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At photoreceptor synapses, transmitter release is continu- 
ous and graded. At this type of synapse, the control of pre- 
synaptic [Ca2+], and calcium’s role in releasing transmitter 
might be different than at terminals invaded by all-or-none 
action potentials. To examine this possibility, we measured 
the spatial and temporal changes of [Ca*+], in response to 
depolarization of individual photoreceptor terminals of the 
barnacle Balanus nub&s, which had been injected with the 
Ca*+ indicator Fura-2. Depolarizing pulses produced volt- 
age-dependent Caz+ entry that was confined to the tips of 
the arbor where the release sites are located. At increasing 
distances from the tips, the rate of [Ca2+li increase was 
slower and the peak [Ca2+], occurred later, suggesting that 
Ca2+ entered the tips and diffused back into the larger pro- 
cesses of the arbor. Consistent with this result, a stable 
gradient of [Ca*+], was observed at maintained depolari- 
zations, with the highest values at the tips of the arbor. 
Removal of external Na+ did not affect the time course of 
Ca2+ decline in the terminal, indicating that Na+/Ca*+ ex- 
change was not the primary mechanism for restoring [Ca*+& 
to basal levels. Computer simulations, assuming only Ca2+ 
entry at the arbor’s tips and diffusion of Ca2+ away from the 
entry site, qualitatively reproduced these observations. The 
threshold for Ca2+ entry was near -60 mV, and entry was 
maintained during prolonged depolarizations, in agreement 
with previous experiments showing that Ca*+ channels in 
the terminal region do not inactivate. The time course of the 
measured [Ca2+]; change in the terminal paralleled voltage 
changes due to a Ca2+-activated K+ conductance, which 
senses [Ca*+], just under the membrane. This parallelism is 
expected since the release sites are located on processes 
of small-enough diameter to permit radial equilibration of 
[Ca2+], within the time course of physiological voltage 
changes. Therefore, the optical measurements reflect the 
mean level of [Ca2+li under the membrane. Whether this 
mean concentration is also the value at the sites that trigger 
exocytosis will depend on how close the Ca*+ channels are 
to these sites. 
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Our understanding of the secretion of nonpeptide, fast-acting 
transmitters is based primarily on observations at terminals 
invaded by action potentials. Here, at the active zone, Ca2+ 
channels are thought to be closely associated with intracellular 
CaZ+ receptors responsible for triggering exocytosis. Their close 
proximity enables Ca*+ entering during an action potential to 
raise the calcium concentration, [Ca”], , rapidly to a high level 
(possibly greater than 100 KM), leading to rapid release (Smith 
and Augustine, 1988; Roberts et al., 1990; Thomas et al., 1990; 
Adler et al., 199 1; Verhage et al., 199 1). Following the presyn- 
aptic action potential, the localized peak [Ca2+], quickly de- 
clines, although the [Ca2+], in the bulk cytoplasm remains ele- 
vated for seconds (Charlton et al., 1982). 

The pattern of changes in [Ca2+], may be different at the 
presynaptic terminals of photoreceptors. These cells continu- 
ously release transmitter, modulating this release with small, 
graded changes in membrane potential (Cervetto and Piccolino, 
1974; Hayashi et al., 1985; Attwell, 1986). Electrophysiological 
evidence suggests that Ca*+ enters the release zone steadily when 
the cell is continuously depolarized. This notion is consistent 
with evidence that shows that Ca*+ channels in photoreceptors 
inactivate very slowly if at all (Corey et al., 1984; Stuart et al., 
1986; Barnes and Hille, 1989). For these reasons, photoreceptors 
might not have such large and rapidly changing gradients in 
[Ca2+], at the release sites as occur during action potentials. 

To investigate these issues, we measured the spatiotemporal 
changes of [Caz+], in the presynaptic arbors of individual pho- 
toreceptors of the giant barnacle in response to transient and 
sustained depolarizations. Barnacle photoreceptors were select- 
ed because the large size of the presynaptic axon and the anat- 
omy of the terminal region (Hudspeth and Stuart, 1977; Schnapp 
and Stuart, 1983) allow the presynaptic voltage to be recorded 
and controlled while measuring spatially resolved [Ca*+], changes 
with optical techniques. 

Previously, localized Ca2+ entry into the terminal region was 
detected in this preparation by injecting the Ca2+ indicator ar- 
senazo III into individual photoreceptors and measuring ab- 
sorbance changes of this indicator with a photodiode array in 
response to depolarization of the terminal region (Stockbridge 
and Ross, 1984). In the present experiments, we injected the 
more sensitive dye Fura- (Grynkiewicz et al., 1985) and de- 
tected changes in fluorescence, corresponding to changes in 
ICa2+1,, with a more versatile cooled CCD camera (Connor, 
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1986) operated at high frame rates (Lasser-Ross et al., 1991a). 
These improvements enabled us to make measurements with 
greater accuracy and higher spatial resolution and for longer 
times than the previous ones. Consequently, we were able to 
establish that Ca2+ steadily enters the terminal region when the 
membrane is depolarized and is removed largely by diffusion 
into the larger axonal processes. 

