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Changes in intracellular Ca 2� concentration ([Ca 2�]i ) play an important role in the function and plasticity of synapses. We characterized
the changes in [Ca 2�]i produced by action potentials (APs) along two identified motor terminals found on separate muscle fibers in
Drosophila larvae and examined factors that influence the amplitude and duration of the residual Ca 2� signal. We were able to measure
Ca 2� transients produced along terminals by both single APs and AP trains using Oregon Green 488 BAPTA-1 and streaming images at
20 –50 Hz. The decay of [Ca 2�]i after single APs or AP trains was well fit by a single exponential. For single APs, the Ca 2� transient
amplitude and decay rate were similar at boutons and bottleneck regions and much smaller at the axon. Also, the amplitude of single-AP
Ca 2� transients was inversely correlated with bouton width. During AP trains, the increase in [Ca 2�]i became more uniform: the
difference in boutons and axons was reduced, and the increase in [Ca 2�]i was not correlated with bouton width. The [Ca 2�]i decay � was
directly correlated with bouton width for both single APs and AP trains. For one terminal, distal boutons had larger single-AP Ca 2�

transients than proximal ones, probably attributable to greater Ca 2� influx for distal boutons. Pharmacological studies showed that
Ca 2� clearance from these synaptic terminals after single APs and AP trains was primarily attributable to Ca 2� extrusion by the plasma
membrane Ca 2� ATPase (PMCA). Immunostaining of larval muscle fibers showed high levels of the PMCA at the neuromuscular
junction.
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Introduction
Ca 2� plays a particularly important role at the presynaptic ter-
minal. Ca 2� enters through voltage-dependent channels produc-
ing a brief, localized increase in intracellular Ca 2� concentration
([Ca 2�]i) at the channel mouth. At these Ca 2�“domains,” rela-
tively high [Ca 2�]i triggers exocytosis of neurotransmitter
(Zucker, 1996). The Ca 2� domains collapse within milliseconds
and Ca 2� equilibrates in synaptic boutons. This “residual” Ca 2�

serves multiple functions, one of which is the facilitation of sub-
sequent transmitter release (Delaney et al., 1989; Kamiya and
Zucker, 1994; Atluri and Regehr, 1996). Numerous studies have
examined this volume-averaged residual Ca 2� because of its role
in synaptic plasticity and as an indirect measurement of Ca 2�

influx.
The amplitude and duration of the residual Ca 2� signal is

likely to be related to synaptic terminal geometry. For single ac-
tion potentials (APs), the amplitude of Ca 2� transients should be
inversely related to synaptic bouton diameter if Ca 2� current
density and Ca 2� buffering are uniform. This was found to be
true for dentate gyrus cells (Jackson and Redman, 2003) but not
for synaptic boutons in the rat neocortex (Koester and Sakmann,

2000). The rate of [Ca 2�]i decay should be inversely related to
bouton diameter if [Ca 2�]i decay is attributable to Ca 2� extru-
sion and the density of Ca 2� efflux is homogenous. This was true
for dentate gyrus cells in which the [Ca 2�]i decay � was positively
correlated with bouton diameter (Jackson and Redman, 2003). In
contrast, the increase in [Ca 2�]i during AP trains might not de-
pend on bouton size. The [Ca 2�]i plateau likely occurs when the
rates of Ca 2� influx and extrusion are equal, i.e., an increase in
[Ca 2�]i during an AP train increases the Ca 2�-extrusion rate
according to Michaelis–Menten kinetics until a steady state is
reached (Tank et al., 1995). If the density of Ca 2� influx and
efflux were uniform, then they should be scaled equally by bou-
ton size, and the [Ca 2�]i plateau would be independent of bou-
ton size. Also, Ca 2� diffusion during prolonged AP trains could
equalize [Ca 2�]i at adjacent boutons.

Changes in [Ca 2�]i can be measured at identified motor ter-
minals in Drosophila larvae (Macleod et al., 2002). Ca 2� dynam-
ics along these terminals have not been fully characterized, al-
though a recent study proposed that distal boutons had greater
Ca 2� influx than more proximal ones (Guerrero et al., 2005). In
addition, it is not known what is responsible for extruding Ca 2�

from these terminals. At other synaptic terminals, there is evi-
dence for Ca 2� extrusion by the Na/Ca exchanger and/or the
plasma membrane Ca 2� ATPase (PMCA) (Mulkey and Zucker,
1992; Reuter and Porzig, 1995; Morgans et al., 1998)

We examined the Ib terminals on muscle fibers 4 and 6 in
Drosophila larvae and found an inverse relationship between
bouton width and the increase in [Ca 2�]i for single APs but not
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for AP trains. The [Ca 2�]i decay � after single APs and AP trains
was directly correlated with bouton width. Pharmacological
studies showed that the decay of [Ca 2�]i after single APs and AP
trains was primarily attributable to Ca 2� extrusion by the PMCA.
This was supported by immunocytochemistry showing high lev-
els of the PMCA at the neuromuscular junction (NMJ).

Materials and Methods
Loading the Ca2� indicator. To measure changes in [Ca 2�]i, we used the
single-wavelength Ca 2� indicator Oregon Green 488 BAPTA-1 (OGB-1)
coupled to 10,000 molecular weight dextrans (Kd of 454 nM) (Invitrogen,
Carlsbad, CA). The high quantum yield of OGB-1 allowed us to use short
exposure times so that we could follow Ca 2� transients produced by
single APs. We used the technique developed by Macleod et al. (2002) to
load the indicator into the motor terminals of third-instar larvae. Briefly,
wild-type (Canton S) larvae were dissected in Schneider’s media (Sigma,
St. Louis, MO), and the nerve supplying segment 3 was cut. The cut end
of the nerve was immediately sucked up into a snug-fitting pipette, and
then a small volume of indicator (5 mM) was introduced into the end of
the pipette tip using very thin tubing. After 40 min, the nerve was re-
moved from the pipette and the preparation was left at room tempera-
ture for another hour. The Schneider’s solution was then replaced with
HL3 saline (Stewart et al., 1994) containing 1 mM Ca 2� for physiological
measurements.

