpolarization) are certainly possible. 
This decline was transient and was followed by a slow recovery 
toward preinjection levels (Fig. 6). This cycle of buffer injection, 
release depression, and release recovery could be repeated sev- 
eral times in a given synapse (Fig. 6). The estimated buffer 
concentration following cessation of iontophoresis at maximum 
PSP reduction was several millimolar (see below). 

A pharmacological agent could inhibit transmitter release, 
with little or no effect on the presynaptic action potential, by 
reducing calcium entry into the nerve terminal. In order to 
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Figure 6. The time course and re- 
versibility of BAPTA-induced attenu- 
ation of synaptic transmission. Post- 
synaptic responses were quantified by 
measuring the rate of rise of the PSP 
and were normalized by dividing by the 
maximum rate of rise measured. BAP- 
TA iontophoresis took place at the times 
indicated by the bars. 
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Figure 7. A, Calcium spikes (Pre) and 
PSPs (Post) elicited before and after 
BAPTA iontophoresis. BAPTA ionto- 
phoresis caused a profound reduction 
in the amount of transmitter released 
even though the calcium spike was ac- 
tually larger and longer than the control 
calcium spike. The increase in calcium 
spike amplitude and duration occurred 
because the blockade of K channels by 
DAP had not entirely reached equilib- 
rium at the time BAfiA was injected. 
B: Reduction ofcalcium snikes and PSPs 
by cadmium (Cd). Data-were recorded 
during equilibration of 100 PM cadmi- 
urn before its full effects occurred. A 
much more moderate reduction in 
transmitter release than that produced 

Pre 1 
I 

A 
by BAPTA was accompanied by a clear 
decrease in the calcium snike. The 1 \ontrol 
traces in B are from the same experi- 
ment as the traces shown in A and were 
collected during recovery from BAPTA 

Post - 
BAPTA 

iontophoresis. in both -A and B, the 
traces begin at a time following the pre- 

20mVL 
synaptic stimulating pulses. 7ms 

investigate this possible mechanism of BAPTA action, calcium 
spikes were elicited in the presence of tetrodotoxin (TTX; 1 PM) 

and 3,4-diaminopyridine (DAP, 2 mM) to block sodium and 
potassium conductances, respectively (Katz and Miledi, 1967; 
Llinas et al., 1976). Under these conditions, BAPTA caused a 
pronounced attenuation of transmitter release throughout the 
entire calcium spike, but no reduction in the amplitude or du- 
ration of the calcium spike was apparent (Fig. 7A). In order to 
determine whether it was possible that a reduction in calcium 
conductance sufficient to reduce transmitter release might not 
be apparent as a reduction in the calcium spike, the calcium 
conductance was partially blocked with cadmium, a known 
blocker of presynaptic calcium channels in this preparation (Lli- 
nas et al., 198 1; Charlton et al., 1982; Augustine and Eckert, 
1984), and the resulting attenuation of transmitter release was 
compared to that produced by BAPTA. Because the object of 
this experiment was to observe the effect on the calcium spike 
of a concentration of cadmium that produced only a modest 
reduction in transmitter release (i.e., only partial block of cal- 
cium current), data were recorded during equilibration of 100 
PM cadmium before its full effects occurred. Cadmium markedly 
reduced both the amplitude and duration of the presynaptic 
calcium spike while producing a much more moderate reduction 
in transmitter release than BAPTA (Fig. 7B). While it is possible 
that BAPTA could cause a decrease in inward calcium current 
that was exactly balanced by a simultaneous decrease in an 
outward current with no net reduction of the spike, it seems 
more likely that the lack of BAPTA effect on the presynaptic 
calcium spike indicates that BAPTA has little, if any, effect on 
the calcium current. We therefore provisionally conclude that 
BAPTA attenuates transmitter release at a step subsequent to 
calcium entry into the nerve terminal. 

Effect of BAPTA derivatives with different calcium afinities 
To investigate further those buffer attributes necessary to atten- 
uate release, the effects of several BAPTA derivatives with dif- 
ferent calcium affinities were determined. The effects of 
dimethylBAPTA (0.18 I.IM estimated Kd in axoplasm), dibromo- 

B 

20mVI 
9ms 

BAPTA (4.9 PM estimated Kd), and dinitroBAPTA (3 1 mM es- 
timated Kd) were compared. These compounds were selected 
because their affinities cover a wide range on both sides of 
BAPTA’s Kd, which is estimated as 0.5 PM. 