Aspects of this work have been reported in abstract form 
(Callaway et al., 1990; Lasser-Ross et al., 1991a; Stuart et al., 
1991). 

Materials and Methods 

Preparation, intracellular recording, and dye injection. Experiments were 
performed on the median photoreceptors from the giant barnacle (Bal- 
anus nubilus). Animals were obtained from Bio-Marine Enterprises (Se- 
attle, WA) and maintained at about 10°C in fresh seawater at the Marine 
Biological Laboratory. Preparations consisting of the median ocellus 
and median ocellar nerve, containing the axons of the four median 
photoreceptors and supraesophageal ganglion to which they project, 
were dissected as described in Hudspeth and Stuart (1977). Just prior 
to electrode impalement, the ocellus was cut off about 5 mm from the 
ganglion so that the measuring light would not be detected by the pho- 
toreceptors. 

Normal saline contained 46 1.5 mM NaCl, 8 mM KCl, 20 mM CaCl,, 
12 mM MgCl,, and 10 mM Tris (hydroxymethyl) aminomethane-HCl 
buffer at DH 7.7. For saline used to block Ca2+ entrv. 17 mM CoCl, and 
3 mM C&l, replaced the 20 mM CaCl, in normal-saline. For Na-free 
salines, equimolar amounts of choline chloride or N-methyl glucamine 
replaced the 46 1.5 mM NaCl in normal saline. 

Preparations were pinned ventral surface up in a Sylgard (Dow-Com- 
ing)-lined chamber, placed on the stage of an upright Zeiss Universal 
Microscope, and superfused with saline at 11°C at roughly 1 ml/min. 
The recording chamber and objective lens were also cooled by a cir- 
culating refrigerant. Microelectrodes were pulled on a Brown-Flaming 
puller (Sutter Instruments) from 1.2 mm o.d. capillary glass (#lo 1 l-L, 
Glass Co. of America, Bargaintown, NJ) and had resistances of 50-70 
MR when the tips were filled with 6 or 12 mM Fura- free acid (#F- 
1200, Molecular Probes, Eugene, OR) dissolved in 0.2 MK-acetate and 
the shanks backfilled with 4 M K-acetate. 

The four photoreceptors whose somata and rhabdomeric dendrites 
comprise the median eye typically extend their axons 1 cm to their 
targets in the supraesophageal ganglion. As they enter this ganglion on 
the midline, they bifurcate, each primary process extending from 20 
pm to 100 pm into each hemiganglion. Here they branch into a spray 
of smaller secondary and tertiary processes forming a compact arbor. 
Electron micrographs through this arbor show that the active zones are 
located on photoreceptor profiles 14 pm in diameter (Schnapp and 
Stuart, 1983). The region ofganglion containing this terminal arbor was 
viewed with a 25 x water-immersion objective (#619706, Leitz; 0.6 NA, 
1.2 mm working distance) for impalement with the microelectrode and 
for optical measurements. Photoreceptors were impaled in their axons 
just proximal (toward the soma) to the bifurcation or in a primary 
processjust distal to it. Fura- was injected iontophoretically with steady 
hyperpolarizing current (l-2 nA) until the arbors were filled (about 20 
min). The terminals were viewed periodically with fluorescence optics 
to monitor the progress of the filling. Following the injection, one of 
the two arbors was selected for optical measurements and positioned 
within the optical field of the CCD camera. The dye-filled electrode was 
used throughout the experiment to measure and control the membrane 
potential. Since the cell has a very large space constant (Hudspeth et 
al., 1977), the potential at the recording site is probably close to the 
potential in the terminal region. The membrane potential was set with 
a single electrode current clamp (Axoclamp 2A, Axon Instruments) 
using a switching frequency of 500 Hz. Due to the long time constant 
of these cells, this rate was sufficient to follow the slow potential changes 
in the terminal processes. 

[Caz+J measurements. Fluorescence recordings were made with a 
high-speed CCD imaging system (Lasser-Ross et al., 199 1 b). The camera 
was controlled by a PC/AT computer that recorded image sequences 
concurrently with changes in membrane potential. For measuring rapid 
changes of [Ca*+], , Fura- was excited with a single wavelength of light 
(380 nm, 10 nm half-width), and the emitted fluorescence was detected 
at wavelengths longer than 495 nm. The light intensity (from a 75 W 

xenon arc lamp) was attenuated to reduce bleaching of the dye to less 
than 1% in 5 sec. We typically took 40 frames per second of 50 x 50 
element images, each element consisting of a small rectangular array of 
pixels. Some measurements were made at 100 frames per second (18 
x 18 element images) to increase time resolution, and others at 20 
frames per second (100 x 100 element images) to increase spatial res- 
olution. 