Measurement of [Ca2�]i changes. The terminals were imaged using an
upright, fixed-stage BH2 microscope (Olympus Optical, Tokyo, Japan)
equipped with epifluorescence, differential interference contrast, a
water-immersion 40� Zeiss (Oberkochen, Germany) lens (numerical
aperture 0.75), and a digital cooled-CCD camera (CoolSNAP HQ; Pho-
tometrics, Tucson, AZ). Excitation illumination from a 75 W xenon arc
lamp was passed through a Lambda-10 Optical Filter Changer (Sutter
Instruments, Novato, CA) containing a 480 � 15 nm bandpass excitation
filter (Chroma Technology, Brattleboro, VT). Excitation and emission
wavelengths were separated with a 500 nm dichroic mirror, and emitted
light traveled through a high-pass 515 nm filter. Images were streamed
using either 20 ms (image size, 50 � 350 pixels) or 50 ms (image size,
100 � 350 pixels) exposures. Metafluor 6.1 software (Molecular Devices,
Palo Alto, CA) was used for image acquisition and to measure fluorescent
intensity along the terminal and background fluorescence from the mus-
cle. MetaMorph 6.1 software (Molecular Devices, Palo Alto, CA) was
used to produce pseudocolor maps of the percent of �F/F0 and measure
bouton widths.

During Ca 2� imaging, the nerve was stimulated with a suction elec-
trode connected to an S11 stimulator (Grass Technologies, West War-
wick, RI) and EPSPs were recorded from muscle fibers with sharp elec-
trodes using an Axoclamp 2A amplifier (Molecular Devices). pClamp 9.2
software and a Digidata 1200A digitizer (Molecular Devices) were used to
trigger the stimulator and acquire EPSPs. It was necessary to determine
whether the terminal was an Ib (big boutons) or Is (small boutons)
because they have different physiological properties (Lnenicka and Kesh-
ishian, 2000). To identify the terminal, it was imaged while recording
EPSPs from an adjacent fiber that was innervated by the same axon that
supplied the Is terminal. If stimulation of the terminal did not result in a
synchronous EPSP in the adjacent fiber, then it was an Ib terminal.

Ca2� clearance inhibitors. To block Na/Ca exchange, Na � was elimi-
nated from the HL3 saline by replacing it with N-methyl-D-glucamine.
Because this prevented the generation of APs, the terminals were directly
depolarized before and after removing Na � by delivering 3 ms positive
pulses to the nerve with a suction electrode. We added 0.2 �M TTX to
block APs in saline with normal Na �. To inhibit the PMCA, the pH was
raised to 8.8 in HL3 saline in which HEPES was replaced with Tris (pKa

8.1). Thapsigargin (1 �M) and antimycin A1 (1 �M) were used to block
Ca 2� uptake by the endoplasmic reticulum (ER) and mitochondria,
respectively (Sigma).

Data analysis. SigmaPlot 8.0 (SPSS, Plover, WI) was used for data
transformation and statistical analysis. The background fluorescence was
subtracted from the terminal fluorescence for each image and then per-
centage of �F/F0 was calculated by 100 � (fluorescence � initial fluores-

cence)/initial fluorescence. Single exponentials were fit to the percentage
of �F/F0 decay to determine the [Ca 2�]i decay time constant (�). We
only report [Ca 2�]i decay � when the fit to a single exponential gave r 2 �
0.9 to eliminate noisy measurements; 95% of the single-AP and 87% of
the AP train measurements met this criterion. The increase in [Ca 2�]i

during trains of impulses was measured after the [Ca 2�]i increase pla-
teaued by averaging the last 20 measurements of the train. Statistical
analyses were performed using linear regressions and t tests.

Western blots and immunocytochemistry. An antibody against the Dro-
sophila PMCA was produced using the amino acid sequence predicted by

Figure 1. Pseudocolor map of �F/F0 along a synaptic terminal during a single AP. Images of
the mf4 –Ib terminal were acquired at 50 Hz (20 ms exposure) beginning at the top and span-
ning 300 ms. The images show a rapid increase in �F/F0 , followed by a slower decline. Ten APs
were averaged so that each frame represents the average of 10 images. Pseudocolor calibration
shows �F/F0.
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the annotated Drosophila PMCA gene CG2165 (http://flybase.bio.
indiana.edu). The antibody was generated against the peptide YSKERQ-
FRGLQNRIEGEH (amino acids 151–169) in rabbits and subsequently
affinity purified (Quality Controlled Biochemicals, Hopkinton, MA).

For Western blots, nervous system proteins were separated by SDS-
PAGE and electroblotted to nitrocellulose membranes (Laemmli, 1970;
Towbin et al., 1979). Briefly, brains were isolated from third-instar larvae
and homogenized in loading buffer containing reducing agent. SDS-
PAGE was performed using NuPage 10% Bis–Tris polyacrylamide gels in
3-(N-morpholino)-propanesulfonic acid buffer. After transferring pro-
teins to nitrocellulose membranes (Invitrogen), the membrane was in-
cubated overnight (4°C) in PMCA antibody (1:5000), followed by goat
anti-rabbit IgG conjugated to HRP (Biogenesis, Kingston, NH). Anti-
bodies were detected using enhanced chemiluminescence (GE Health-
care, Little Chalfont, UK) and Kodak BioMax XAR film (Fisher Scien-
tific, Pittsburgh, PA)

To determine whether the PMCA was present at the motor terminals,
third-instar larvae were dissected and fixed in 4% formaldehyde for 1 h.
The fixed larvae were incubated overnight (4°C) in anti-PMCA (1:200),
followed by Alexa Fluor 488 goat, anti-rabbit IgG (1:200; Invitrogen).
Motor terminals were viewed through an Olympus Optical BHS epiflu-
orescence microscope using a 480 � 15 nm bandpass excitation filter, a
500 nm dichroic mirror, and a high-pass 515 nm emission filter. Alter-
natively, the stained terminals were imaged using a Zeiss LSM 510 con-
focal microscope with a 488 nm laser and a high-pass 505 nm emission
filter.

