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Embryonic anterior pagoda (AP) neurons in the leech interact
with their segmental
homologs
in adjacent ganglia through
transient
axons that overlap during a critical period of development
and then retract. However, when an AP neuron is
ablated mechanically
or by irradiation
during this period, an
adjacent homolog responds by reinitiating
growth of its overlapped axon and thereby taking over vacated territory (Gao
and Macagno,
1987b; Gao, 1989). The death of an AP cell
is therefore
communicated
to its homolog, but the mechanism underlying
this signaling
is presently
unknown.
Since it was recently found that AP homologs
are electrically and dye coupled
through their transient
axons (Wolsoon et al., 1994), we investigated
the possibility
that gap
junctions
may mediate the cell death signal that could occur
between
developing
neurons. Among several candidate
intercellular
signals, we began by studying calcium dynamics
in embryonic
AP cells, in situ, since calcium is known to
cross gap junctions
and is implicated
in cell death in many
systems. We found that elements that usually increase [Ca2+li
in adult neurons, such as releasable
internal stores or voltage-dependent
calcium channels,
were not present at the
critical period. Instead, mechanisms
that reduce free calcium, such as buffering and pumping, were the most robust.
When a large, focal calcium rise was produced in an AP axon
by making a lesion with a UV microbeam
(leading to eventual
death of these neurons), calcium did not rise quickly throughout the cell, but rather moved in a slow (0.05-0.25
rm/sec)
wave front away from the lesion site, into other processes
of the damaged cell. Furthermore,
when a calcium wave front
reached the growth cone of a transient axon, it crossed at
the gap junctions
into the coupled axon of the neighboring
AP neuron, but went no further. Since it is known that an AP
responds
to a neighbor’s
death by reinitiating
growth only
in that axon that contacts the dying cell (Gao and Macagno,
1987b; Gao, 1989), these observations
are consistent
with
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Although much is now known about cell death during the development of the nervous system (reviewed in Oppenheim et
al., 1992), one of the most important but least understood aspects is how death of a neuron affects the cells in contact with
it. Whether neuronal death occursnaturally or by experimental
means, adjacent cells can change their differentiation or fate
radically in responseto loss of a nearby neighbor. A key step
in understandingthis processis to discover how a dying neuron
communicatesits death to the cells around it, a necessaryprelude to any cellular response.We addressthat issuehere, using
the developing, intact leech as a model system.
Recent work in our laboratory has focused on the development of segmentallyiterated leech neuronscalled the “anterior
pagoda” (AP) cells, found as bilateral pairs in 20 of the 21
segmentalganglia of the CNS. Their function is unknown, but
their distributed innervation of the body wall suggestsa role in
modulation of sensoryinput (W. B. Gan, H. Wang, and E. R.
Macagno, unpublished observations). These neurons usea developmental strategy that is commonly employed in many vertebrate and invertebrate systemsto ensurecomplete target innervation, in that they initially extend more axons than they
will retain in the adult. Therefore, embryonic APs that lie on
the sameside of the animal, but in adjacent ganglia, extend
transient longitudinal axons toward each other that overlap extensively (Fig. lA, left). These transient axons interact for a
critical period of 5-8 d, inhibiting eachother’s further outgrowth
by an asyet unknown mechanism,until they finally retract (Fig.
1.4, center; Gao and Macagno, 1987b). Other developing leech
neurons exhibit a similar behavior (Gao and Macagno, 1987a;
McGlade-McCulloh and Muller, 1989).
Interestingly, the function ofthe transientAP projectionsseems
to be to seekout neighboring AP cells, in order to determine
how much territory to innervate. Gao and Macagno found that
killing one AP cell in an intact embryo, either by manual decapitation or by photoablation (Miller and Selverston, 1979)
results in a coupled (previously inhibited) axon reinitiating
growth. Only the particular axon that contacts the dying cell
actually respondsto the “distress” signal sent by the AP. The
axon beginsto take over vacated territory within lo-12 hr (Fig.
lA, right) and is maintained through adulthood (Gao and Macagno, 1987b;Gao, 1989).How doesthis coupledAP axon learn
of its neighbor s death?
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Figure I. A, Schematic diagrams of AP cells in the leech Hirudo medicinalis under normal and experimental conditions. Left, Two adjacent AP
cells at ElO-E14. The APs are found as bilateral pairs in 20 of the 21 midbody ganglia (MG) of the CNS. Each AP’s primary neurite crosses the
midline within the ganglion and branches, sending two axons out the contralateral roots, and one projection partway into each of the anterior and
posterior contralateral connective nerves (a mirror-image AP homolog resides on the opposite side of each ganglion but only its soma is illustrated,
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Since it was recently found that transient AP axons communicate with each other via gap junctions
(Wolszon et al.,
1994) we can ask whether a dying neuron signals its death to
its neighbor via the gap junctions that connect them. Such a
mechanism
would have the advantage of ensuring that only
particular cells (or parts of a cell) would respond to that death.