The change in fluorescence (AF) at a given locus was determined as 
the difference between the measured fluorescence and the fluorescence 
at that locus at the resting potential (F) at a time prior to any stimulus. 
For measurements at 380 nm, hF is negative when [Ca2+], increases 
(Grynkiewicz et al., 1985), so a decrease in fluorescence is plotted up- 
ward in all figures to correspond to increasing [CaZ+],. This decrease 
was typically divided by the resting fluorescence (F), which had been 
corrected for autofluorescence, to obtain the fractional fluorescence 
change, AFIF. In principle this ratio can be converted to A[Cal+], by 
the formula 

A LCal = Olres, + % x W’IfVWIF),,, 
1 - (AFIF)I(AF/F);),,, 

- [Cal,,,, 

where [Ca2+lres, is the [Ca2+], at resting potential, Kd is the Cal+:Fura-2 
dissociation constant, and (AF’/F),,, is the maximum possible change 
at high [CaZ+], (about 0.75 for these experiments). This formula shows 
that [Ca*+], is a monotonically increasing function of AFIF. The results 
were left in the ratio form since the relative magnitudes and the time 
courses of the changes contained the physiologically relevant infor- 
mation, and because the value for [Caz+lrcrr was not determined for each 
experiment. 

The steady state [Caz+], levels were determined by the ratio method 
(Grynkiewicz et al., 1985; Lev-Ram et al., 1992) from the formula 

where R = 350:380 intensity ratio, R,,, = 0.289, R,,, = 4.79, &IS,, 
= 12.0 (our measurements), and Kd = 450 nm (Blumenfeld et al., 1990). 
A viscosity correction of 0.15 was applied. 

Voltage changes in the terminal region in response to direct illumi- 
nation of the terminal membrane. Very bright illumination of the ter- 
minals of these photoreceptors can sometimes evoke voltage changes 
even when the cell soma with its rhabdomeric dendrites has been cut 
off(Edgington and Stuart, 1992). We occasionally encountered terminals 
in which the measuring light evoked a depolarization and an increase 
in [Cal+],. This light-induced Ca2+ signal was summed with the Ca2+ 
signal evoked by depolarizing the terminal with current, and it was not 
possible to separate the two. Therefore, none of the experiments where 
a [Ca*+], change was evoked by the excitation light were included in 
this article. 

Results 

Time course and spatial distribution of the Fura- signals. We 
filled the presynaptic arbors of 12 photoreceptors with Fura- 
and observed changes in fluorescence in response to voltage 
changes caused by current injected through the microelectrode. 
Figure IA is an image taken with the CCD camera of one of 
these arbors impaled with a microelectrode in the axon (open 
bracket) just before its first bifurcation. This particular arbor is 
asymmetric, the left primary process extending about three times 
the distance of that on the right; a second left-hand primary 
process of small diameter (arrows) parallels the larger one. Bush- 
es of secondary and tertiary processes (closed brackets) housing 
the release sites spray abruptly from these primary processes. 
The “spray” occupies roughly the distalmost 50 pm of each side. 
The arbor of Figure 1A is used to illustrate many of the obser- 
vations in this article because it was in focus over a large area 
and all of its processes fit into the field of view. 

Depolarization of a barnacle photoreceptor’s arbor is known 
to cause an inward Ca*+ current across the presynaptic mem- 
brane (Ross and Stuart, 1978; Stuart et al., 1986). When pulses 
of depolarizing current were injected through the microelec- 
trode, they led to a rapid, monotonic increase in [CaZ+], (Fig. 
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Figure 1. Change in [Ca*+], in the photoreceptor’s presynaptic arbor in response to depolarizing current pulses. A, Digital fluorescence photograph 
of Fura-2-filled arbor. The Fura-2-filled microelectrode impaled the cell from the upper left. Closed brackets delimit terminal regions; open bracket 
marks the axon. B, Seven boxes are drawn on the arbor shown in A and numbered to correspond to the seven traces in C and D. Boxes are 8 x 12 
prn2. C, Average AFIF as a function of time (numbered traces) within each of the seven boxes (shown in B) corresponding to the voltage change 
caused by a 5 set depolarizing current pulse. Images were captured every 50 msec by a 40 x 70 array of bins, each approximately 4 x 4 pm2 (16 
pixels per bin). The ordinate @F/F) is related to the change in free [Ca?+], as described in Materials and Methods. In the distal portion of the arbor 
(boxes I-3), the [Ca*+], rose steadily, approaching a plateau, and then decreased immediately at the offset of the pulse. In the more proximal region 
of the primary branch (boxes 4-7), [Ca2+], rose to lower values and continued to rise at the offset of the pulse. D, Traces shown in C normalized 
to peak levels for each trace. The four broken fines at 2, 5, 7, and 11 set indicate time points at which pseudocolor images of the [Cal+], changes 
from rest in the arbor are shown in Figure 2A. 

1). The amplitude of the [Ca2+li change was markedly reduced 
when preparations were bathed in saline containing Co*+ and 
reduced Ca*+ (not shown). In Figure lC, we plot the change in 
AFIF as a function of time at each of seven locations along the 
left arbor (Fig. 1B) in response to a 5 set depolarizing pulse. 
Each trace shows the average change in WIFversus time within 
each of the correspondingly numbered boxes. Boxes l-3 are all 
from the spray of secondary and tertiary branches, and boxes 
4-7 are placed on the primary, unbranched process. 