All four compounds were capable of reducing transmitter re- 
lease when injected into the presynaptic terminal (Fig. 8). The 
mean reduction in transmission produced by dimethylBAPTA 
(average estimated concentration, 3.9 mM) was 79 + 4.9% (n 
= 5; mean f SEM), while the mean reduction produced by 
dibromoBAPTA (average estimated concentration, 3.8 mM) was 
95 + 1.8% (n = 4). BAPTA itself (estimated concentration, 4 
mM) reduced transmitter release by 76 f 7.2% (n = 6). Dinitro- 

a, l.Or 

DM8 BAPTA DBB DNB 

Figure 8. Relative ability of several BAPTA derivatives to reduce 
transmitter release. The concentration of each buffer in the presynaptic 
terminal was about 4 mM. Values for postsynaptic responses are means 
(4-7 replicates for each buffer), normalized relative to measurements 
made before buffer injection, and error bars indicate SEM. 
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Figure 9. Comparison of the reduc- 
tion in transmitter release produced by 
dinitroBAPTA (DNB) and BAPTA in- . . _. jecrion into me same nerve terminal. 
Of seven experiments in which the ef- 
fects of dinitroBAPTA were examined, 
the greatest attenuation of transmitter 
release was observed in the experiment 
shown here. Both dinitroBAPTA and 
BAPTA were injected to a concentra- 
tion of about 3.9 mM in this experi- 
ment; dinitroBAPTA concentration was 
estimated to havedeclined to about 480 
PM at the time of BAPTA iontopho- 
resis. 
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BAPTA was far less effective in reducing transmitter release. In 
two experiments, no apparent reduction of release was seen 
following dinitroBAPTA iontophoresis (estimated maximum 
concentration, 6.7 and 7.6 mM). In five additional experiments, 
where dinitroBAPTA iontophoresis was followed by BAPTA 
iontophoresis into the same nerve terminal, dinitroBAPTA 
caused a reduction of 27 -t 7.5% in transmitter release (average 
estimated concentration, 2.8 mM), while similar concentrations 
of BAPTA (2.6 mM) produced an 80 f 5.8% reduction in trans- 
mitter release (Fig. 9). 

The rate of recovery of transmitter release following similar 
injections of the various buffers was different. Recovery of trans- 
mission after injection of dimethylBAPTA was much faster than 
recovery following BAPTA injection, while recovery from 
dibromoBAPTA was somewhat slower. If recovery results from 
diffusion of buffer out of the nerve terminal and if all of these 
compounds have similar diffusion coefficients, this difference in 
recovery rate suggests that slight differences in buffer efficacy 
are accentuated at low buffer concentrations. To examine this 
possibility, buffer concentration was estimated during recovery 
from iontophoresis, and the percent reduction of the PSP at 
various concentrations of the different buffers was compared. 
We did not analyze buffer effects during the loading period 
because the inhomogeneous distribution of buffer in the ter- 
minal at this time complicates the analysis. 

After cessation of iontophoresis, injected buffer will diffuse 
out of the terminal and into the preterminal axon (see Fig. 2A). 
A simple approximation was used to estimate presynaptic buffer 
concentration after injection. In this approximation, the axon 
was treated as a semi-infinite cylinder (of cross-sectional area 
A) of twice the diameter measured at the base of the nerve 
terminal with entire estimated terminal buffer content diffusing 
from a plane at one end of the cylinder starting at time 0. 
Equation 2 was normalized for actual nerve terminal diameter 
and solved for x = 0 (see Atkins, 1978, for this solution of Fick’s 
second law). 

Because buffer concentration was being determined for a small 

120 150 

compartment of known dimensions, rather than at a plane at 
the junction between the nerve terminal and the presynaptic 
axon, the calculated volume of the nerve terminal was added 
to the estimated volume of axonal diffusion in order to calculate 
average concentration in the nerve terminal: 

c(mminal,r, = NC&terminal volume + A(7rDt)1’2). (9) 

In this approximation, the component of buffer that diffuses 
directly from the injection site to the closed tip of the terminal 
was ignored because this compartment is so small that it should 
have relatively little impact except at very early times during 
and immediately after loading. Similarly, buffer deposition was 
assumed to be instantaneous. 

