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Stimulation-induced changes in [Ca2+] in lizard motor nerve
terminals
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1. Motor axons were injected ionophoretically with one of five Ca2+-sensitive dyes (fluo-3,
Calcium Green-2, Calcium Green-5N, fluo-3FF and Oregon Green BAPTA-5N). Changes in
fluorescence (AF/Frest) within motor terminal boutons following a single action potential and
brief stimulus trains were monitored with high temporal resolution using a confocal
microscope.

2. Stimulation-induced increases in AF/IFet were confined primarily to boutons, with roughly
uniform increases in all the boutons of a terminal. The increase in AF/Frest began prior to,
and decayed more slowly than, the endplate potential (EPP) recorded in the underlying
muscle fibre. AF/Fr1et was graded with bath [Ca2+]. Both AF/Frest and the EPP were reduced,
but not eliminated, by wo-conotoxin GVIA (5-10 /M).

3. For dyes with lower affinity for Ca2P (e.g. Oregon Green BAPTA-5N, Kd t 60/SM)
stimulation-induced increases in AF/IreFt were measured in the presence of the K+ channel
blocker 3,4-diaminopyridine (3,4-DAP, 100 uM). During brief stimulus trains (4 at 50 Hz) in
3,4-DAP, the EPP exhibited profound depression, but the fluorescence increase associated
with each stimulus showed little decrement, suggesting that depression was not mediated by
a reduction in Ca2+ entry.

4. For dyes with a higher affinity for Ca2P (e.g. fluo-3, Kd 0 5-1 FM) stimulation-induced
increases in AF/Frest could also be measured in normal physiological saline. Increases in
AF/IFest were much greater with 3,4-DAP present, but the amplitude decreased with
successive stimuli due to partial dye saturation.

5. Calculations suggested that following a single action potential the average [Ca2P] within a
bouton increased by up to 150 nm in normal saline and 940 nm in 3,4-DAP. With low
affinity dyes the AF/Frest measured near the membrane had a higher peak amplitude and a
faster early decay than that measured in the centre of the bouton, suggesting that
substantial spatial [Ca2P] gradients exist within boutons for at least 15 ms following
stimulation.

Phasic transmitter release evoked by action potentials
requires Ca2+ influx into the presynaptic nerve terminal
(reviewed by Katz, 1969; Augustine, Charlton & Smith,
1987). Recently it has become possible to measure

stimulation-induced changes in intraterminal [Ca2+] ([Ca2+]1)
in terminals filled with dyes whose fluorescence properties
change upon binding Ca2+. Such studies have revealed that
stimulation-induced increases in spatially averaged [Ca2+]i
persist for hundreds of milliseconds or more after stimulation
stops, far outlasting phasic evoked release, which is
complete within a few milliseconds (Miledi & Parker, 1981;
Delaney, Zucker & Tank, 1989; Yawo & Chuhma, 1994;
Brain & Bennett, 1995; Borst, Helmchen & Sakmann, 1995;
Regehr & Atluri, 1995). At least part of this discrepancy is
thought to be due to the existence of spatial [Ca2+] gradients

within the stimulated terminal. Modelling studies have
estimated spatiotemporal [Ca2+]i gradients around open
Ca2+ channels and nearby exocytotic fusion sites, and it has
been hypothesized that the rapid time course of phasic
evoked transmitter release is due at least in part to
transient, localized domains of elevated [Ca2+]i near release
sites (Simon & Llinats, 1985; Yamada & Zucker, 1992; see
also Parnas & Parnas, 1994; Klingauf & Neher, 1997). To
date the hypothesized spatial gradients and Ca2+ domains
associated with action potentials have been demonstrated
experimentally only at the giant presynaptic terminal of
the squid stellate ganglion (Llinas, Sugimori & Silver, 1992).
The experiments described here sought to determine
whether spatial [Ca2P], gradients could also be detected in
smaller vertebrate presynaptic terminals.
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The rapid line scan of a confocal microscope was used to
estimate poststimulation [Ca2+]i changes occurring in the
small (2-5 ,sm diameter; Melamed & Rahamimoff, 1991)
boutons of lizard motor nerve terminals during the first
second following stimulation, using intra-axonally injected
fluorescent indicator dyes whose estimated Kd values for Ca2+
range from -0 5 to 60 uM. We found marked poststimulation
spatial gradients of [Ca2+]i between the boutons and the
preterminal axon. With a high Kd (low affinity) dye it was
also possible to demonstrate such gradients within a single
bouton. We also estimated the spatially averaged increase in
bouton [Ca2+]i associated with each nerve stimulus.
Evidence is presented that the lower affinity dyes produce
more accurate estimates of the peak magnitude and early
time course of poststimulation [Ca2+]i changes. We also
present simultaneously recorded fluorescence transients and
EPPs, which demonstrate that the marked depression of the
EPP following stimulation in 3,4-DAP is not due to reduced
Ca2+ entry. Portions of this work have appeared in abstract
form (David, Barrett & Barrett, 1996).

METHODS
Preparation and solutions
Experiments used motor axons innervating the thin
ceratomandibularis muscle of small lizards (Anolis sagrei). Lizards
were captured locally, anaesthetized with ether and killed by
decerebration followed by destruction of the brain. The dissected
neuromuscular preparation was mounted in a chamber constructed
on a thin (no. 1) glass coverslip and placed on the stage of a Nikon
inverted microscope. Most experiments used a Nikon x 40 water
immersion lens with a numerical aperture of 1 2 and a working
distance of 220 ,sm.

The physiological saline contained (mM): 157 NaCl, 4 KCl, 2 CaCl2,
2 MgCl2, 5 glucose and 1 Hepes; pH 7 3-7 4, adjusted with NaOH.
Many experiments used a K+ channel blocker, 100 uzm 3,4-diamino-
pyridine (3,4-DAP) or (rarely) 5 mm tetraethylammonium (TEA) to
prolong the terminal action potential (Brigant & Mallart, 1982;
Mallart, 1985; Lindgren & Moore, 1989; Angaut-Petit, Benoit &
Mallart, 1989; Morita & Barrett, 1990).