In the spray, the [Ca*+li rose sharply and steadily in response 
to the depolarization and approached a plateau value within 
several seconds. Upon repolarization, [Ca2+li in the spray im- 
mediately began to decline. In the boxes positioned over the 
primary processes (boxes 4-7), the rise in [Ca2+li was consid- 
erably delayed, with a slower rise time than in the locations 
over the spray. Indeed, at the offset of the pulse the [Ca2+li at 
loci along the primary process actually continued to rise to a 
lingering peak instead of immediately declining as it did in the 
spray. These different time courses are emphasized by replotting 
these traces with normalized peak amplitudes (Fig. 1D). 

Figure 2A is a different presentation of the results from the 
same experiment where the emphasis is on the spatial distri- 
bution of the Ca*+ signal. Here [CaZ+li at each location is rep- 

resented by a AF/F value on a pseudocolor scale. The four 
images shown in this figure represent changes at 2, 5, 7, and 11 
set after the onset of the pulse. It is clear that the [Ca’+], initially 
rose at the tips of the arbor, stayed high there for the duration 
ofthe 5 set pulse, and only later rose at more upstream locations. 

The simplest interpretation of these observations is that de- 
polarization causes an influx of Ca*+ (Ross and Stuart, 1978; 
Stockbridge and Ross, 1984) into the arbor primarily at the 
transmitter release sites on the arbor’s tips. The Ca*+ then dif- 
fuses longitudinally within the arbor, resulting in a slower rise 
and fall of [Ca2+], in the primary process. Simulations of the 
dynamics of [Ca*+], assuming only entry at the tips and diffusion 
back along the primary process are consistent with this hypoth- 
esis (see Discussion). 

Time course of decline of the Fura-t signal. At the offset of 
the depolarizing pulse, the decline in the [Ca*+], at the tips of 
the arbor was quasi-exponential (Fig. 1C). The rate of fall did 
not vary with pulse length or pulse amplitude within a given 
experiment, consistent with removal of the Ca2+ by diffusion. 
However, the time taken to fall to two-thirds of the final value 
ranged from 1 to 2.3 set within the group of cells studied. Some 
of this variability may have been due to buffering by different 
concentrations of Fura- in the terminal (Baylor and Holling- 
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Figure 2. Pseudocolor images of [Cal+], distribution in the presynaptic arbor. A, Spatial profiles of the increase in [Ca2+ 1, from rest at four times 
(indicated by broken lines on Fig. 1D) during and after a 5 set depolarizing current pulse (data of Fig. 1 CJ). The scale of colors represents AF/F 
ranging from 0% (violet) at the bottom to 40% at the top (red). Each image shows the difference between the [Ca2+], level at the time indicated 
below the image and the level before the beginning of the pulse. B, Steady state distributions of [Ca2+], at four holding potentials in a different cell. 
Cell was held at each potential 2-3 min before measurement was made. Digital photograph (top) of a Fura-2-filled arbor and pseudocolor 
representations (four images below) of [Ca2+], were determined by the ratio method (see Materials and Methods) in this arbor at the four holding 



worth, 1988). The rate of fall was not altered in Na+ -free salines, 
suggesting that it was not significantly affected by a Na+/Caz+ 
exchanger. 

Steady state [Ca2+], gradients as a function of membrane po- 
tential. When the arbor was held depolarized for minutes, such 
as it would be during steady illumination, we observed stable 
gradients of [Ca2+], extending along the arbor well into the pri- 
mary process. Figure 2B shows a set of these gradients at four 
different membrane potentials. As the membrane potential was 
held at more depolarized values, the gradient of [Ca*+], became 
increasingly distinct. The threshold for the increase in [Ca*+], 
appears to lie between -73 mV and -55 mV in this cell. At 
the most negative potential, [Ca2+], was almost uniform 
throughout the terminal and axon and was calculated to be about 
100 nM (see Fig. 2 caption). Continuous depolarization increased 
this value into the several hundred nanomolar concentration 
range. 

Increase in fCa’+], during calcium action potentials. Previous 
evidence has indicated that Ca*+ channels are present not only 
at the tips of the photoreceptor arbors but also, at lower density, 
in nonsynaptic membrane (Edgington and Stuart, 1979). We 
tried to detect direct Ca*+ entry into the primary processes and 
axon with large current pulses. However, we could not normally 
elicit a large-enough depolarization to detect such a signal be- 
cause the membrane contains a rapidly activating, voltage-sen- 
sitive outward conductance. Blocking this conductance with te- 
traethylammonium ion (TEA) permits depolarizing current to 
elicit large and rapidly rising Ca2+ -dependent action potentials 
(Ross and Stuart, 1978). Figure 2C shows the spatial gradient 
of the Fura- signal at the peak of a Ca*+-dependent action 
potential evoked in saline containing 10 mM TEA. The [Ca2+], 
at the peak of this 80 msec action potential was greatest at the 
tips, but was also significant along the primary process and in 
the axon during this event. When the arbor was depolarized in 
the absence ofTEA, a comparable concentration was not achieved 
until 11 set after the onset of the pulse when CaZ+ had diffused 
upstream from the tips (Fig. 2A). 