The value of 2 x 10m6 cm2sec-l (Neher, 1986) was used for 
the diffusion coefficient, D, for all buffers. This is very similar 
to D measured for dinitroBAPTA (see Materials and Methods), 
and it is unlikely that the other buffers, which are closely related 
chemically, would show marked differences in D. Moreover, the 
onset of action of the three lower Kd buffers was rapid, as ex- 
pected if diffusion of buffer was unimpeded. 

In general, differences in calcium buffer efficacy in suppressing 
transmitter release became much more apparent at buffer con- 
centrations less than 1 mM (Fig. 10). Even at concentrations 
greater than 1 mM, a clear reduction in buffer efficacy was ap- 
parent with the very high-K, buffer dinitroBAPTA (Fig. 8). On 
average, a 50% reduction in PSP amplitude was produced by 
0.87 f 0.17 mM dimethylBAPTA (n = 5) and 0.73 f 0.20 mM 
BAPTA (n = 5). Less than 0.3 mM dibromoBAPTA was required 
to produce an equivalent reduction, because transmitter release 
had not recovered to 50% of control values at this estimated 
concentration (n = 4). In six out of seven experiments, milli- 
molar concentrations of dinitroBAPTA (average concentration, 
4 mM) were insufficient to cause a 50% reduction in transmitter 
release. Thus, under these conditions, the relative efficacy of 
these compounds was dibromoBAPTA > BAPTA 2 
dimethylBAPTA > dinitroBAPTA. This differs from the effi- 
cacy of these compounds in binding calcium ions (Table 1). 
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Discussion 
Calcium buffers block transmitter release 

i.O- 

This study demonstrates that several members of the BAPTA 
family of Ca*+ buffers are capable of reducing evoked neuro- 
transmitter release when injected into the presynaptic terminal 
of the squid giant synapse, while EGTA has little or no effect. 
BAPTA derivatives with estimated intracellular calcium &s 
ranging from 0.18 to 4.9 PM were all highly effective at reducing 
transmitter release at intraterminal concentrations estimated to 
bs: in the millimolar range. A BAPTA derivative with an esti- 
mated Kd of 3 1 mM was much less effective. These results con- 
firm and extend the observation of Adams et al. (1985) that 
presynaptic EGTA injection has little effect on evoked trans- 
mitter release at the squid giant synapse. They are also consistent 
with the report that a cell-permeant derivative of BAPTA re- 
duces transmitter release at the crayfish neuromuscularjunction 
(Charlton and Iwanchyshyn, 1986). 
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The results cannot be interpreted as secondary to pharma- 
cologic effects on the nerve terminal action potential or calcium 
conductance. While other nonspecific pharmacological effects 
cannot be rigorously excluded and have been suggested for 
dibromoBAPTA in mast cells (Penner and Neher, 1988) and 
for dinitroBAPTA in fucus eggs (Pethig et al., 1989), it is more 
likely that the reductions in transmitter release caused by these 
buffers are consequent to their known ability to bind calcium 
and to the resulting attenuation of the presynaptic calcium tran- 
sient that triggers release. 

I 
OO 0.5 1.0 1.5 

Average [buffer] (rnIt-4) 

Lack of EGTA efect defines spatiotemporal constraints of 
calcium receptor binding 

On the basis of calcium affinity alone, the efficacy of EGTA in 
reducing transmitter release should be similar to that of the 
BAPTA-family buffers because the Kd for EGTA at pH 7.3 falls 
between that of dimethylBAPTA and BAPTA, while at pH 7.0 
it falls between BAPTA and dibromoBAPTA. Several inter- 
pretations of this observation are possible. It is possible that 
EGTA iontophoresis was ineffectual and that the lack of EGTA 
effect was due to a lack of presynaptic EGTA. This is unlikely 
because Adams et al. (1985) found that EGTA iontophoresis 
restored release in metabolically poisoned nerve terminals in 
which calcium was pathologically elevated. Very recently, Swan- 
dulla et al. (199 1) have also found that EGTA iontophoresis 
blocks slow tetanic rises in calcium concentration in the ter- 
minal. This suggests that EGTA both gets into the nerve ter- 
minal and, once there, has some ability to buffer calcium. 

Because calcium/EGTA association is accompanied by the 
dissociation of two protons, it is possible that lack of EGTA 
effect could result from an increase in transmitter release sec- 
ondary to local cytoplasmic acidification, which counteracts the 
effect of EGTA on the calcium transient. However, Adams and 
Thomas (1989) and J. Dietmer, K. Zipser, and G. J. Augustine 
(unpublished observations) have found little effect of reductions 
in presynaptic pH on transmitter release at the squid giant syn- 
apse. It thus seems unlikely that a compensatory increase in free 
H+ ions could be responsible for the lack of effect of EGTA on 
transmitter release. 