Results
Measurement of Ca 2� transients produced by single APs
We recorded the changes in [Ca 2�]i produced by single APs and
trains of APs along motor terminals in Drosophila larvae. For
most of these studies, we chose the Ib terminals on muscle fiber 4
(mf4 –Ib) because this terminal normally lies entirely on the dor-
sal surface of the fiber and it can usually be viewed in a single
plane of focus. Also, the Ib and Is terminals on muscle fiber 4
normally do not overlap, and therefore it was easy to follow a
single terminal. This was not the case for many of the fibers: the Is
and Ib terminals on muscle fiber 6 intertwine, making it very
difficult to follow a single terminal for its entire length, and these
terminals often run along the edge of the muscle so that they
cannot be viewed in a single focal plane.

In previous Ca 2� imaging studies, images were acquired at
low rates that allowed the measurement of [Ca 2�]i during AP
trains but not during single APs. Single-AP Ca 2� transients were
measured using techniques (such as confocal line scans) that al-
lowed sampling at higher rates but provided little spatial infor-
mation. These studies used a broad range of sampling rates, e.g.,
33 Hz at the rat calyx of Held (Borst et al., 1995) to 14.5 kHz for
lizard motor terminals (David et al., 1997). We were able to mea-
sure single-AP Ca 2� transients in larval motor terminals by ac-
quiring images at 20 –50 Hz (Fig. 1).

The effect of sampling rate on the single-AP Ca 2� transients
was examined by comparing 20 and 50 Hz sampling rates at the
same boutons (Fig. 2, top). We found that the measurement of
the peak increase in [Ca 2�]i was more sensitive to the sampling
rate than the rate of [Ca 2�]i decay. The peak measured at 50 Hz
sampling rates (19.7 � 0.9; n � 90) was significantly greater than
that measured at 20 Hz sampling rates (16.6 � 0.8; n � 90; p �
0.001, paired t test). Thus, measurements performed at 20 Hz did
not capture the true peak of the Ca 2� transients, and we did not

Figure 2. Changes in [Ca 2�]i produced by single APs and trains of APs. Top, The change in
[Ca 2�]i produced by a single AP measured at 20 and 50 Hz sampling rates at the same bouton.
A single AP produced a rapid rise in [Ca 2�]i , followed by a slower decay, which was fit by a
single exponential (solid line). When images were captured at 20 Hz, the measured increase in
[Ca 2�]i was less than that for 50 Hz sampling, but there was no difference in the time constant
(�) of decay. Bottom, The increase in [Ca 2�]i produced by a 5 s train of impulses delivered at 20
Hz. The increase in [Ca 2�]i quickly reached a plateau and then rapidly decayed at the end of the
train. The [Ca 2�]i decay was fit by a single exponential (solid line). The correlation coefficient
( r) and [Ca 2�]i decay � are given.

Figure 3. Pseudocolor map of the increase in [Ca 2�]i along the length of an mf4 –Ib axon
and terminal. The axon exits the nerve seen on the left. The peak increase in [Ca 2�]i during a
single AP (top) or near the end of a 5 s, 20 Hz train of APs (bottom) was mapped in pseudocolor.
For a single AP, the [Ca 2�]i increase at the peak of the Ca 2� transient was much greater at the
boutons and bottlenecks than at the axon. For the AP train, the increase in [Ca 2�]i seen at the
plateau was greater for boutons and bottlenecks compared with the axon. Graphs of �F/F0

versus time are shown for a bouton, bottleneck, and the axon; the calibration �F/F0 and time
are shown for each image, and measurements were performed at 20 Hz. There was an abrupt
reduction in the [Ca 2�]i increase at the axon– bouton border; the increase in �F/F0 versus
distance at this border was plotted (filled circles) for the 20 Hz train (bottom). The x-axis is
distance along the terminal (filled circles are directly above the corresponding position on the
terminal), and the y-axis shows�F/F0. The pseudocolor calibration bar represents�F/F0 for the
corresponding images.
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combine measurements made at 20 and 50 Hz. We do not know
whether 50 Hz sampling underestimates the peak; however, the
conclusions in this paper were based on the relative amplitude of
the Ca 2� transients, not the absolute values. The decay of [Ca 2�]i

after a single AP was well fit by a single exponential, and the time
constant (�) of decay was not significantly different when sam-
pled at 50 Hz (123 � 6 ms; n � 82) and 20 Hz (130 � 8 ms; n �
82; p � 0.10, paired t test). In the remainder of this study,
single-AP measurements were made at a 50 Hz acquisition rates
unless it was necessary to acquire a larger image.

To measure changes in [Ca 2�]i during trains of APs, we used
20 Hz sampling rates. The decay of [Ca 2�]i after a 5 s train of APs
delivered at 10 or 20 Hz was well fit by a single exponential (Fig. 2,
bottom). This was consistent with a previous study of Drosophila
larval motor terminals (Macleod et al., 2002).

The concentration of the Ca 2� indicator can influence the
Ca 2� transient. For example, high concentrations of fura-2 re-

duce the rate of [Ca 2�]i increase and decay but not the plateau
levels for AP trains in crayfish motor terminals (Tank et al.,
1995). In addition, a number of Ca 2� indicators applied at high
concentrations were shown to reduce the amplitude and the rate
of decay of single-AP Ca 2� transients in synaptic terminals of the
rat brain (Borst et al., 1995; Helmchen et al., 1997; Koester and
Sakmann, 2000). Our loading technique resulted in some vari-
ability in the amount of OGB-1 loaded into the terminals. For
example, if we assume that resting [Ca 2�]i levels were similar in
different terminals and we compare the resting OGB-1 fluores-
cence, then there was an approximately fivefold range of OGB-1
concentration in the mf4 –Ib terminals. Comparing terminals
with the highest OGB-1 concentration with those with the lowest,
the single-AP Ca 2� transient peak was 	24% less and the

Figure 4. [Ca 2�]i increase and decay at bouton, bottleneck, and axonal regions along
mf4 –Ib terminals. For both single APs and 20 Hz stimulation, the increase in [Ca 2�]i was
significantly greater at boutons than at axons, but there was no significant difference between
boutons and bottlenecks. The [Ca 2�]i decay � was significantly greater at axons than boutons
for both single APs and AP trains, but there was no significant difference between boutons and
bottlenecks. The data are from four terminals, providing measurements from 67 boutons, 14
bottlenecks, and 4 axons. *p � 0.01; **p � 0.001, significantly different from bouton.