The motor nerve was stimulated by applying brief depolarizing
pulses (0-1-0-2 ms, Grass pulse generator) via a suction electrode
held by a micromanipulator mounted on the microscope stage. The
stimulus intensity was at least three times threshold for eliciting
action potentials in normal physiological saline. Carbachol
(150-200 1UM in physiological saline, up to 600 /SM in 3,4-DAP) was

added to prevent muscle contraction. We cannot rule out an effect
of carbachol on Ca2+ entry, but two observations suggest that any

such effect is relatively small. First, Morita & Barrett (1989) found
that in cut muscle fibre preparations carbachol concentrations in the
range 30-100 /M did not alter Ca2P-dependent depolarizations
originating in these motor terminals. Second, we found that the
early poststimulation fluorescence increase of Ca2+ indicator dyes
(recorded prior to muscle contraction) was indistinguishable from
that recorded in the presence of carbachol. Experiments were

performed at room temperature (20-25 C). w-Conotoxin GVIA
was purchased from Calbiochem or Research Biochemicals
International. All other reagents were from Sigma.

Dye injection into axons
Microelectrodes for dye ionophoresis were pulled with a Brown-
Flaming puller (Sutter Instrument Co., Novato, CA, USA). Tips
were backfilled with potassium salts of one of the following dyes:
fluo-3, Calcium Green-2, Calcium Green-5N, Oregon Green
BAPTA-5N, and fluo-3FF, diluted in water to a concentration of
1-4 mm. The first four dyes were from Molecular Probes; fluo-3FF
was from Texas Fluorescence Labs (Teflabs), Austin, TX, USA.
Electrode barrels were filled with 3 M KCl. The resistances of filled
electrodes ranged from 100 to 300 MQ.

Axons were impaled using a piezoelectric device to 'tap' the
microelectrode through the myelin sheath into the axon. Successful
impalements yielded a resting potential at least as hyperpolarized
as -60 mV and an action potential following stimulation of the
motor nerve. Dyes were injected ionophoretically by applying
continuous negative currents (0 5-1.5 nA) through the intra-axonal
dye-filled electrode. Successful injections achieved dye
concentrations sufficient for fluorescence measurements after
15-35 min of ionophoresis, after which the electrode was
withdrawn from the axon. Normalized poststimulation fluorescence
transients recorded from intensely fluorescent terminals near the
injection site were not detectably different from those recorded
from weakly fluorescent terminals of the same axon farther from
the injection site, suggesting that the indicator dye concentrations
used here did not produce a major distortion of the [Ca2+]i
transient. Also, the stimulation-induced [Ca2+], elevation in dye-
injected terminals remained sufficient to produce suprathreshold
EPPs in the underlying muscle fibres.

Fluorescence measurements
Dye properties. Fluo-3 and Calcium Green-2 have relatively high
affinities for Ca, with reported Kd values ranging from 0 4 to
2 #M. Oregon Green BAPTA-5N and fluo-3FF have relatively low
affinities for Ca2+, with Kd values of -60 and -42 uM, respectively
(mean of 4 determinations for each dye at room temperature,
pH 7 0, mammalian (= reptilian) ionic strength; W. G. L. Kerrick,
personal communication). Reported Kd values for Calcium
Green-5N range from 3-3 to 67 ,m; this dye may have more than
one type of Ca2+-binding site (Ukhanov, Flores, Hsiao, Mohapatra,
Pitts & Payne, 1995; W. G. L. Kerrick, personal communication).

Dyes were excited with the 488 nm line of an argon laser
(Omnichrome, Chino, CA, USA). Emissions were monitored with a
515 nm long-pass filter (Omega Optical, Brattleboro, VT, USA).

Image collection and analysis. Images were collected with an
Odyssey XL confocal microscope (Noran Instruments, Middleton,
WI, USA). Measurements requiring the fastest time resolution used
the line scan mode, in which each point on a line is sampled once
every 69 #us (pixel dwell time, 100 ns; line scan of 620 pixels
repeated 479 times in 33 ms; see Fig. 2C). We usually collected
three to ten sequential line scan images spanning intervals before
and after a short train of stimuli. At the end of each image
(spanning 33 ms) there was a computer-generated delay equivalent
to about forty-eight lines (3 3 ms), indicated as a break in the
plotted records (e.g. Figure 2D).

Measurements of average pixel intensity within a given area used
the whole image mode (image of 620 x 479 pixels completed in
33 ms). Up to eighty sequential images were collected before,
during and after stimulus trains (as in Fig. 1).

To correlate electrophysiological and imaging records, nerve
stimulation was triggered by a pulse from the confocal microscope,

84 J Phy8iol.504.1



[Ca"]i transients in motor nerve terminals

with a delay that allowed acquisition of 200-350 control sweeps
(line scan mode) or five to twenty control images (whole image
mode) before the nerve was stimulated. In the line scan mode the
pulse that stimulated the nerve also triggered a light-emitting
diode mounted just above the microscope condenser, yielding an
optical signal to mark the time of stimulation (visible in e.g.
Fig. 2C). The light pulse emitted by the diode had sharp on-off
edges (completed within 1 line scan).

Pixel intensity data were collected using an Indy workstation
(Silicon Graphics) with Noran InterVision software. Data files were
converted to TIFF format using a custom Pascal program (written
by G.D.), and transferred via a local network to a Pentium
computer. Image data were stored on removable 1 f2 Gb erasable
optical disks using a Sierra disk drive (Pinnacle Micro, Irvine, CA,
USA). Imaging data are plotted as AF/JFest (usually abbreviated as
AF/F), where AF is the change in fluorescence and Fr,et is resting
(pre-stimulation) fluorescence. Frest was corrected for the mean
background fluorescence, which was calculated off-line. Data plots
were prepared using Coplot (CoHort Software, Berkeley, CA, USA).