Figure 10. The relative efficacy of various BAPTA derivatives in re- 
ducing postsynaptic responses at different average buffer concentrations, 
estimated during recovery from iontophoresis. PSP rate of rise was 
measured at I-min intervals during the first 10 min after cessation of 
iontophoresis, and at IO-min intervals thereafter for 40-60 min, and 
plotted against estimated average concentration. In those experiments 
in which release continued to decline after cessation of iontophoresis, 
time 0 for recovery was taken as the time of maximum PSP reduction. 
Lines were drawn by eye through the points thus obtained, and values 
for PSP reduction in individual experiments were determined for 0.3, 
0.5, 0.7, 1.0, 1.5, and 2.0 mM estimated buffer concentration. Nor- 
malized values for PSP reduction from different experiments were then 
averaged. In several experiments, values of PSP reduction were extrap- 
olated from values obtained at higher concentrations: in two experi- 
ments, recovery from dimethylBAPTA (DMB) was complete at con- 
centrations greater than 300 PM, and recovery was not followed further; 
100% recovery was then extrapolated to the lower concentrations. A 
few other experiments were terminated when estimated buffer concen- 
tration was greater than 300 PM; in two of these experiments, estimated 
concentration was greater than 500 FM. Straight lines were drawn through 
the recovery points obtained (over at least 40 min recovery time and 
starting after the end of the flat portion of the recovery curve), and 
values for the lower concentration were extrapolated from these lines. 
Most of the approximations used in calculating estimated concentration 
(see Materials and Methods) will be reasonably accurate at times greater 
than 10 min after ceasing iontophoresis (corresponding to average con- 
centrations less than 1 mM on this graph). Concentrations obtained at 
earlier times will be distorted by several factors that will have minimal 
impact at longer times: inhomogeneity of buffer distribution within the 
nerve terminal, slight errors in determining the 0 time of recovery, loss 
of buffer during the latter part of iontophoretic loading, and the as- 
sumption that buffer deposition in the nerve terminal was instantaneous. 
Because the average concentration at the end of loading of BAPTA, 
dimethvlBAPTA. and dibromoBAPTA (DBB) was about the same. it \ , 
is still reasonable to compare the effects of the three different buffers 
during this time frame, even though the actual values for concentration 
are somewhat imprecise. Points represent mean f SEM (n = 4 for each 
buffer). 

The most likely explanation is that the kinetics of EGTA/ for differences in the ability of EGTA and BAPTA to attenuate 
calcium binding are slow relative to the initiation of transmitter calcium-activated K currents in chromaffin cells (Marty and 
release, so that EGTA may be unable to reduce calcium con- Neher, 1985; Neher, 1986). The possible role of calcium-binding 
centration rapidly enough to reduce transmitter release in this kinetics in the differential actions of EGTA and BAPTA can be 
synapse. A similar explanation has been proposed to account seen by considering the relative speed of equilibration of the 
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two buffers at a conservative estimate (e.g., 10 mM) of the pre- 
synaptic EGTA concentrations attained. The specific form of 
the relaxation equations used and therefore of the time constants 
derived are only appropriate under conditions where the asso- 
ciation of buffer and calcium is the only factor perturbing their 
free concentrations. This is obviously not the case for neuro- 
transmitter release because the calcium concentration in the 
vicinity of release sites is rapidly changing (e.g., Simon and 
Llinas, 1985; Zucker and Fogelson, 1986). However, despite 
this limitation, the relative impact of differences in buffer ki- 
netics upon the presynaptic calcium transient should be pre- 
served. 