Figure 5. Ca 2� transients for different-sized boutons along an mf4 –Ib terminal. The Ca 2�

transients for single APs and trains of 10 Hz stimulation are shown for five boutons and a
bottleneck. For single APs, the increase in [Ca 2�]i and the rate of [Ca 2�]i decay was greater for
smaller boutons than larger ones. Differences in Ca 2� transient amplitude and decay were seen
even for adjacent regions (e.g., A and B or E and F). In addition, bottlenecks and boutons of
similar diameter show a similar Ca 2� transient amplitude (e.g., bottleneck B and bouton C).
During 10 Hz trains, the increase in [Ca 2�]i seen at the plateau was less dependent on bouton
size: different-sized boutons show similar increases in [Ca 2�]i. The measurements were per-
formed at 50 Hz sampling rates for single APs and 20 Hz for AP trains. This is the same terminal
shown in Figure 1. Calibration: single AP, 15% �F/F0 , 0.3 s; 10 Hz, 30% �F/F0 , 3.0 s.
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[Ca 2�]i decay � was 	35% greater. This will increase the variabil-
ity in our data; however, it will not affect our conclusions because
all boutons along a given terminal will be affected equally by the
amount of OGB-1 loaded.

Comparison of Ca 2� transients in different terminal regions
For the mf4 –Ib terminals, we compared the Ca 2� transients pro-
duced at boutons, bottlenecks (region between boutons), and the
axon (region proximal to most proximal bouton). The Ca 2�

transients produced at the axon were smaller than those seen at
boutons for both single APs and trains of APs delivered at 20 Hz
(Fig. 3). The pseudocolor map of the increase in [Ca 2�]i showed
an abrupt drop in [Ca 2�]i at the transition from the bouton to the
axon for both single APs and AP trains. Combined data showed
that the single-AP Ca 2� transient in the axon was only 20% of
that in the boutons, and this increased to 60% during 20 Hz
stimulation (Fig. 4). In addition, the [Ca 2�]i decay � at the axon
after single APs or at the end of a 20 Hz train of APs was two to
three times that seen at the boutons.

The increase in [Ca 2�]i at the bottlenecks was similar to that
seen at the boutons (Fig. 3). The combined data showed that the
increase in [Ca 2�]i produced by single APs and trains of APs as
well as the [Ca 2�]i decay � were similar in boutons and bottle-
necks (Fig. 4). This indicates that the density of Ca 2� channels at
the bottlenecks was more similar to the boutons than the axon.
This may be attributable to the presence of synapses in the bot-
tlenecks. Serial EM reconstructions of a larval motor terminals
show synapses along the thin portion of the terminal (Mein-
ertzhagen et al., 1998), and the synaptic density was similar in
boutons and bottlenecks for a crayfish motor terminal (Lnenicka
et al., 1986). However, it is unclear whether Ca 2� influx is corre-
lated with synaptic density because Ca 2� can enter the terminal
through channels not associated with active zones (Wu et al.,

1999). At sympathetic motor terminals of
the mouse vas deferens, single APs pro-
duced an increase in [Ca 2�]i at interbou-
ton regions, but it was smaller than seen at
the boutons (Brain and Bennett, 1997).
For pyramidal cells in the rat neocortex,
the amplitude of the Ca 2� transient
dropped sharply in the first few microme-
ters of the interbouton region (Koester
and Sakmann, 2000).

The effect of bouton size on the
amplitude and decay of
calcium transients
We examined the effect of bouton size on
the Ca 2� transients for the mf4 –Ib motor
terminal. An increase in the diameter of a
spherical bouton or an elliptical bouton
would decrease its surface-to-volume ra-
tio. Therefore, if the Ca 2� current density
and Ca 2� buffering were similar at large
and small boutons, then the Ca 2� tran-
sients produced by single APs should be
larger at small boutons compared with
large boutons. In general, this was the case:
APs produced a greater increase in [Ca 2�]i

in small boutons compared with large
boutons (Fig. 5). In addition, boutons and
bottlenecks of like width had similar-sized
Ca 2� transients. However, the size of the

bouton appeared to have less effect on the amplitude of the Ca 2�

transient produced by trains of impulses (Fig. 5). These observa-
tions were supported by combining mf4 –Ib data from multiple
preparations and examining the correlation between bouton
width and the [Ca 2�]i increase (Fig. 6, top). There was a signifi-
cant negative correlation between bouton width (apparent diam-
eter) and the amplitude of the [Ca 2�]i increase produce by single
APs; however, this correlation was not significant for the [Ca 2�]i

increase produced by 10 or 20 Hz stimulation.
Note that the increase in [Ca 2�]i during 20 Hz stimulation

(44.8 � 1.7%; n � 50) was approximately twice that seen during
10 Hz stimulation (23.2 � 1.0%; n � 111), indicating that OGB-1
was not saturated and �F/F0 was linearly related to the change in
[Ca 2�]i (Fig. 6). A previous study also found no evidence for
saturation of OGB-1 during stimulation of Drosophila larval mo-
tor terminals at 10 or 20 Hz (Macleod et al., 2002).

The rate of [Ca 2�]i decay should also be related to bouton size
assuming that decay was predominantly attributable to extrusion
and the efflux density was similar at small and large boutons. This
appeared true because larger boutons showed a slower rate of
[Ca 2�]i decay than small boutons (Fig. 5). This was verified by
measuring the [Ca 2�]i decay � and bouton width: there was a
positive correlation between bouton width and the [Ca 2�]i decay
� after single APs or at the end of a train of APs (Fig. 6, bottom).