The time course of the change in [Ca2+], during a Ca2+ action 
potential at selected locations along two different arbors is il- 
lustrated in Figure 3. Although the [Ca”], increase was fastest 
and greatest at the tips of each arbor (box l), fast [Ca2+], jumps 
were also detected in the primary branches and axon. This was 
not the case when the cell was simply depolarized with current 
(Fig. lB,D). To effect such an immediate increase in [Ca2+], , 
Ca2+ must have entered the primary processes directly during 
the action potential. 

The peak amplitudes of the [Ca2+], signals during the action 
potential were similar at different locations along the primary 
process (see traces 5 and 6 in Fig. 3B). Since the diameter of 
the primary process is relatively constant, this result suggests a 
uniform or slowly changing density of Ca2+ channels in the 
membrane of the process. A signal may be detected even in the 
axon above the bifurcation (Fig. 3B, trace 7), supporting the 
conclusion that Ca*+ channels are present in the axonal mem- 
brane (Edgington and Stuart, 1979). We also note that the Fura- 
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signals at loci along the primary processes either developed a 
hump after several seconds (Fig. 3B, traces 3 and 4) or were 
sustained (Fig. 3B, traces 5-7; E, trace 4), presumably reflecting 
the retrograde diffusion of Ca2+ into this region from the tips 
in addition to direct entry at that site during the action potential. 

The relationship between the Fura- signal and the undershoot 
of the Caz+-dependent action potential. To understand the re- 
lationship between [Ca2+], and the release of transmitter, it is 
necessary to know the [Ca2+],, and how it changes with time, 
at the precise position under the membrane where the molecules 
involved in this process are located. As a first step toward this 
exacting goal, we asked whether the time course of the mean 
[Ca2+], reflected in our optical measurements corresponds to 
that of the submembrane [Ca2+], as measured by the Ca2+- 
activated K+ conductance present in these arbors (Edgington 
and Stuart, 198 1). We assume that this conductance senses the 
[Ca2+], at the inner surface of the K+ channel but make no 
assumptions about the location of these channels with respect 
to the Ca2+ channels. 

The Ca2+-activated K+ conductance generates a prolonged 
undershoot following Ca2+ -dependent action potentials; we 
compared the time course of this undershoot with that of the 
Fura- signal recorded at the same time (Fig. 4). Undershoots 
and Fura- signals of increasing duration were generated by 
increasing the [TEA] (from 10 to 50 and then to 100 mM). 

During the undershoot, the membrane is hyperpolarized and 
the Ca2+ channels are closed. Therefore, there should not be 
punctate zones of high [Ca2+], at the mouths of the Ca2+ channels 
during this period. Furthermore, because of the slow time course 
of the afterhyperpolarization, we expect any local gradients set 
up under the membrane to have dissipated. Because the di- 
ameter of the processes on which the release sites are located is 
relatively small, radial equilibrium should also be achieved dur- 
ing this time (Stockbridge and Ross, 1984) and thus one might 
expect the bulk [Ca2+], to reflect submembrane [Ca2+]. 

In previous experiments, the undershoot had a time course 
similar to that of the change in arsenazo III absorbance mea- 
sured simultaneously (Stockbridge and Ross, 1984). Figure 4 
agrees with and extends these results. As the [TEA] was in- 
creased, the durations of the action potential and its undershoot 
(Fig. 4, bottom traces) and ofthe Fura- signal (Fig. 4, top traces) 
both increased. A comparison of the top and bottom traces of 
Figure 4 shows that there is an approximate, but not precise, 
correspondence between the time courses of the Fura- signals 
and the undershoots. The inaccuracy of the match might be due 
to several factors: the amplitude and time course of the under- 
shoot will not be proportional to the underlying conductance 
change as the voltage approaches the K+ equilibrium potential; 
the AFIF signal will not be linearly related to A[Ca2+], as the 
Fura- becomes saturated by Ca2+; the Hill coefficient for the 
Ca2+ -activated K+ channels might be greater than 1. Neverthe- 
less, these and the previous results using arsenazo III suggest 
that the average [Ca2+], in the terminals tracks to a first ap- 
proximation the concentration directly under the membrane 
where the Ca2+ -activated conductance is controlled. 