The reaction 

k 
[Cal + [Buffer] s [CaBuffer] 

k ofr 

will approach equilibrium at a rate that depends on the con- 
centration of the reactants and the forward and reverse rate 
constants (k,, and k,,) of the reaction. Under conditions where 
one of the reactants is present in great excess over the other, so 
that its concentration will remain quasi-constant throughout the 
reaction (as would surely be the case for a buffer concentration 
of 10 mM or greater), the time constant, 7, of buffer/calcium 
equilibration will be given by 

1h = k,Pufk,,,,l + b, (10) 

where 7 defines the relaxation time of the reaction (see Bemas- 
coni, 1976). The forward and backward rate constants for the 
EGTA/calcium reaction are 1.5 x lo6 Mm’sec-’ and 0.3 secl, 
respectively (at pH 7, 25°C 0.1 M ionic strength; Smith et al., 
1984). For a concentration of 10 mM EGTA, Equation 10 gives 
a value for 7 of 67 psec. Therefore, the reaction will be close to 
equilibrium in about 200 psec, under these conditions of tem- 
perature and ionic strength. In contrast, if BAPTA is assumed 
to have binding kinetics similar to those of fura- (k,,, of 6.02 
x 108 MmIsec-I, k,, of 96.7 set-l at 20°C pH 7.4-8.4, 0.14 M 

ionic strength; Kao and Tsien, 1988), 7 for 10 mM BAPTA is 
about 0.17 psec, so that this reaction will be close to equilibrium 
in about 0.5 psec. 

Under squid cytoplasmic conditions, both reactions will be 
considerably slowed because of temperature, ionic strength, and, 
possibly, viscosity. Baylor and Hollingworth (1988) have esti- 
mated that, in frog skeletal muscle, the k,, for the reaction 
between calcium and fura- is slowed 6-60-fold relative to the 
value obtained under standard conditions. Because much of this 
reduction in calcium binding rate is apparently secondary to 
fura- binding to myoplasmic constituents (Baylor and Hol- 
lingworth, 1988) and the D measured for dinitroBAPTA sug- 
gests little, if any, cytoplasmic binding of BAPTA compounds 
in squid axoplasm (see Materials and Methods), a sixfold re- 
duction in k,, is probably an upper limit to the slowing of cal- 
cium binding to these compounds under our conditions. In this 
case, the EGTA/calcium reaction will be close to equilibrium 
in 1.2 msec, and the BAPTA/calcium reaction will be close to 
equilibrium in 3 psec. Because the delay between influx of cal- 
cium and initiation of transmitter release is about 200 psec 
(Llinas et al., 198 1; Augustine et al., 1985), it is clear that over 
this time interval BAPTA will bind more calcium than will 
EGTA, and this presumably accounts for the observed differ- 
ential effects of these buffers on release. 

The above estimate of 1.2 msec for equilibration of calcium 
binding to EGTA suggests that EGTA should still reduce free 
calcium (and hence transmitter release) to some extent within 
the 200~psec minimal synaptic delay. As Equation 10 indicates, 
the equilibration time will be even shorter at buffer concentra- 
tions greater than 10 mM. The lack of EGTA effect indicates 
that a considerable portion of the minimal synaptic delay occurs 
after calcium diffuses and binds to the receptor molecule(s) re- 
sponsible for triggering release. For example, if the diffusion and 
binding steps occurred within 10-20 psec, very little EGTA 
effect would be apparent, but the BAPTA reaction would still 
be close to or at equilibrium. Another implication of these ki- 
netic considerations is that the calcium receptor is located very 
close to the calcium channels, because calcium will diffuse only 
about 63 nm in 10 psec, if it has a diffusion coefficient of 2 x 
lo-6 cm%ec-I (Augustine et al., 1987). This is consistent with 
recent indications that calcium channels are closely associated 
with the sites of release (Augustine et al., 1989). 

D@erential effects of chelator afinity require a large calcium 
transient 

The discussion in the previous section suggests that an equilib- 
rium analysis may be appropriate when considering the actions 
of BAPTA on transmitter release. This may also be true for the 
BAPTA derivatives we have used: available estimates of cal- 
cium association rates for members of the BAPTA family differ 
by a factor of less than three over a 50-fold range of Kd (Smith 
et al., 1983; Quast et al., 1984; Jackson et al., 1987; Kao and 
Tsien, 1988) and are hundreds of times greater than the calcium 
association rate of EGTA (Smith et al., 1984). 

In the case of equilibrium calcium binding, the order of buffer 
efficacies will depend on the buffer Kd, the concentration of 
buffer, and the intracellular concentration of free calcium, [Cal,, 
during the transient (for the equations describing this relation- 
ship, see Zucker and Steinhardt, 1978; Nachsen and Drapeau, 
1982). For a given calcium load, the order of buffer efficacy 
should roughly parallel the affinity for calcium, unless [Cal, ex- 
ceeds the intracellular buffer concentration, in which case dif- 
ferences among the three high-affinity buffers (dimethylBAPTA, 
BAPTA, dibromoBAPTA) should be negligible. However, the 
order observed in blocking release did not match either of these 
predictions. 