These differences in Ca 2� transient amplitude and decay were
seen even when the different-sized boutons were adjacent. For
example, in Figure 5, bouton E (2.9 �m width) had a smaller
single-AP Ca 2� transient (17.4% �F/F0) and longer [Ca 2�]i de-
cay � (99 ms) than the smaller adjacent bouton F (2.1 �m width):
22.1% �F/F0 Ca 2� transient amplitude and 70 ms [Ca 2�]i decay
�. During 10 Hz AP train, the [Ca 2�]i increase was similar for
boutons E (35.7% �F/F0) and F (33.9% �F/F0), but the [Ca 2�]i

decay � was still different for E (216 ms) and F (158 ms). This

Figure 6. The relationship between bouton size and Ca 2� transients for the mf4 –Ib terminal. Data were combined from
multiple animals to explore the relationship between bouton width and the [Ca 2�]i increase and decay �. Top, There was a strong
negative correlation between bouton width and the increase in [Ca 2�]i produced by single APs, but this relationship was not
significant for trains of AP delivered at 10 or 20 Hz. Bottom, There was a positive correlation between bouton width and the
[Ca 2�]i decay � after single APs or trains of APs. Ca 2� measurements were performed at 50 Hz for single APs and 20 Hz for AP
trains. The data were collected from eight animals for the single APs and 10 Hz trains and four animals for the 20 Hz train.
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difference in single-AP Ca 2� transients seen for adjacent boutons
was supported by combining data for a number of boutons. We
selected pairs of adjacent boutons (boutons separated by no more
than a couple micrometers) that had a least a 25% difference in
diameter. We found that the larger boutons had a significantly
smaller Ca 2� transient amplitude (20.9 � 2.0% �F/F0; n � 11
bouton pairs) and longer [Ca 2�]i decay � (85 � 1 ms) compared
with the smaller boutons (24.2 � 2.3% �F/F0 and 68 � 1 ms; p �
0.01 paired t test).

To determine whether these findings could be generalized to
other terminals, we also examined the Ib terminal on muscle fiber
6 (mf6 –Ib). For mf6 –Ib terminals, we found a relationship be-
tween bouton width and [Ca 2�]i increase or decay that was sim-
ilar to that seen previously for the mf4 –Ib terminal (Fig. 7). There
was a significant negative correlation between bouton width and
the peak increase in [Ca 2�]i seen for a single AP, whereas the
correlation between bouton width and the increase in [Ca 2�]i

during a 10 Hz train of APs was not significant. There was a

significant positive correlation between bouton width and the
[Ca 2�]i decay � after single APs and trains of APs. Although these
relationships were significant, overall the correlation was not as
strong as seen for the mf4 –Ib terminal, possibly attributable to
the bouton position effect (below).

The effect of bouton position on Ca 2� influx
In a previous study, it was proposed that distal boutons had
greater Ca 2� influx than more proximal boutons because they
showed a greater increase in [Ca 2�]i during AP trains (Guerrero
et al., 2005). Because the increase in [Ca 2�]i during trains can be
influenced by the rate of both Ca 2� influx and efflux (Tank et al.,
1995), we further examined this by comparing bouton position
and the increase in [Ca 2�]i produced by single APs. For the
mf6 –Ib terminal, the single-AP Ca 2� transient was larger for the
distal boutons compared with more proximal ones (Fig. 8). To
quantify the effect of bouton position, the increase in [Ca 2�]i for
single APs versus bouton position was determined in a number of
animals. The boutons were numbered from distal to proximal,
and only branches with three or more boutons were included in
the analysis. The mf6 –Ib terminal showed a clear distal-to-
proximal gradient (Fig. 9). The effect of bouton position was seen
even when only comparing the two most distal boutons: the in-
crease in [Ca 2�]i for bouton 1 (19.0 � 2.4%) was significantly
greater than for bouton 2 (17.1 � 2.0%; n � 21; p � 0.01, paired

t test). These differences likely reflect a dif-
ference in Ca 2� influx because the width
was similar for boutons 1 (2.5 � 0.1 �m)
and 2 (2.5 � 0.1 �m; n � 21). The Ca 2�

transients continue to decline proximally
so that the value for bouton 6 was 42% less
than bouton 1. However, there was also
some increase in bouton width, so the de-
crease in Ca 2� influx was likely less than
the decrease in the Ca 2� transient
amplitude.

To determine whether this was a gen-
eral property of the terminals, we also ex-
amined the effect of bouton position for
the mf4 –Ib terminal (Fig. 9). Here, an ef-
fect of bouton position was less apparent.
The Ca 2� transients seen at boutons 1
(20.2 � 1.9%) and 2 (21.3 � 1.9%; n � 15;
p � 0.10, paired t test) were not signifi-
cantly different. The most proximal bou-

tons appear to show some decline in the Ca 2� transients, e.g., the
Ca 2� transient for bouton 6 was 20% less than bouton 1. How-
ever, the most proximal boutons were also wider than the distal
ones, so this does not represent a clear difference in Ca 2� influx.

The plasma membrane Ca 2�ATPase was the major
mechanism for Ca 2� clearance after single APs
and trains of APs
Ca 2� can be cleared by sequestration into mitochondria or the
ER and extrusion by the PMCA or the Na/Ca exchanger. We
examined the mechanisms responsible for Ca 2� clearance after
single APs and trains of APs using inhibitors of the various known
Ca 2� removal mechanisms (Fig. 10).