Estimation of stimulation-induced changes in average
bouton [Cae'l
It was difficult to estimate changes in [Ca2+]i from fluorescence
increases in motor terminals using calibration techniques developed
for isolated cells in culture, for reasons detailed in David, Barrett &
Barrett (1997). Stimulation-induced changes in average bouton
[Ca2+]i were instead estimated from measured AF/Frest values using
approaches based on the following equation from Grynkiewicz,
Poenie & Tsien (1985):

[Ca2+]i = Kd(Fmeas - Fmin )/(Fmax - Fmeas), (1)

where Kd is the dissociation constant for the calcium-dye complex,
Fmeas is the measured (background-subtracted) fluorescence, and
Fmin and Fmax are the minimal and maximal dye fluorescence.
Modifications of eqn (1) used for high and low affinity dyes are
described in the legend to Table 1.

Correction for kinetics of Ca2' binding to dyes
Equation (1) assumes kinetic equilibrium between free Ca2, free
dye, and the Ca2+-dye complex (which determines the measured
fluorescence). But because these dyes bind Ca2+ with finite kinetics,
this assumption is not true at the earliest poststimulus times. This
temporary disequilibrium results in an underestimate of the peak
A[Ca2+]1, and also slows the early decay of the calculated [Ca2+],
transient. A correction for the contribution of dye kinetics can be
obtained by adding a derivative term to eqn (1) as follows:

K dFmeas
2+ (Fmea,8-Fmin) d °ff dt[Ca2 ]1= Kd (Fma -Fmi) +F dFt (2)d(Fmax -meas) (F -F

where Toff is the time constant for dissociation of Ca2+ from the dye.
Calculations used T0ff of 2-4 ms for fluo-3 (Lattanzio & Bartschat,
1991), and 0 04 ms for Oregon Green BAPTA-5N, assuming that
the -60-fold difference in the Kd values of these dyes is attributable
mainly to differences in Toff (the association between Ca2+ and these
dyes, both of which are BAPTA derivatives, is so rapid as to be
essentially diffusion limited). Equation (2) assumes a spatially
uniform compartment; spatial gradients of [Ca2+]1 within the
bouton will lead to an underestimate of [Ca2+]i in regions of
greatest [Ca2+]i increase. This equation was applied to the fluo-3
and Oregon Green BAPTA-5N AF/F transients of Fig. 7A and B,
using assumptions described in the legend to Table 1. Because the

derivative term in eqn (2) is very sensitive to noise fluctuations,
calculations were performed on smoothed curves fitted by eye to the
AF/F transients.

Electrophysiological measurements
EPPs were recorded with a microelectrode inserted into the muscle
fibre underlying the imaged terminal. These microelectrodes were
pulled from borosilicate glass with a Brown-Flaming puller and
filled with 3 M KCl (resistance 5-10 MQ). Electrical signals were
fed into an Axoclamp-2B preamplifier (Axon Instruments) and
thence into a custom x 10 amplifier with built-in offset adjustment.
Signals from the amplifier were monitored on a digital oscilloscope
(model 54603B, Hewlett Packard) and fed into a 16 bit analog-to-
digital converter (Analogic, Wakefield, MA, USA) sampling at
10 kHz for storage on a 486 computer. EPPs were averaged using
Snap-Master 3.1 software (HEM Data Corp., Southfield, MI, USA).

RESULTS
Distribution of Ca2e within stimulated terminals
Figure 1 shows AF/F transients from a Calcium Green-5N-
filled motor terminal and preterminal axon stimulated at
50 Hz for 1 s in the presence of 3,4-DAP. The upper
fluorescence micrograph in Fig. 1A shows the terminal
(whole-image mode); the lower micrograph shows this
terminal with red arrows marking analysed boutons, and
numbered green arrows marking regions of preterminal
axon. The AF/F transients of these marked regions are
plotted in Fig. 1 C. Figure 1B shows pseudocolour images of
the terminal before stimulation and at various times during
and after stimulation. These pictures and the AF/F
transients plotted in red show that the stimulation-induced
fluorescence increase (and thus the increase in [Ca2+]1) was
similar in all terminal boutons. This uniformity in the AF/F
transients recorded in the boutons of a given terminal was
also observed using different dyes, in the presence or
absence of K+ channel blockers, and with the faster line scan
sampling mode (where the scanned line passed through
multiple boutons).

AF/F transients recorded in the transition region between
the terminal and the pre-terminal heminode (numbered
green traces in Fig. 1 C) rose more slowly, and a substantial
gradient between the preterminal axon and terminal
boutons persisted throughout the stimulus train. Even
during this prolonged stimulation there was little increase in
the fluorescence of the last myelinated segment of the axon
(trace 4). Restriction of the AF/F increase to boutons was
not an artifact of dye injection, because similar results were
obtained with all dyes tested (Kd values ranging from -1 to
60 uM), and over a wide range of intracellular dye
concentrations (as inferred from resting fluorescence
intensities). In fact, because the calcium-dye complex may
diffuse faster than free Ca!', the records in Fig. 1 may even
underestimate the degree to which the stimulation-induced
increase in [Ca2+]i is confined to terminal boutons.

Another experiment (not shown) examined the spread of
Ca2+ in the reverse direction, from the preterminal region
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Figure 1. Stimulation-evoked increases in fluorescence in a terminal filled with Calcium
Green-5N and stimulated for 1 s at 50 Hz in 100 FM 3,4-DAP and 600 FM carbachol
A, fluorescence images of the terminal (upper image, whole-image mode, average of 20 images). Bouton and
axonal regions analysed in C are marked in the lower image. B, pseudocolour images (red indicates largest
increase in AF/F) taken before (a), 165 ms (b) and 825 ms (c) after stimulation began, and 155 ms (d) and
617 ms (e) after stimulation ended. C, time course of changes in AF/F in 4 boutons (red) and in several
regions of the preterminal axon (numbered green traces). The time series was obtained by analysing 60
images collected over a 2 s interval that included the stimulus train (indicated by upper horizontal bar). The
average pixel intensity within each region was calculated using InterVision software. In this and
subsequent figures most AF/F transients were smoothed using a moving bin technique (5-10 points per
average).
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Figure 2. Stimulation-evoked fluorescence changes in motor axon and terminal bouton filled
with Oregon Green BAPTA-5N
A and B, phase and fluorescence micrographs of dye-injected axon. The myelinated axon bifurcated at the
node shown at lower right, and one of the daughter branches gave rise to the imaged motor terminal.
Dashed line in B indicates the location of the scan, with arrows indicating the bouton (left) and axon (right)
indicated in C. C, sequential measurements of fluorescence along the line indicated in B (time increases
from top to bottom, indicated by scale at right) before and after the first stimulus in a 4-impulse 50 Hz
train. This image is an average of 50 repetitions, each consisting of a total of 479 scans collected over a