One possible explanation for this discrepancy is that the ef- 
fective concentration of buffer available to chelate calcium en- 
tering during the transient is reduced by binding to free calcium 
in the resting nerve terminal ([Cal,,,,) prior to nerve stimulation. 
With a [Cal,,, of 10-100 nM (Baker and DiPolo, 1984), the 
reduction in free buffer concentration for a buffer load of 300 
PM to several mM is negligible if the chelation of [Cal,,, is un- 
compensated and [Cal,,,, is allowed to drop to levels on the order 
of 1O-9 M. However, studies in other systems (see references in 
Tsien et al., 1984) have suggested that cellular homeostatic 
mechanisms can maintain [Calres, at a “set point” near normal 
levels despite the presence of several mM of alien calcium buffer. 
For example, Baker and Umbach (1987) have found that in- 
jecting EGTA and BAPTA into squid axoplasm (at concentra- 
tions below 5 mM) produces only a transient drop in [Calrer,. 
This suggests that exogenous buffers may become partially sat- 
urated by resting calcium, so that a fraction of the buffer will 
be unavailable to chelate the calcium entering during the tran- 
sient. In this case, the amount of free buffer will be inversely 
related to the calcium affinity. 
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If [Calrest is assumed to be set at 100 nM (Baker and DiPolo, 
1984), calculations indicate that the predicted order of buffer 
efficacy resembles that observed only if [Cal, is several hundred 
PM or greater (E. M. Adler, G. J. Augustine, and M. P. Charlton, 
unpublished calculations). If an additional, native calcium buff- 
er (Baker and Schlaepfer, 1978; Krinks et al., 1988) is included, 
this value rises into the mM range, depending on the calcium 
affinity and concentration of the endogenous buffer. Thus, the 
effects of calcium buffers suggest that transmitter release may 
be activated by [Cal, of hundreds of PM or more. 

‘Estimates of [Cal, in the transmitter releasing region of frog 
hair cells also suggest that calcium levels may reach hundreds 
of PM or more during depolarization (Roberts et al., 1990), and 
it appears that calcium concentration at secretory sites of chro- 
maffin cells reaches 10-100 PM during depolarization (G. J. 
Augustine and E. Neher, unpublished observations). This high 
concentration of calcium could be found very close to a single 
open calcium channel or within the area of overlap of calcium 
coming from a cluster of open channels (Fogelson and Zucker, 
1985; Simon and Llinas, 1985; Smith and Augustine, 1988). 
Production of high [Cal, levels at release sites suggests that the 
calcium receptor that initiates release does not need to have a 
high affinity for calcium. 

A very similar pattern of BAPTA-family buffer efficacy has 
been described in inhibiting fucoid egg development (Spek- 
snijder et al., 1989). These results have been interpreted as 
resulting from buffer suppression of intracellular calcium gra- 
dients by shuttling calcium from regions of high concentration 
to regions of low concentration. This mechanism is less likely 
to explain buffer attenuation of transmitter release because of 
the extremely rapid nature of the transmitter release reaction. 
We instead propose that our results are due to a relatively large 
calcium transient and partial occupancy of the higher-affinity 
buffers by calcium ions prior to nerve stimulation. 

In summary, the relative effectiveness of a calcium chelator 
in a given system will depend on a number of factors, including 
the concentration of calcium and chelator, the diffusion distance 
between calcium sources and receptors, and the kinetics of re- 
actions involving both exogenous and endogenous molecules 
(see also Neher, 1986). An implication of our results is that 
EGTA and other slowly binding calcium buffers can give false 
negative results when used as a diagnostic tool to examine a 
rapid calcium-mediated process. 

Conclusion 

These results provide additional evidence in favor of the calcium 
hypothesis of neurotransmitter release by demonstrating that 
calcium must not only enter the nerve terminal in order to trigger 
neurotransmitter release, but must also diffuse to the appropri- 
ate site to do so. Consideration of the relative efficacy of the 
various chelators in attenuating release suggests that the pre- 
synaptic calcium transient that triggers release may be large, 
perhaps hundreds of PM or more. The calcium receptor that 
triggers release binds calcium rapidly (on the order of micro- 
seconds) appears to be close to calcium channels and could 
have a low affinity for calcium. These inferences place con- 
straints on the location and functional characteristics of the 
calcium-binding molecules that initiate transmitter release. 
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