potentials indicated above each image. Each pixel in the image is a 5 x 5 pm2 array of elements, each 1 prn2. The color scale represents a [Ca2+] 
range from 0 nM to 780 nM. These values were calculated assuming a Kd of 450 nM (Blumenfeld et al., 1990). C, Pseudocolor representation of the 
[Ca2+], at the Peak of an action potential (AP; duration, 80 msec) elicited in 10 mM TEA in the preparation shown in A. Since the [Ca2+], rose to 
a higher value during the action potential than during step depolarizations, the color scale is different than in A, ranging from 0% AF/F at the 
bottom to 75% AF/F at the top. 
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Figure 3. Change in [Ca2+li in response to a calcium-dependent action potential generated in two different arbors. A and D, Digital photographs 
of Fura-2-filled arbors to show areas of optical recording corresponding to numbered traces. B and E, Change in the Fura- fluorescence at seven 
(f?) and four (E) locations along the arbors in response to an action potential. C and F, Intracellular recording of action potentials set up by 500 
msec (C) or 100 msec (F) pulses of depolarizing current in the presence of external TEA (10 mM). The vertical lines are stimulus artifacts. For E, 
five sweeps delivered at 20 set intervals were averaged for the voltage and optical recordings; B is from a single sweep. Note that in truce 3 of B 
the [Caz+], rose abruptly during the action potential even in the primary branch and continued to rise to a later peak as Ca*+ from the tips diffised 
retrogradely. A-C are from the same preparation as in Figure 1 and Figure 2, A and C. 
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Figure 4. Correspondence between the time course of the undershoot 
of the Ca*+-dependent action potential and the Fura- signal. Fura- 
signals (upper set oftraces) and voltage undershoots (lower set oftraces) 
were recorded from the terminal region of the same preparation super- 
fused with 10, 50, and 100 mM TEA (labels on traces). The three action 
potentials (depolarizing phase off scale) increased in duration with in- 
creasing [TEA], resulting in increasing CaZ+ entry and an undershoot 
of increasing duration. 

Threshold voltage for the increase in [Ca2+J,. We stepped the 
membrane potential from a holding value to determine the level 
where we could observe the smallest detectable change in the 
[Ca2+], (Fig. 5). In Figure 54, the membrane was depolarized 
to several levels from a holding potential below threshold (hold- 
ing potential was considered below threshold if hyperpolariza- 
tions from that value led to no change in the Fura- signal, i.e., 
no decrease in [Ca2+],). In the experiment shown in Figure 5A, 
both the large and the small voltage pulses evoked a change in 
the Fura- signal when the voltage reached about - 58 mV (f 5 
mV). Thresholds determined in this manner for two other cells 

were -60 mV (+-2 mV) and -57 mV (+-2 mV). 
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Figure 6. [Ca2+], responses to two summed pulses provide evidence 
for steady entry of Ca2+ during depolarization. The base Fura- signal 
was evoked by a 6 set depolarizing pulse (lowermost indicator trace), 
and a second signal was evoked by a 2 set test pulse of equal amplitude 
(upper indicator trace) added on the 6 set trace. The test pulse was 
delivered at 0 set (position of indicator truce), and then 1, 2, and 3 set 
(increasing delay represented by arrow) after the onset of the 6 set pulse. 
Responses to all four sets of stimuli are superimposed. The similar 
kinetics and amplitudes of the responses to each test pulse argue that 
there is no inactivation of the Ca*+ current during the 6 set pulse. 

When a cell was maintained depolarized above threshold for 
seconds to minutes, the end of the pulse led to a decrease in 
[Ca2+],. Figure 5B shows the [Ca2+], change at the offset of three 
sustained, depolarizing pulses, one well above (- 5 1 mV), one 
slightly above (- 58 mV), and one below threshold (- 68 mV). 
The agreement between threshold values determined at pulse 
onset and offset shows that there was no substantial change in 
threshold during the time that the cell was held depolarized. 

Figure 5. Threshold voltages for 
Fura- signals measured at the onset 
and offset-of depolarizing current puls- 
es. A, Changes in AFIF (above) during 
two voltage depolarizations caused by 
injected current pulses (below) of dif- 
ferent amplitudes. Broken lines indicate 
that the onset of the Ca2+ signal is - 58 
mV (+5 mV). B, Change in AFIF 
(above) at the offset of three prolonged 
(minutes) current pulses (below) that 
depolarized the cell to the values in- 
dicated above each trace (different cell). 
The smallest detectable change in the 

-... 

1 2 
Fura- signal occurred at the offset of 

Time (set) 
the pulse holding at -58 mV (middle 
truces). 
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Increases in [Ca2+], in response to two superimposed depolar- 
izing pulses. We delivered a 2 set (Fig. 6, top indicator trace) 
depolarizing test pulse to the arbor at various times (0, 1,2, and 
3 set) after it had been depolarized with a longer pulse. The rise 
time and peak amplitude of the Ca2+ signal (upper traces) in 
the tips of the arbor were the same in response to each test pulse 
regardless of when it was delivered. These results and the pre- 
ceding threshold measurements are consistent with observations 
that the macroscopic Ca2+ current in the terminals is noninac- 
tivating (Hayashi and Stuart, 1984, 1993). 

Discussion 

The experiments in this article address four issues: (1) the lo- 
cation of voltage-dependent calcium entry in the photoreceptor 
terminal region, (2) the properties of the CaZ+ channels respon- 
sible for this Ca2+ entry, (3) the mechanism by which Ca*+ is 
removed from the release sites following voltage-dependent en- 
try, and (4) the relationship between [Ca*+], and transmitter 
release at this synapse. 