33 ms interval. The white horizontal line was produced by a light-emitting diode triggered at the time of
nerve stimulation. Bars at top indicate the width of bouton and axon over which intensity was averaged
(using custom macros written with PMIS software (Photometrics, Tucson, AZ, USA)) to produce the
records plotted in D. Calibration bar in C applies also to A and B. D, time course of fluorescence changes
(AF/F, background-subtracted) in the bouton (upper) and axon (lower) indicated in C, averaged from
50 repetitions of a 4-impulse, 50 Hz train delivered at 30 s intervals. Plotted records show 10 sequential
line scan images (data in C contributed to the average during the first 33 ms); discontinuities in the record
mark the transition between successive images. Inset in D shows the onset of the response to the first
stimulus on an expanded time scale. E, peak AFIF as a function of stimulus number for another motor
terminal filled with Oregon Green BAPTA-5N and stimulated in the same pattern as in D. Symbols plot
the peak AF/F averaged from sets of 10 trains collected 5, 25 and 35 min following the onset of stimulation,
showing that the AF/F values were stable over time. The inset plots the time course of AF/F transients
averaged from 70 stimulus trains. All records were collected in the presence of 100 pm 3,4-DAP and 600 um
carbachol.
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into the boutons of a fura-2-filled axon, using ratiometric
imaging techniques as in David et al. (1997). Large negative
current pulses were applied through an electrode in the
myelin sheath about 150 ,um from the terminal to produce a
localized dielectric breakdown of the axonal membrane. The
resulting increase in [Ca2+]1 spread slowly over several
minutes from the axon into some terminal boutons, with
substantial [CaW+]i gradients maintained between the axon
and some boutons. These gradients are likely to be due to
the diffusion barrier posed by the small diameter (< 1 usm)
of the process connecting the terminal regions to the
myelinated axon, as well as to the Ca2+ buffering/
sequestration/extrusion capacity of motor terminals.

A
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Stimulation-induced fluorescence changes with low
affinity dyes
Figure 2 shows typical results obtained using the faster line
scan mode with a low affinity dye, Oregon Green
BAPTA-5N, in the presence of 3,4-DAP. Figure 2A and B
show, respectively, phase and fluorescence micrographs of
portions of a dye-filled axon and motor nerve terminal; the
dashed line in Fig. 2B passes through myelinated portions
of the axon and a synaptic bouton. Figure 2C is an averaged
line scan image showing (from top to bottom) fluorescence
measurements obtained by scanning this line repeatedly
(every 69,s) before and after the first of four stimuli

B

Fluo-3 3,4-DAP,

single stimulus

Control,
single stimulus

L~ Ws *we

0 50 100

Time (ms)

3,4-DAP

OG-5N

Fluo-3FF

CG-5N

Fluo-3

CG-2

LL
CU-

0 50 100 150

Time (ms)

1-2 -

c

E 1-0 -E
e?
.c 0-8-
U-

06

.N 0-4-

E
0 0-2-
z

0-

NLS Fluo-3
* '------ -------*.

A

CG-2

1 2 3 4 1 2 3 4

Stimulus number

Figure 3. Stimulation-evoked changes in bouton fluorescence measured using high or low affinity
dyes in the presence or absence of 3,4-DAP
A, average response to single stimuli in a fluo-3-filled bouton before (control, n = 50 trials) and 30 min
after addition of 100 /SM 3,4-DAP (n = 72). B, response to 4 stimuli at 50 Hz or 7 stimuli at 100 Hz before
and after addition of 3,4-DAP in the same terminal as A (n = 20-50; trains repeated every 30 s).
[Carbachol], 300 /M in A and B. C, average peak increment in fluorescence produced by the first 4 stimuli
in a 50 Hz train, normalized to the increase produced by the first stimulus (see below), for the indicated
dyes in the absence (left) or presence (right) of 100 /M 3,4-DAP (NLS indicates normal lizard saline; CG
and OG indicate Calcium and Oregon Green, respectively). The peak increment was calculated as the
difference between the peak AF/F recorded after, and the AF/F value recorded just before, the indicated
stimulus. Mean peak increments in response to the first stimulus in NLS were 0 1 for CG-2 and 0'3 for
fluo-3; and in 3,4-DAP, 0-8 for CG-2, 116 for fluo-3, 0'27 for CG-5N, 0-12 for fluo-3FF and 0 33 for OG
BAPTA-5N (n = 2-30 boutons in at least 2 different preparations for each condition). All solutions
contained carbachol at a concentration sufficient to block muscle contraction (200-600 uM).
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Table 1. Spatially averaged increases in [Ca2]i associated with a single nerve stimulus,
calculated from AFIF measurements

Dye [3,4-DAP] A[Ca2+]i
(/SM) (nM)

Fluo-3 * 0 20-80
Calcium Green-2t 0 4-16
Oregon Green BAPTA-5N t § 0 30-150
Fluo-3 * 100 90-450
Fluo-3 t 100 20-90
Calcium Green-2t 100 50-200
Oregon Green BAPTA-5N 100 170-940

In all calculations the assumed range of resting [Ca2+]i was 50-100 nM. * For fluo-3 eqn (1) in Methods was
modified to:

[Ca2+], = Kd[(AF/Frest) + 1]/[(Kd/[Ca!]rest)- (AF/Frest)],
assuming Fmtn = 0 (Cheng, Lederer & Cannell, 1993) and Kd = 0-3-1P5 JiM. t For dyes that show a
decrementing AF for successive stimuli during a train:

A[Ca!+], = ([Ca2W]rest + Kd)(l- a)/2a,
where a = (peak increase in AF associated with second stimulus)/(peak increase in AF associated with first
stimulus; Feller, Delaney & Tank, 1996). Kd estimates as above. The assumption that the decrement in the
recorded signal is due solely to partial dye saturation is supported by the lack of a decrement for the low
affinity dye Oregon Green BAPTA-5N (Figs 2D and 3C). The assumption that the decay of fluorescence
during the first interstimulus interval is negligible is supported by Fig. 3B. I For Oregon Green
BAPTA-5N:

a = Frest/Fmin = (Kd + ([Ca! ]rest )(Fmax/Fmin))/(Kd + [Ca! ]rest),
and the value of, should be only slightly greater than 1. Equation (1) then becomes:

[Ca2+]i = Kd[(AF/Frest + 1 - 1/i )A(Fmax/Frest -AF/rest -1)]

Kd range, 30-70,um; Fmax/Fmin range, 30-70 (ratio of 50 measured by W. G. L. Kerrick, personal
communication). §Based on AF/lIest = 0 04 measured in one Oregon Green BAPTA-5N-filled terminal in
NLS.

delivered at 50 Hz to the motor nerve. The fluorescence of
the bouton increased shortly after stimulation. Figure 2D
plots the average time course of AF/F transients recorded
during and after the four-stimulus train in this bouton
(upper) and axon (lower), obtained from ten sequential sets
of line scan images. The inset shows the early time course in
the bouton. Each stimulus in the train produced a roughly
equal step increase in bouton fluorescence. No stimulation-
induced fluorescence increases were detected in the axon.
This record also indicates that the line scan produced no
detectable dye bleaching.

The inset in Fig. 2E shows AF/F transients averaged from
seventy trials in a bouton of another motor terminal
injected with Oregon Green BAPTA-5N and similarly
stimulated. Plotted symbols show the peak AF/F after each
stimulus in the train, averaged for groups of ten trials
obtained 5, 25 and 35 min following the onset of
stimulation. The close overlap of the points indicates good
stability, and suggests that the increase in [Ca2+]i elicited by
the four-impulse train had decayed completely before the
onset of the next train.

For both low affinity dyes (Oregon Green BAPTA-5N and
fluo3-FF) the magnitude of the step increase in AF/F did
not change for subsequent stimuli in the train. Most
experiments with low affinity dyes were performed in
3,4-DAP because in the absence of a K+ channel blocker the
increase in fluorescence following a single stimulus was
difficult to measure accurately (peak AF/FK 0 05).

Stimulation-induced fluorescence changes with high
affinity dyes
Fluorescence increases in the absence of K+ channel blockers
could be detected using dyes with a higher affinity for CaP,
fluo-3 and Calcium Green-2. Figure 3A and B compares
AF/F transients recorded in response to single and short
trains of stimuli with fluo-3 in the presence and absence of
3,4-DAP. Responses in the presence of 3,4-DAP or 5 mm
TEA (not shown) were consistently greater than those
recorded in their absence.

With the high affinity dyes the peak stimulation-induced
increase in AFIF decreased with successive stimuli in the
presence of K+ channel blockers. This decrementing
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,^ljf _ . _ _ _ | 0 the post-train decay.

- - - - - Trains were repeated at
30 s intervals. [3,4-DAP],5 ms 100 /SM ; [carbachol],

600 /M.
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behaviour was apparent in all boutons sampled in the
presence of K+ channel blockers in Calcium Green-2 (n = 6
boutons in 3,4-DAP, n = 5 in TEA) and in fluo-3 (n = 3 in
3,4-DAP), as summarized in the averaged data plotted in
Fig. 3C (right). Decrements with successive stimuli were
much less pronounced in the absence of K+ channel blockers
(Fig. 3C left).

The findings that little or no decrement in the AF/F increase
was seen with low affinity dyes and that the decrement
observed with high affinity dyes was less in the absence than
in the presence of K+ channel blockers suggest that the
decrement seen with high affinity dyes was due to dye
saturation rather than to a progressive decrease in Ca2P entry
with successive stimuli. Similar conclusions were reached by
Regehr & Atluri (1995) in their study of stimulation-induced
fluorescence transients using high and low affinity dyes in
cerebellar granule cell presynaptic terminals.

Another dye, Calcium Green-5N, yielded AF/F transients
with properties intermediate between those measured for
the high and low affinity dyes. Like the low affinity dyes,
Calcium Green-5N yielded little or no detectable fluorescence
increase in response to brief stimulus trains in the absence
of K+ channel blockers. As for the high affinity dyes, the
peak increase in AF/F for Calcium Green-5N decreased
with successive stimuli (see averaged response in Fig. 3C,

n = 23). The intermediate behaviour observed with Calcium
Green-5N is attributable to its intermediate Kd and possibly
to multiple Ca2+ binding sites (see Methods).

Estimation of stimulation-induced elevation of [Ca2+]i
in lizard motor boutons
Table 1 shows estimates of the spatially averaged increment
in bouton [Ca2+]i calculated from averaged data like those in
Figs 2 and 3. These calculations suggest that a single
stimulus increases average bouton [Ca2+]i by up to 150 nm in
the absence of K+ channel blockers, and by up to 940 nm in
the presence of 3,4-DAP. The increments in bouton [Ca2+]i
estimated using the low affinity dye Oregon Green
BAPTA-5N were greater than those estimated using the
higher affinity dyes fluo-3 and Calcium Green-2 (see
Discussion).