There are severaldeveloping systemsin which it is thought that
gap junctions allow the passageof molecular signalsbetween
cells, including chick (Allen et al., 1990), Hydra (Fraser et al.,
1987), Xenopus (Warner et al., 1984) and mouse(Lee et al.,
1987; Bevilacqua et al., 1989) embryos (reviewed in Warner,
1992). In the Duphnia visual system,pioneer axons form transient gap junctions

with undifferentiated

neural precursors

near

the midplane (LoPresti et al., 1974), and it was suggested that
a molecular signalmight crossthe junctions to initiate neuronal
differentiation. Gap junctional signalingwasalsopostulated for
developing grasshopperpioneer neurons studied in situ, which
dye-couple to “guidepost” neurons in the CNS and in the periphery (Taghert et al., 1982); studies using the calcium indicator
fura- suggestthat calcium levels in theseaxonscan changeafter
coupling to guidepost cells (Bentley et al., 1991). However, in
no caseis the identity of any molecular or ionic signalactually
known, and further, the question of whether gapjunctions can
mediate the communication of cell death during development
has not been addressed,to our knowledge.
There are several potential

signaling

molecules

that can cross

gapjunctions. These include calcium, nucleotides,CAMP, and
Ins[ 1,4,5]P, (discussedin Saezet al., 1989). While our eventual
goal is to test several of these candidates, we began by investigating the passageof calcium betweendeveloping AP neurons,
usingthe sameablation conditions asin previous developmental
studies (Gao and Macagno, 1987b; Gao, 1989). Calcium has
the practical advantageof there beingreliable calcium indicators
available for its measurement.More importantly, calcium has
been implicated in cell death in several neuronal and non-neuronal systems(reviewed in Choi, 1992).
Materials and Methods
Leech embryos were obtained from our laboratory colony of Hirudo
medicinalis. Their maintenance and staging were as described in Gao
and Macagno (1987a), except that they were kept at a constant temperature of 23°C. Embryogenesis lasts 30 d at this temperature. Although
many neurons begin extending axons on or before E7, we found that
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El l-El 2 were the youngest ages at which neurons could be clearly
identified and impaled without significant damage.
General dissection techniques. Embryos were anesthetized by im-

mersingthemin cold (4”(Z),sterile,dilute InstantOceansolution(0.5
gm/liter; Menasha Corporation) for 10 min. The cryptolarval membrane
(yolk sac) was split along the anterior-posterior
axis with fine forceps
to remove the yolk, after which the embryo was transferred to sterile
Wenning’s saline [40 mM Dr.-malic acid (Sigma; free acid form, neutralized to pH 7.0 with NaOH), 4 mM KCl, 10 mM disodium succinic
acid (Sigma), 10 mM Tris-base, 1.8 mM CaCl,, and pH adjusted to 7.4
with NaOH; Wenning, 19871 on a Sylgard-coated (Dow-Coming) microscope slide. The embryo was pinned to the slide, ventral side up,
using 001 tungsten pins (American Wire Industries), stretching the elastic membrane along the longitudinal and lateral axes in order to minimize movement during filling. An incision was then made in the body
wall over 4-10 adjacent midbody ganglia using a sharpened tungsten
pin, and any remaining blood sinus cleared from the surface of the
ganglia (Fig. 1B).
Injection offura-2. The preparation was transferred to an electrophysiological recording rig into which was incorporated a microscope
with a 40x water-immersion lens and epifluorescence optics. To accommodate the 1.7 mm working distance of this objective, electrode
tips were bent to a 45” angle, using a heated nichrome wire.
Electrodes were backfilled first with 30 mM fura- (pentapotassium
salt; Molecular Probes) in dH,O and then with 0.1 M KCl. Good cell
fills were obtained with l-l.25 nA of negative current (200 msec at 2
Hz) for l-2 min; higher currents of 1.5-5 nA or longer injection times
of 3-6 min did not improve the quality of the fills, and sometimes
resulted in damage to the neurons. A new electrode was used for each
subsequent injection. Care was taken to ensure that the dye in the
electrode and in the cell was not exposed to UV or blue light, which
bleach the dye (Becker and Fay, 1987).
Injected cells were allowed to stabilize for at least 30 min before
measuring fura- fluorescence. We found that washing the preparation
with cold saline every 5-10 min prolonged the health of the neurons.
Preparation of the embryofor imaging. To use an inverted microscope
with a 100 x short-working-distance
objective for imaging growth cones
in situ, we developed a preparation that allowed us to view the intact
nervous system dorsal side down through a thin (thickness 0) coverslip
(Fig. 1C). After filling neurons with fura-2, the embryo was unpinned
and then repinned dorsal side up in room temperature Wenning’s saline
with 7% EtOH (colder temperatures produced muscle contractions). The
endoderm was then removed from the dorsal surface by teasing gently
with fine forceps since the underlying tissue sticks well to coated glass.
The three most anterior and posterior segments (of 21) were then removed to prevent excessive contractions when mounting and imaging
the embryo. The pinswereagainremovedandthe preparationtransferred to a plastic dish whose bottom had been replaced with an affixed
polylysine-coated coverslip, and which contained room-temperature
Wenning’s saline with 7% EtOH. The embryo was stretched slightly and