The role of sequestration in Ca 2� clearance was examined by
blocking mitochondrial Ca 2� uptake with antimycin A1 (1 �M)
or inhibiting the ER Ca 2� ATPase with thapsigargin (1 �M).
Inhibiting mitochondria had no significant effect on the peak
increase in [Ca 2�]i or the decay of [Ca 2�]i (Table 1). Thus, mi-

Figure 7. The relationship between bouton size and Ca 2� transients for the mf6 –Ib termi-
nal. The results were similar to the mf4 –Ib terminal: there was a significant negative correla-
tion between bouton width and the increase in [Ca 2�]i produced by single APs. Also, there was
a positive correlation between bouton width and [Ca 2�]i decay � after a single AP or a train of
APs delivered at 10 Hz. However, the correlations were not as strong as those seen for the
mf4 –Ib terminal. Ca 2� measurements were performed at 50 Hz for single APs and 20 Hz for AP
trains. Single AP data are from eight animals, and AP train data are from 14 animals.

Figure 8. Pseudocolor map of a branch of the mf6 –Ib terminal showing the relationship between bouton position and the
peak increase in [Ca 2�]i produced by single APs. The more distal boutons showed a greater increase in [Ca 2�]i. A plot of �F/F0

versus time is shown for three of the boutons. The pseudocolor calibration represents �F/F0.
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tochondria do not appear to have a direct effect on Ca 2� clear-
ance at these stimulation parameters. Blocking the ER Ca 2� AT-
Pase had a small but significant effect on Ca 2� clearance (Fig. 10).
Although thapsigargin did not affect the increase in [Ca 2�]i, it
produced a 36 and 52% increase in the [Ca 2�]i decay � for single
APs and trains of APs, respectively (Table 1).

The Na/Ca exchanger was blocked by eliminating Na� from
the saline (Fig. 10). Because APs could not be generated in 0 Na�

saline, the terminals were directly depolarized by applying 3 ms
positive pulses to the nerve (see Materials and Methods). The
amplitude of the pulse was adjusted to give an EPSP amplitude
similar to that produced by APs. During 10 Hz stimulation, there
was no effect on the increase in [Ca 2�]i; however, at the end of
stimulation, there was a small (26%) but significant increase in
the [Ca 2�]i decay � (Table 1). We also stimulated at frequencies
up to 40 Hz and observed results similar to that seen at 10 Hz.

The PMCA was blocked by increasing the pH of the saline to
8.8. Studies of erythrocytes have shown that the PMCA exchanges
extracellular proton(s) for intracellular Ca 2� (Niggli et al., 1982;

Smallwood et al., 1983; Xu and Roufogalis, 1988), and it can be
inhibited by raising the external pH (Kratje et al., 1985; Xu et al.,
2000). High pH (8.8) has been used to inhibit the PMCA in squid
axons (Dipolo and Beauge, 1982), rat sensory neurons (Benham

Figure 9. The effect of bouton position on the increase in [Ca 2�]i produced by a single AP for
the mf6 –Ib and mf4 –Ib terminals. Top, The increase in [Ca 2�]i was measured for boutons at
different positions along the terminal. The boutons were ordered from distal to proximal, with
the most distal bouton along a branch assigned number 1. Bottom, The relationship between
bouton position and bouton width. For terminal mf6 –Ib, there was a clear distal to proximal
decrease in the amplitude of the Ca 2� transient. This was not attributable to differences in
bouton size because bouton width was constant at least for the first five boutons. For mf4 –Ib
terminal, the effect of position was not as great as that seen for the mf6 –Ib terminal. Although
the most proximal boutons have a smaller increase in [Ca 2�]i than the distal ones, this may be
attributable to differences in bouton size. The data were taken from 21 branches for mf6 –Ib
and 15 branches for mf4 –Ib.

Figure 10. The effect of inhibitors of Ca 2�-clearance mechanisms on Ca 2� transients mea-
sured from synaptic boutons. The effect of the inhibitor on Ca 2� clearance was examined by
comparing the Ca 2� transient in normal saline (left) with that seen after inhibition (right). We
inhibited Ca 2� clearance by mitochondria (antimycin A1), ER (thapsigargin), Na/Ca exchange
(0 Na �), and the PMCA (high pH). In all cases, the effects of the inhibitors on Ca 2� transients
produced by 5 s, 10 Hz trains are shown. For the PMCA, we also show single-AP Ca 2� transients.
Inhibiting the PMCA had the greatest effect on Ca 2� clearance.
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et al., 1992), and mouse pancreatic �-cells (Chen et al., 2003).
The high pH saline had a dramatic effect on the clearance of Ca 2�

from the terminal (Fig. 10). For single APs, there was no effect of
high pH on the increase in [Ca 2�]i, but the time to [Ca 2�]i

half-decay was increased by 92% (Table 1). For 10 Hz trains, there
was a substantial increase in both the [Ca 2�]i increase (133%)
and the time to [Ca 2�]i half-decay (419%). These results clearly
show that blocking the PMCA has the greatest effect on Ca 2�

clearance.

Anti-PMCA Western blots and immunocytochemistry
To verify that the PMCA was found at the motor terminals, we
performed immunocytochemistry on larval neuromuscular
preparations. An antibody was produced against the anno-
tated Drosophila PMCA gene CG2165. CG2165 has five pre-
dicted protein products with molecular weights ranging from
116 to 131 kDa. We produced a polyclonal antibody against an
amino acid sequence (18 residues) that was common to all five
proteins. In Western blots, this antibody recognizes two pro-
tein bands in larval brain extracts at the expected molecular
weight for the PMCA protein (Fig. 11 A). At this point, we do
not know whether the doublet represents two separate iso-
forms, a single protein with two phosphorylation states, or a
degradation product.

Immunocytochemistry of the larval muscle fibers showed that
anti-PMCA staining was localized to the terminal region (Fig.
11B). When the individual motor terminals were viewed, it was
apparent that the staining was concentrated in the terminal re-
gion and dropped off sharply in the adjacent muscle fiber mem-
brane (Fig. 11C). Also, the staining was confined to the periphery
of the terminals as expected for a plasma membrane protein.
Finally the staining for the PMCA drops dramatically in the
preterminal axon region (data not shown), which was consis-
tent with the slower rate of Ca 2� clearance seen in the axon.
We observed similar motor terminal staining when using a
monoclonal antibody prepared against the human erythrocyte
PMCA (Borke et al., 1989). This staining pattern indicates that
the PMCA protein is concentrated in the presynaptic termi-
nals; however, we cannot rule out that PMCA concentrated in
the postsynaptic membrane contributes to the observed stain-
ing pattern.