Poststimulation spatial gradient within boutons
The values in Table 1 underestimate the peak stimulation-
induced increase in bouton [Ca2+]i at early times and near
sites of Ca2+ influx (see Discussion). One reason for this
underestimate is illustrated in Fig. 4, which demonstrates a
spatial AF/F gradient at early poststimulation times in a
bouton (diameter, -4 ,um; Fig. 4A) filled with Oregon Green
BAPTA-5N. The line scan image, converted to a
pseudocolour AFIF image (Fig. 4B), indicates that at early
times the increase in AF/F was greater near the edges of the

A

Figure 5. Effects of bath [Ca2+] (A) and w-conotoxin
GVIA (B and C)
A and B show AFIF transients from line scans of fluo-3-
filled boutons stimulated at 50 Hz. Traces in A show
averages of 10 trials recorded in the indicated bath [Ca2+].
Traces in B are averages of 20 trials recorded (top to
bottom) in normal lizard saline (control), 65 min after
addition of 1/M w-conotoxin GVIA, 54 min after
increasing toxin concentration to 5/M, and 37 min after
washing the preparation with a solution containing no
added Ca2+ and 6 mM Mg2+. Traces in B used a slower line
scan than in A and no spatial binning. C, EPPs averaged
from a different endplate 10 min (left) and 30 min
(middle) after addition of 10/M w-conotoxin GVIA, and
30 min after adding 3,4-DAP to the toxin-containing
solution (right, n = 10 for each condition). Similar changes
in EPP amplitude were recorded in the endplate under the
terminal in B. [Carbachol], 150 /M in A, 600 /M in B,
none in C; [3,4-DAP], none in A and left and middle
traces in C, 100 /LM in B and right trace in C.

2 mM Ca2+
1

*l 1 mm Ca2+

AF/F I- 0*5 mM Ca2+

50- I 0 mm Ca2m

50 ms
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M o-CTX (1 uM)
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Figure 6. AFIF transients and EPPs recorded simultaneously during repetitive stimulation in
the absence (A and B) or presence (C and D) of 100 FSM 3,4-DAP
In the normal saline record, obtained with a fluo-3 loaded terminal, neither the AF/F transient (A) nor the
EPP (B) decreased significantly during repetitive stimulation. In the record obtained in 3,4-DAP with an
Oregon green BAPTA 5N-loaded terminal, the EPP decreased markedly during repetitive stimulation (D),
but the AF/F transient did not (C). The EPP in response to the first stimulus was larger in D than in B
(even though more carbachol was present in D), suggesting increased transmitter release in 3,4-DAP. C and
D show evidence of an additional spontaneous discharge between the first and second stimuli, a
phenomenon sometimes observed with aminopyridines. Traces are averages of 30 (A), 10 (B), and 5 trials
(C and D). [Carbachol], 100 /iM in A and B, 300 /zM in C and D.

bouton (especially the left edge) than in the middle of the
bouton. This gradient is in the direction expected for influx
of Ca2+ through membrane channels. Figure 4C plots the
time course of poststimulation changes in AF/F averaged
over the left and middle thirds of this bouton. After the first
stimulus (upper plot) a difference between edge and middle
values was detectable for at least the first 15 ms following

A

#EPP

0-5 mV Stimulus
0|2 AF/F

AF/FJ~

stimulation. This gradient is unlikely to be simply an
artifact due to edge effects or improper normalization,
because light was averaged over equivalent distances for
both the edge and centre AF/F calculations, and because the
edge and centre AF/F values converged at later times. The
lower plot in Fig. 4C shows on a slower time scale that
qualitatively similar edge-to-middle AF/F differences could

B
#EPP

1.0 mV
Stimulus

ol!SV/~~~~~~lAF/F~~~~F/
AFI

Figure 7. Early time course of simultaneously recorded average EPP and fluorescence transients
in terminals loaded with fluo-3 (A) or Oregon Green BAPTA-5N (B)
Records were aligned at the onset of the stimulus artifact. Traces are the averages of 17 (EPP and AF/F in
A), 42 (EPP in B) and 50 trials (AF/F in B). AF/F in A is the average of 2 boutons in the same terminal.
[Carbachol], 150 /AM in A, 300 /SM in B; [3,4-DAP], 100 uM in B. Muscle resting potential, - 60 mV in A,
-69 mV in B.
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be detected for each stimulus in the train, with the values
converging at later times following the train. Poststimulus
spatial AF/F gradients were also detected in terminals filled
with Calcium Green-5N, but were more difficult to detect in
boutons filled with the higher affinity dye fluo-3 (see
Discussion).

Fluorescence changes are graded with bath [Ca2+] and
reduced by co-conotoxin
Figure 5A shows AF/F transients measured in a bouton
filled with fluo-3, demonstrating that the magnitude of the
recorded transients decreased as bath [Ca2+] was reduced.
The fact that the transient recorded in 0 5 mm Ca2' was not
detectably smaller than that recorded in 1 mm Ca2' may be
attributable simply to a decreasing signal-to-noise ratio.
Another possible explanation is that the duration of the
terminal action potential increased as bath [Ca2+] decreased,
since lizard motor terminals have a charybdotoxin-sensitive,
Ca2+-dependent K+ conductance that contributes to action
potential repolarization (Angaut-Petit et al. 1989; Lindgren
& Moore, 1989; Morita & Barrett, 1990).

Figure 5B plots AFIF transients recorded in a fluo-3-loaded
bouton in 3,4-DAP before (control) and following addition of
1 and 5 uM w-conotoxin GVIA, a blocker of N-type Ca2+
channels. The toxin produced a concentration-dependent
reduction in the AF/F transient, but a substantial signal
persisted even after prolonged toxin exposure. This toxin-
resistant component was Ca2+ dependent, as evidenced by
its disappearance when Ca2+ was removed from the bath.
Preliminary experiments indicated that the toxin-resistant
component was not reduced by 1 UM nimodipine, which
blocks L-type Ca2P channels. In another preparation filled
with the lower affinity dye Calcium Green-5N, 1 /uM
wo-conotoxin GVIA almost completely eliminated the
recorded AF/F transient (not shown).

Figure 5C shows averaged EPPs recorded from a different
endplate exposed to 10 /M w-conotoxin GVIA in the
absence of carbachol. The EPP shown on the left was
recorded after 10 min of toxin exposure, as soon as muscle
contractions had stopped. The middle trace, recorded after
30 min of toxin exposure, shows almost complete block of
the EPP, consistent with previous demonstrations that
1-5 uM w-conotoxin GVIA blocks transmitter release (as
well as Ca2+-dependent potentials) originating from lizard
motor nerve terminals (Angaut-Petit et al. 1989; Lindgren &
Moore, 1989, 1991; Morita & Barrett, 1989). Toxin
inhibition of the AF/F transient and the EPP was slowly
reversible (over a period of hours; see Barhanin, Schmid &
Lazdunski, 1988; Yoshikami, Bagabaldo & Olivera, 1989).