then placedventral sideup on the surfaceof the glass(Fig. 1C). The
nervous system was particularly

adherent and did not move once it

t
for clarity). The longitudinal projections from adjacent AP cells therefore overlap and interact with each other within the connective nerve, beginning
on or before ElO. It should be noted here that although we sometimes refer to a longitudinal projection as an “axon,” each projection generall;
consists of two or three axons that grow along parallel paths in one connective nerve (Gao, 1989). Each of these axons has a growth cone and
interacts with one or more axons from the longitudinal projection of the neighboring AP homolog. Middle, At E 15-E18, the longitudinal projections
begin to retract and finally disappear, although the lateral root projections persist into adulthood and innervate the periphery, where they divide
up territory with APsfrom adjacentganglia.Right, When an AP cell is killed (x) during the period that its longitudinal axons are overlapping with
those of its neighbors, the neighboring APs respond to its death. Instead of retracting their own longitudinal projections, they reinitiate growth,
only in those axons facing the dying cell, finally taking over territory vacated by the killed cell (Gao and Macagno, 1987b; Gao, 1989). B and C,
Dark-field photomicrographs of Hirudo medicinalis embryos at El 1. The cryptolarval membrane was opened along the dorsal midline to remove
the yolk it envelops, and then the embryo was flattened by pinning it to a Sylgard dish (see Materials and Methods). Anterior is toward the top,
and the ventral surface faces the viewer. B, The cryptolarval membrane (CM, arrow) was stretched with tungsten pins to minimize movement of
the germinal plate (GP), the left edge of which is indicated by the arrowhead. The chainof 21 segmental
gangliais visiblethroughthe body wall,
but a length of the body wall was opened above the CNS to allow better visibility and electrode penetration for the fura- dye fills. Seven ganglia
were exposed in this preparation. The head (H) and tail (7) suckers are already being formed at this age. Development proceeds in an anterior-toposterior direction, the germinal plate widening and elongating until it completely surrounds the yolk sac and zippers along the dorsal midline. C,
A higher-power view of the embryo in B, after trimming and transfer to a polylysine-coated coverslip, used for fura- imaging (see Materials and
Methods). The position of midbody ganglion 10 (MGIO) is indicated by the arrowhead. Individual ganglia are connected to each other via a pair
of connective nerves (C/V, arrow), which contain the axonal projections from the AP cells imaged for these experiments. The ganglia are also
connected to the periphery via two pairs of lateral root nerves that are obscured here by the body wall. Note the transparency of the CNS, and
that even at this magnification, one can begin to distinguish individual somata. Scale bar: 350 pm for B, 75 pm for C.
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made contact with the coverslip. The dish was then transferred to a
Zeiss KM405 inverted microscope and individual ganglia of the embryonic CNS were located using Nomarski optics and a 20x Nikon
Fluor objective.
Calciumquantificationusingfura-2.Imaging was carried out at room
temperature as described in Bentley et al. (1991), except that we used
30 mM fura- and a 100x Zeiss NeoFluar oil-immersion objective.
Fluorescence images were acquired with a Quantex imaging system
(QX7-210, Quantex, Santa Clara, CA) and a Quantex intensified CCD
camera. Measurements were made of emission intensities, using a 495
nm long-pass emission filter, when light of 350 + 10 nm (fura- bound
to calcium) or 380 + 10 nm (fura- free of calcium) excited the dye;
these values are reported as A350:A38,,ratios. Using these ratios, intracellular Ca*+ concentrations were estimated from the equation
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In order to provide the reader with a general idea of the [Ca2+], reflected
in these ratios, absolute calcium levels, derived from the above equation,
are occasionally provided with the ratioed values.
To compare identical experiments, changes in ratios are expressed as
percentagechangecompared
to pretreatment values, with starting values
being provided in the figure legends. It should be noted here that the
percentagechangein a ratio will often appear much smaller than the
equivalent percentage
change in [Ca2+],, as there is a nonlinear relationship between these parameters.
Manipulationof intracellularcalciumlevels.In some neurons we damaged the cell membrane to allow calcium influx from the bath (Guthrie
et al., 199 1). For these “zaps” we removed all input filters and focused
the UV beam to a IO-pm-diameter spot that was then directed at the
process. This procedure did not compromise the sensitivity of furain the areas not directly exposed to the UV beam, since the raw (nonratioed) fluorescence of the dye was unchanged. The best zaps were
those in which the local [Cal+], immediately rose to high values (several
times above baseline levels) while other parts of the cell remained normal. This usually occurred after irradiating for 30 set, although it could
sometimes be achieved with zaps of 10 sec. Zaps of longer than 1 min
usually irreversibly damaged the neurons.
For those experiments in which we observed small or no increases
in [Ca2+], , we verified the integrity of the fura- dye at the end of each
experiment by either zapping the cells or by applying ionophore. Large
increases in the A,so:A,so
ratios in response to these treatments indicated
that the fura- was functioning properly. As controls for [Ca2+], increases
caused by experimental manipulations, we also monitored untreated,
fura-2-filled cells in the same embryo to ensure that increases in ratios
were not due to a general deterioration of the preparation.