Location of calcium entry. The spatial distribution of the volt- 
age-dependent Fura- transients confirmed the results of Stock- 
bridge and Ross (1984) that Ca2+ entry was predominantly at 
the tips of the terminal region. The higher resolution of the 
present experiments showed that the region of entry was pre- 
cisely located where the arbor divides into the processes con- 
tacting the second-order cells (Schnapp and Stuart, 1983). Thus, 
at this tonically releasing presynaptic terminal, Ca2+ channels 
are concentrated in the region of transmitter release as they are 
at the neuromuscular junction (Robitaille et al., 1990; Cohen 
et al., 199 1) or squid giant synapse (Augustine et al., 1989) where 
the presynaptic terminal is invaded by action potentials. Lo- 
calization of Ca2+ entry into the terminal region has also recently 
been reported for monkey cones (MacLcish and O’Brian, 1992). 

The spatial resolution of our technique was not adequate to 
determine if there is a punctate distribution of Ca2+ channels 
that might correspond to active zones (Robitaille et al., 1990; 
Cohen et al., 1991) nor do we know the spacing of the active 
zones along the arbor. At phasic synapses, the localization of 
Ca*+ channels at active zones is critical for rapid synaptic trans- 
mission. In particular, the measured delay of less than 200 lsec 
between the entry of Ca *+ and the postsynaptic response at the 
squid synapse requires that the Ca*+ channels be within microns 
of the release sites (Llinas et al., 1981). However, at the pho- 
toreceptor synapse, which ordinarily experiences changes in po- 
tential an order of magnitude slower, this close overlap of Ca*+ 
channels and release sites may not be necessary. Indeed, these 
experiments demonstrate that there are significant numbers of 
extrasynaptic CaZ+ channels, since clear, but small, Ca2+ tran- 
sients were detected upstream of the terminal region when a 
Ca*+ -dependent action potential was evoked. 

Properties of the Caz+ channels. We found that there was a 
clear threshold for Ca*+ entry near -60 mV, a value that did 
not change with prolonged depolarization (Fig. 5). This thresh- 
old potential is approximately the same as determined by volt- 
age-clamp experiments in the same preparation (Hayashi and 
Stuart, 1984, 1993). At the squid giant synapse, the threshold 
for presynaptic Ca2+ entry also is near -60 mV (Augustine et 
al., 1985). Small (2-3 mV) depolarizations from this value can 
cause transmitter release as long as these depolarizations are 
prolonged (Charlton and Atwood, 1977). Thus, with respect to 
threshold for Ca2+ entry, there may be no essential difference 
between the Ca2+ channels at the two kinds of synapses. How- 
ever, the presynaptic voltage at which a fast and large postsyn- 

aptic response is generated appears to be different in the two 
preparations. Step depolarizations of the barnacle photoreceptor 
terminals from -60 mV to only -50 mV evoke a saturating 
postsynaptic response (Hayashi et al., 1985), whereas at the 
squid synapse a significant postsynaptic current does not appear 
until the voltage is stepped to -40 mV (Augustine et al., 1985). 
This difference may be meaningful: a higher threshold at syn- 
apses invaded by action potentials would prevent small mem- 
brane potential fluctuations from evoking unwanted release of 
transmitter, whereas a lower threshold at the tonically releasing 
synapse would allow the transfer of small graded potentials close 
to the dark resting potential. 

These experiments also confirm previous observations that 
the Ca2+ channels in these terminals do not inactivate over a 
time course of seconds (Hayashi and Stuart, 1984, 1993). We 
found that CaZ+ continued to enter during maintained depolar- 
ization and that there was no change in the amplitude of the 
[Ca2+], transients for pulses coming at different times on top of 
a long depolarizing pulse (Fig. 6). Ca2+ channels in rods, cones, 
and hair cells (Corey et al., 1984; Barnes and Hille, 1989; Rob- 
erts et al., 1990) other nonspiking cells, also do not inactivate, 
but lack of inactivation has also been found at presynaptic ter- 
minals invaded by action potentials (Lindgren and Moore, 1989; 
Charlton and Augustine, 1990). 

Mechanism of Ca2+ removal. Several experiments indicate 
that following the entry of Ca*+ into the processes containing 
the release sites, the major removal mechanism is diffusion away 
from the terminals toward the axon. The time courses of the 
transients along the arbor are consistent with this mechanism. 
In the tips of the terminal, the [Ca2+], rises immediately follow- 
ing the onset of a depolarizing pulse and begins to decline im- 
mediately following its termination (Fig. 1). In the primary pro- 
cesses, however, [Ca2+], rises more slowly and with a delay 
following the start of the pulse. At the end of the pulse, [Ca2+], 
continues to rise at these extrasynaptic locations, with a later 
time to peak at greater distances from the tips. These qualitative 
observations are supported by a computer model of the terminal 
region (Fig. 7). This simulation used a version of the program 
CABLE, developed by M. Hines and J. W. Moore (Hines, 1989). 
In the model, we assumed that Ca2+ entered the terminal in a 
voltage-dependent manner and spread radially or axially by 
buffered diffusion. Dimensions were taken from typical terminal 
arbors. With reasonable adjustment of parameters (see Fig. 7 
caption), we found that we could qualitatively reproduce the 
time courses of [Caz+], in both the terminal and axonal regions. 
The model also generated a stable gradient of [Ca*+], in the cell 
at depolarized potentials when Ca*+ entered continuously into 
the terminal region (not illustrated). This gradient was similar 
to the one observed experimentally (Fig. 2). 