The right trace in Fig. 5C shows that addition of 3,4-DAP
markedly increased the EPP recorded in conotoxin; in fact,
the muscle contracted shortly after this record was obtained.
This latter result suggests that the toxin-resistant
component of the AF/F transient shown in Fig. 5B was

Simultaneous measurement of fluorescence transients
and EPPs
Figure 6A and B shows for a fluo-3-filled terminal that in
the absence of K+ channel blocking agents the amplitude of
the EPP and AF/F transient remained roughly equal for
each of four stimuli in a 50 Hz train. Figure 6C and D
shows that in another terminal filled with Oregon Green
BAPTA-5N and bathed in 3,4-DAP, the EPPs evoked by
later stimuli in the train were greatly depressed, but the
AF/F transient associated with each stimulus remained
roughly constant. This result suggests that EPP depression
is not caused by decreased Ca2+ entry. A similar conclusion
was reached in studies of Ca2P currents at the squid giant
synapse (Charlton, Smith & Zucker, 1982) and perineurial
recordings at the frog neuromuscular junction (Redman &
Silinsky, 1994). Depression may have been due in part to
depletion of readily releasable vesicles, since amino-
pyridines greatly increase transmitter release from motor
terminals (e.g. Heuser, Reese, Dennis, Jan, Jan & Evans,
1979). Transmitter release declined more rapidly than the
fluorescence transient, as also noted at other phasically
releasing synapses (see Introduction).

Figure 7 shows EPPs and the early time course of AFIF
transients recorded in boutons filled with fluo-3 in normal
saline (A) or with Oregon Green BAPTA-5N in the presence

of 3,4-DAP (B). In both cases the AF/F transients led the
EPP, as would be expected if Ca2P entry precedes the onset
of transmitter release. The AFIF transient recorded with
fluo-3 reached its peak considerably later than that recorded
with Oregon Green BAPTA-5N. This difference is due at
least in part to the differing Ca2+ binding kinetics of these
dyes (see Regehr & Atluri, 1995). The fraction of the higher
affinity indicator (fluo-3) binding Ca2P would be expected to
continue to increase for some time after Ca2P entry stops,
whereas the fraction of the lower affinity indicator (Oregon
Green BAPTA-5N) binding Ca2P would be expected to stop
increasing shortly after Ca2+ entry ends.

Measured AFIF transients are expected to have a slower
time course than the underlying [Ca2+]i transients, due in
part to the kinetics of dye-Ca2+ binding. To estimate how
dye kinetics might affect [Ca2+]i values calculated from
measured AF/F transients, we applied eqn (2) to the data of
Fig. 7 (see Methods). For the fluo-3 data of Fig. 7A, eqn (2)
yielded a [Ca2+]i transient that peaked at an earlier time
than the measured AFIF transient (15 instead of > 9 ms
after stimulus onset, not shown), and reached a greater
peak magnitude than that calculated without correction for
dye kinetics (59 instead of 36 nM). Application of eqn (2) to
the Oregon Green BAPTA-5N data of Fig. 7B yielded
corrections of peak amplitude and time course that were in
the same direction, but were quantitatively much smaller
(reduction in time of peak from 2-1 to 2'0 ms after stimulus
onset, < 5% increase in peak A[Ca2+]i). Thus the AF/F
transient measured with low affinity dyes appears to yield a

capable of supporting substantial phasic evoked release.
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the underlying changes in [Ca2+]i than that measured with
high affinity dyes. A corollary of this conclusion is that the
higher estimates of peak amplitude obtained with the low
affinity dye Oregon Green BAPTA-5N (Table 1) are more
accurate than the lower estimates obtained with higher
affinity dyes.

DISCUSSION
Localization of action potential-induced [Ca2+]
increase to boutons
Lizard motor boutons showed prominent AF/F transients in
response to nerve stimulation, and these transients were
similar for boutons within a given motor terminal (Fig. 1 C).
This uniformity suggests that AF/F transients measured
from line scans through single boutons are representative of
transients occurring in all boutons of that terminal. The
finding that much of the AF/F transient was blocked by
w-conotoxin GVIA, which blocks high-voltage-activated
Ca2+ channels, suggests that nerve stimulation normally
produces large depolarizations in terminal boutons.

Stimulation-evoked AF/F transients were much larger in
boutons than in the preterminal motor axon (compare red
and green traces in Fig. 1 C). Borst et al. (1995) also reported
a severalfold larger AF/F transient in Calcium Green-5N-
filled calyciform terminals of the rat medial nucleus of the
trapezoid body than in the preterminal axon. They saw
rapidly rising AF/F transients in the preterminal axon in
response to single stimuli (their Fig. 9), suggesting the
presence of some Ca2+ channels in the preterminal
membrane. In contrast, we never detected a fluorescence
increase in preterminal motor axons in response to single
stimuli, even with higher affinity dyes in the presence of
3,4-DAP, and the AF/F transients measured in preterminal
axons after multiple stimuli at 50 Hz rose much more slowly
than those in the terminal boutons. These results suggest
that in motor axons the main source of the stimulation-
induced increase in preterminal [Ca2+]i was diffusion of Ca2+
from sites of entry in the boutons, rather than entry via
Ca2+ channels on the preterminal axolemma.

Lizard motor boutons, connected to each other and to the
preterminal axon by thin processes, may form com-
partments in which changes in [Ca2+]i can occur relatively
independently of those in neighbouring boutons. In fact,
when a peripherally located dye-loaded bouton was subjected
to excessive focal irradiation, leading to elevation of [Ca2+]i
in that bouton and eventual bouton disintegration, the
[Ca2+]i in the remaining boutons of that terminal remained
near normal (not shown). This ability of motor boutons to
form relatively isolated compartments is reminiscent of the
ability of dendritic spines to form a compartment isolated
from the main dendritic shaft (Petrozzino, Pozzo Miller &
Connor, 1995; Segal, 1995; Svoboda, Tank & Denk, 1996).