Discussion
Comparison of Ca 2� transients in boutons, bottlenecks,
and axons
The Ca 2� transient amplitude was smaller in the axon than the
boutons; the difference was greater for single APs than for AP
trains. Also, there was a sharp decrease in [Ca 2�]i at the terminal–

axon border, indicating that Ca 2� entering at the terminal was
not making a significant contribution to the [Ca 2�]i in the axon.
This was consistent with modeling studies that predicted that the
length constant (�C) for the spread of Ca 2� along cylindrical
structures should be relatively short. Longitudinal [Ca 2�]i gradi-
ents can be predicted using a model analogous to one-
dimensional cable theory used for the passive propagation of
electrical signals (Zador and Koch, 1994). For a sustained influx
of Ca 2� at a localized site, the steady-state �C for [Ca 2�]i gradi-
ents along an infinite cable is influenced by the radius, Ca 2�

diffusion constant, Ca 2� buffer properties, and rate of extrusion.
Using standard values for the various parameters, �C was pre-
dicted to be 0.9 �m for a cylinder with a 0.5 �m radius and 2.7
�m for a 5.0 �m radius cylinder (Zador and Koch, 1994). This
study used an effective diffusion constant of 1.9 �m 2/ms, and
some studies have estimated the effective diffusion constant as 10
�m 2/ms (Tank et al., 1995); using this latter value would approx-
imately double the predicted �C. In either case, the �C would be
consistent with the sharp decline in [Ca 2�]i that we see at the
terminal–axon border.

There appears to be Ca 2� influx at the axon, although it was
considerably less that at the terminals. Similar conclusions
were reported for the rat calyx of Held in which single APs
produced Ca 2� transients in the preterminal axon that were
much smaller than in the terminal, and there was a sharp
[Ca 2�]i gradient at the axon–terminal border (Borst et al.,
1995). For the larval axons, the relatively large increase in
[Ca 2�]i seen during AP trains was likely attributable to a
slower rate of Ca 2� extrusion at the axon. At lizard motor
terminals, no Ca 2� transient was seen in the axon for single
APs; however, there was an increase in [Ca 2�]i during trains of
APs (David et al., 1997). Here it was proposed that the increase
in axonal [Ca 2�]i during AP trains was attributable to diffu-
sion from the terminals. Our results suggest that regional dif-
ferences in Ca 2� influx are matched by differences in Ca 2�

clearance; the preterminal axon appears to have both less
Ca 2� influx and slower Ca 2� clearance than the synaptic
boutons.

The relationship between bouton size and the amplitude and
decay of Ca 2� transients
For both the mf4 –Ib and mf6 –Ib terminals, there was a neg-
ative correlation between bouton width and the amplitude of
the single-AP Ca 2� transient. This would be expected if the
Ca 2� buffering and Ca 2� current density were similar at all of
the boutons. In addition, there was a positive correlation be-
tween bouton width and the [Ca 2�]i decay � for both single AP
and AP trains. This would be expected if the Ca 2� buffering

Table 1. The effect of Ca2�-clearance inhibitors on the increase in 
Ca2��i and 
Ca2��i decay for single APs and 10 Hz trains of APs (5 s duration)

Inhibitor

Single AP 
Ca2��i increase (% �F/F0) Single AP 
Ca2��i decay (ms) 10 Hz train 
Ca2��i increase (% �F/F0) 10 Hz train 
Ca2��i decay (ms)

Pre Post Pre Post Pre Post Pre Post

Antimycin A1 24.4 � 1.4 24.6 � 1.5 67 � 7 79 � 8 40.8 � 4.2 41.0 � 4.5 169 � 18 196 � 24
n � 17 n � 19

Thapsigargin 23.9 � 1.2 21.3 � 1.6 90 � 7 122 � 9** 36.5 � 2.7 29.5 � 2.1 157 � 11 239 � 19**
n � 41 n � 42

0 Na 29.9 � 2.0 26.1 � 1.3 141 � 7 178 � 18*
n � 31

High pH 15.8 � 1.5 16.5 � 2.0 102 � 6 195 � 23* 40.5 � 2.3 94.5 � 5.8** 160 � 12 831 � 120**
n � 38 n � 30

The peak increase in 
Ca2��i and rate of 
Ca2��i decay was measured at the same boutons before and after applying the inhibitors. The values for 
Ca2��i decay represent �, except for high pH. Here the time to half-decay was measured
because the decay was not well fit by a single exponential. The n values represent number of boutons, and each inhibitor was tested on two to four animals. For 0 Na�, no single AP data were presented because the Ca2� transients were
produced by direct depolarization rather than APs. The post-inhibitor mean values were compared with pre-inhibitor means using a paired t test. *p � 0.01; **p � 0.001.
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and Ca 2� extrusion (pump) density were similar at all of the
boutons. These differences in Ca 2� regulation were seen even
if the different-sized boutons were adjacent. For single APs,
diameter was negatively correlated with the Ca 2� transient
amplitude and positively correlated with its decay � for both
presynaptic boutons formed by dentate gyrus cells (Jackson
and Redman, 2003) and dendrites in the primary visual cortex
(Holthoff et al., 2002).

Unlike single APs, we found that the increase in [Ca 2�]i dur-
ing AP trains was not significantly correlated with bouton width.
This could be attributable to the establishment of the [Ca 2�]i

plateau by the Ca 2� influx– efflux steady state and similar scaling
of Ca 2� influx and efflux by changes in bouton size. Alternatively,
this could result from Ca 2� diffusion along the terminal during a
prolonged AP train. The former seems more likely given the short
�C for the spread of Ca 2� (discussed above).