Further support for the importance of diffusion is that sup- 
pression of a possible Na+/Ca*+ exchanger by removal of [Na+], 
had no detectable effect on the removal rate. Ultimately, mem- 
brane-dependent mechanisms must be important in maintain- 
ing [Ca2+], homeostasis in the cell. However, they probably work 
by removing Ca2+ over a large area of cell membrane rather 
than pumping it out only through the membrane in the region 
where it entered. 

(Ca2+J and transmitter release. The results of these experi- 
ments bear on the effort to determine the relationship between 
[Ca2+], at the release sites and the postsynaptic response. Our 
time-dependent and steady-state Fura- measurements suggest 
that the mean [Ca2+], in the terminal region increases smoothly 
from resting levels around 100 nM to values below 1 FM at 
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Figure 7. Model of Ca2+ diffusion through the photoreceptor arbor. Top, Diagram of the modeled terminal. The morphology of the terminal is 
represented by a series of eight cylindrical compartments connected end to end. The four leftmost segments (I-4) are each 2 pm in diameter and 
5 pm long and represent the tips of the photoreceptor arbor. Segments 5 (8 x 10 pm), 6 (10 x 20 wm), and 7 (15 x 20 pm) represent the secondary 
and primary photoreceptor processes by a transition in diameter from the 2-pm-diameter tips to the 15-pm-diameter axon. Segment 8 (15 x 180 
Mm) represents only the proximal end of a normally lo-mm-long photoreceptor axon. The diameters and lengths of the sections were based on 
data from electron microscopy (Schnapp and Stuart, 1983) and from images of the Fura-2-filled terminals in these experiments and procion yellow- 
filled terminals (Hudspeth and Stuart, 1977; Stockbridge and Ross, 1984). Each of the segments contained Hodgkin-Huxley-type K+ channels and 
calcium-activated K+ channels but no Na+ channels (Hudspeth et al., 1977). Noninactivating Ca 2+ channels were placed in only the four 2-pm- 
diameter tip segments. No pumps or Na+/Ca*+ exchange was introduced into any of the segments. Longitudinal Ca2+ diffusion was allowed between 
adjacent sections; thus, [Ca2+], increases in segments 5-8 are from diffusion of Ca*+ away from the tip segments. The calcium diffusion model 
provided with CABLE (Hines, 1989) was used with the ratio of bound to free calcium (6) set to 100. Bottom, [Ca2+], in individual segments. [Ca*+], 
is shown for two of the four tip segments and for segments 5-8. Numbers above each trace correspond to the numbers in the diagram above. 
During a 5 set depolarizing current pulse to segment 8, there was a rapid rise in [Ca*+], in the tip sections (I, 3) where Ca*+ directly entered the 
cell. The [Caz+], there neared a plateau and abruptly fell at the end of the pulse. In each of the remaining segments, where [W+], accumulation 
was due to diffusion, the [Ca*+], rise was delayed, was slower, and reached a lower level than in the tips. [Ca2+], continued to rise due to diffusion 
in segments 5-7, for a short period at the end of the pulse before it declined. 

depolarized potentials that occur during steady illumination of 
the photoreceptor. Also, the experiments of Hayashi et al. (1985) 
show that the postsynaptic response begins at about the same 
presynaptic membrane potential that, in the present experi- 
ments, is the threshold for Ca2+ entry. Together, these data 
indicate that a mean [Ca2+], in the submicromolar range can 
cause significant transmitter release. What is not clear is whether 
the mean concentration also represents the concentration at the 
release sites. Both the short time for radial Ca2+ diffusion to 
reach equilibrium (Stockbridge and Ross, 1984) and the cor- 
respondence between the time course of the CaZ+ spike under- 
shoot and the time course of the associated Ca*+ transients (Fig. 
4) suggest that the mean [Ca2+], in the volume of the terminal 
is close to the average [Ca2+], just under the membrane. How- 
ever, it is possible that there are zones of very high [Ca2+], near 
the mouth of Ca*+ channels and the Ca*+-sensitive sites trig- 
gering release are localized to these zones, as has been suggested 
for the neuromuscular junction (Robitaille et al., 1990), squid 

synapse (Adler et al., 1991), and hair cell synapse (Roberts et 
al., 1990). In this case, the mean [Ca2+], will not indicate the 
concentration affecting release (Swandulla et al., 199 1). The syn- 
apses mentioned above, however, are all synapses where trans- 
mitter release tracks rapid presynaptic voltage changes. The 
slower kinetics of this photoreceptor synapse frees the release 
sites from the requirement of close proximity to the Ca2+ chan- 
nels. Consequently, it may be possible to position a greater 
number of vesicles in the docking area to subserve the contin- 
uous release of transmitter. However, until this spatial rela- 
tionship is determined we cannot draw strong conclusions about 
the [Ca2+], needed for transmitter release. 
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