Nature of depolarization-activated Ca2+ channels in
lizard motor nerve terminals
w-Conotoxin GVIA, a toxin selective for N-type Ca2+
channels, blocked almost completely the EPP recorded in
physiological saline (Fig. 5C) as well as the majority of the
stimulation-induced AF/F transient recorded in 3,4-DAP
(Fig. 5B). Thus the Ca2' channels most closely associated
with transmitter release from lizard motor terminals exhibit
N-type pharmacology. N-type Ca2+ channels have been
linked to exocytotic release in a variety of synaptic
preparations (reviewed by Dunlap, Luebke & Turner, 1995).

Even after prolonged exposure to high toxin concentrations
(5-10 4uM), terminals bathed in 3,4-DAP exhibited
substantial EPPs as well as substantial AF/F transients
measured with high affinity dye. At least part of this
conotoxin resistance is probably due to non-competitive
inhibition of toxin binding by bath cations, especially Ca2P
(Abe, Koyano, Saisu, Nishiuchi & Sakakibara, 1986;
Barhanin et al. 1988; Wagner, Snowman, Biswas, Olivera &
Snyder, 1988; Witcher, De Waard & Campbell, 1993). It is
also possible that lizard motor terminal membranes
contain more than one type of depolarization-activated
Ca2' channel. The somatic membranes of vertebrate moto-
neurones contain multiple types of high-voltage-activated
Ca2+ channels (e.g. rat hypoglossal motoneurones; Umemiya
& Berger, 1995).

Estimates of stimulation-induced A[Ca2+]i and spatial
[Ca2+]i gradients
Calculations based on measured AF/F transients suggest
that following a single action potential the spatially
averaged [Ca2+], increased by up to 150 nm in normal
(carbachol-containing) saline, and by up to 940 nm in the
presence of 3,4-DAP (Table 1). The value in normal saline is
within the 5-400 nm range calculated from measurements
in other small presynaptic terminals filled with indicator
dyes (reviewed in Regehr & Atluri, 1995; also Feller,
Delaney & Tank, 1996; Helmchen, Borst & Sakmann, 1997).
These values are insufficient to account for the difference
between the rates of spontaneous and phasic evoked release:
assuming a resting [Ca2+]i no less than 50 nm, an average
A[Ca2+]i of < 150 nm would at most quadruple [Ca2+]i,
predicting a 256-fold increase in release rate assuming a
fourth power relationship between [Ca2+]i and transmitter
release (Dodge & Rahamimoff, 1967). The actual increase in
release rate of about 105-fold at neuromuscular junctions
(from -1 s-' for spontaneous release to 100 quanta released
in 1 ms during peak evoked release) would predict at least
an 18-fold increase (= (105)1/4) in [Ca2+]i near release sites.
These and other considerations have led to the hypothesis
that activation of phasic evoked release requires [Ca2+]i of at
least 10-300 /M (Simon & Llina's, 1985; Smith &
Augustine, 1988 (review); Adler, Augustine, Duffy &
Charlton, 1991; Yamada & Zucker, 1992; Lando & Zucker,
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1994), and [Ca2+]1 in this range has been measured in retinal
bipolar cell terminals (Heidelberger, Heinemann, Neher &
Matthews, 1994) and in localized regions within stimulated
squid giant presynaptic terminals (Llinas et al. 1992).

A major reason why the AF/F measurements presented here
underestimate the peak stimulation-induced A[Ca2+]i near
release sites is the spatial gradients of [Ca2+]i within the
bouton at early poststimulation times. Using an equation for
characteristic diffusion time (,rch) from Atluri & Regehr
(1996):

= r/r6D,
where r is bouton radius and D is the effective diffusion
coefficient for Ca2' in cytoplasm (1 x 10-7 cm2 s-'), the
predicted equilibration time for lizard motor boutons
2-5 /um in diameter is 17-100 ms. Figure 4 shows an
experimental demonstration of this predicted spatial [Ca2 ]i
gradient, manifested as a AF/F gradient between the edge
and centre of a 4 ,um diameter bouton. The duration of this
poststimulation AF/F gradient () 15 ms) is close to that
predicted by the above equation. To our knowledge this is
the smallest structure in which a transient poststimulation
spatial [Ca2+], gradient has been demonstrated.

This illustrated gradient underestimates the true spatial
gradient, for several reasons. First, peak AF/F values
averaged over the outer third of the bouton must
underestimate peak values near the inner mouth of an open
Ca2+ channel. Our spatial gradient measurement could not
differentiate between uniform Ca2+ influx throughout the
presynaptic membrane and more localized domains of Ca2+
entry. However, freeze fracture replicas of motor terminals
on lizard twitch muscles showing exocytotic release sites
situated between two parallel paired rows of large
membrane particles (some of which may be Ca2+ channels)
arranged in -80 nm x 80 nm clusters on the presynaptic
membrane (Walrond & Reese, 1985) favour the domain
hypothesis. Rapidly collapsing local domains of elevated
[Ca2P]i around release sites might also help explain the fact
that measured AF/F transients decay much more slowly
than the EPP (Fig. 7).

The presence of the dye as a diffusible Ca2P buffer will also
cause the measured spatial AF/F gradient to underestimate
the spatial [Ca2+]i gradient at early times, to the extent that
the calcium-dye complex diffuses in cytoplasm faster than
free Ca2+ (Sala & Hernarndez-Cruz, 1990). This error is
expected to be more prominent with higher affinity dyes
(slower dissociation constants), because the calcium-dye
complex that diffuses from sub-membrane regions to the
centre of the bouton will take longer to equilibrate with the
lower [Ca2+]i in the centre. Consistent with this prediction,
we were unable to detect a spatial AF/F gradient at early
times in boutons filled with high affinity dyes, but were able
to detect such a gradient in boutons filled with a low affinity
dye.
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