Bouton size could influence short-term synaptic plasticity be-
cause there appears to be a linear relationship between residual
[Ca 2�]i and the amplitude of F2 facilitation, augmentation, or
posttetanic potentiation (for review, see Zucker and Regehr,
2002). For example, large boutons would be expected to show a
slower decay of these synaptic enhancements than smaller bou-
tons. In addition, F2 facilitation produced by single APs might
show a greater amplitude at small boutons compared with large
ones; however, the amount of augmentation and posttetanic po-
tentiation produced during trains of impulses would be similar at
large and small boutons.

Distal boutons have greater Ca 2� influx than proximal ones
at the mf6 –Ib terminal
A previous study showed that, for the mf6 –Ib terminals, the
distal boutons released more transmitter than proximal ones
(Guerrero et al., 2005). It was proposed that this was attribut-
able to greater Ca 2� influx because the increase in [Ca 2�]i

produced by trains of impulse was greater for boutons at the
end of the terminal compared with the second or third bouton
from the end. Our measurements of Ca 2� transients produced
by single APs support these findings. For the mf6 –Ib termi-
nals, there was a distal to proximal decrease in the amplitude
of the single-AP Ca 2� transient that could not be accounted
for by changes in bouton size. This likely reflects a difference
in Ca 2� influx because it is doubtful that there were proximal–
distal differences in Ca 2� buffering proteins. It is not clear
why this motor terminal should have a distal–proximal gradi-
ent in Ca 2� influx and transmitter release. For the mf4 –Ib, an
effect of bouton position on Ca 2� transients was not apparent.
In the rat neocortex, there was no correlation between the
amplitude of single-AP Ca 2� transients and bouton position
for pyramidal cell synaptic terminals (Koester and Sakmann,
2000).

The PMCA plays a major role in Ca 2� clearance after single
APs and trains of APs
To examine the mechanisms responsible for Ca 2� clearance
for the stimulation parameters used in this study, we used
pharmacological inhibitors for mitochondria, ER, Na/Ca ex-
change, and the PMCA. We found that blocking the ER Ca 2�

ATPase with thapsigargin produced a significant increase in
the [Ca 2�]i decay � for single APs and trains of APs. We did
not see any effect of thapsigargin on the amplitude of the Ca 2�

transients, but a previous study reported that thapsigargin
enhanced the increase in [Ca 2�]i seen during AP trains
(Kuromi and Kidokoro, 2002). However, in that study, much

Figure 11. Anti-PMCA Western blot and immunocytochemistry. A, Western blots of Dro-
sophila larval brains probed with preimmune rabbit serum and serum obtained after immuni-
zation with an 18 amino acid peptide from the predicted Drosophila PMCA protein. The poly-
clonal anti-PMCA recognized two bands at the appropriate molecular weight for the PMCA
protein. The preimmune serum did not recognize these proteins. Each lane contained protein
extracted from five brains. B, Immunostaining of larval body-wall muscle using anti-PMCA. This
is a low-magnification view of a portion of the body-wall muscle fibers in segments 3 and 4 after
processing the tissue with the anti-PMCA primary antibody and Alexa Fluor 488-labeled sec-
ondary antibody. The neuromuscular junctions were brightly stained against much weaker
staining of the muscle fibers (an arrow points to 1 neuromuscular junction). The image is
centered on the ventral midline of the larval body wall, and the anterior end is at the top of the
image. C, A single neuromuscular junction immunostained with anti-PMCA and imaged with
confocal microscopy. This image is a montage of optical sections (slice width, 	0.5 �m)
through the center of an mf4 –Ib terminal in segment 3. Regions of optical sections that passed
through the center of the terminal were pieced together from a stack of 18 optical sections. The
staining was confined to the periphery of the motor terminal.
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greater stimulation was applied (30 Hz for 5 min) and the
change in [Ca 2�]i was measured using rhod-2, which can re-
port [Ca 2�] changes in mitochondria in larval motor termi-
nals (Guo et al., 2005). Inhibiting mitochondrial Ca 2� uptake
had no effect on the Ca 2� transients produced by single APs or
5 s AP trains. This was consistent with a previous study of
dmiro mutants that have no mitochondria in the larval motor
terminals. They saw no effect of the mutation on the Ca 2�

transients produced by 5 s trains; however, the increase in
[Ca 2�]i was greater during 30 s trains (Guo et al., 2005).

Blocking Na/Ca exchange during stimulation trains did not
affect the amplitude of the Ca 2� transient and only produced
a small increase in the [Ca 2�]i decay �. Na/Ca exchange activ-
ity has been reported for a number of synaptic terminals in
other organisms (Fontana et al., 1995; Reuter and Porzig,
1995; Zhong et al., 2001). However, the Drosophila Na/Ca
exchanger (CalX) is unusual because it is inhibited by cyto-
plasmic Ca 2� (Hryshko et al., 1996), whereas all other known
Na/Ca exchangers are stimulated by cytoplasmic Ca 2�

(Blaustein and Lederer, 1999). CalX is important for the sur-
vival and function of photoreceptor cells, but its role at other
cells is not known (Wang et al., 2005).

Clearly the largest effect on Ca 2� clearance was produced by
inhibiting the PMCA with high pH. After inhibiting the PMCA,
the [Ca 2�]i decay � for single APs was approximately doubled,
and, for AP trains, it was increased fivefold. The importance of
Ca 2� extrusion by the PMCA in Ca 2� clearance was consistent
with the dependence of the [Ca 2�]i decay � on bouton size (see
above). Also, the increase in [Ca 2�]i during AP trains was dou-
bled, showing that the PMCA was important for establishing the
plateau during AP trains. As expected, high pH had no effect on
the increase in [Ca 2�]i produced by single APs. The extrusion of
Ca 2� from ribbon synapses produced by vertebrate photorecep-
tors was predominantly attributable to the PMCA (Morgans et
al., 1998). Immunostaining for the PMCA in the chick ciliary
ganglion showed that the PMCA was concentrated in the synaptic
regions of presynaptic terminals (Juhaszova et al., 2000). We gen-
erated an antibody to the Drosophila PMCA, and immunocyto-
chemistry showed strong PMCA staining of the larval NMJ. Pre-
sumably this reflects high levels of PMCA at the Drosophila motor
terminals.
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