Results
Calcium homeostasisin developingAP neurons-a highly
stabilized system
Restingcalcium distribution. Calcium measurements were made

on those parts of AP cells that could be easily and repeatedly
identified: the soma, the primary neurite. the neuropilar
fork
(near the sites of synaptic contact within the ganglion), the lateral
roots, and the anterior and posterior growth cones. We found
that calcium was distributed
homogeneously
within these neurons under resting conditions, as illustrated in Table 1. The only
part of the cell that was statistically different from the others
was the soma (significant values indicated by an asterisk; P <
0.0 1, ANOVA),
the site of dye injection, which may have been
damaged slightly in some experiments by the fura- injections.
This was not the case for the cell of Figure 2A, however, in
W+l = KD KR - LoWmax - @I * (F,IF,)
which the resting levels of [Caz+], in various parts of one AP
(Grynkiewicz et al., 1985) after calibrating the system using known
neuron are illustrated. Although these images were taken in the
amounts of Ca2+. For our calibration conditions, KD(the dissociation
constant of fura- under these conditions) = 224 nM, R,,, (the A350:A38,, intact CNS within the embryo, most features of the neuron were
ratio at saturating [Cal+],) = 13.87, R,,, (the ratio at zero Ca) = 0.7,
clearly discernible and well focused (a Lucifer yellow fill of an
and (F,/F,) (the A,,, value of zero Ca divided by that of a saturating
AP in a dissected and cleared embryonic ganglion is shown in
[Ca*+] ) = 15.79.
the inset for comparison).
Due’to differences occurring when calibrating in a test tube compared
Embryonic AP neuronsdo not have detectablevoltage-depenwith calibrating in situ,we used the A350:A38,,
ratios in order to quantify
changes in [Ca*+], instead of reporting absolute calcium concentrations.
dent calcium signalsat Eli-E12. One way by which neurons
l

t

Figure2. The production of a calcium wave. A, Resting levels of [Cal+], are indicated by levels of fura- fluorescence in an El 1 AP neuron. The
figure is a composite of several images taken of the soma, primary neurite, neuropilar fork, lateral roots, and anterior and posterior growth cones.
Resting calcium levels are about 80 nM and are equivalent for various parts of the cell (see text). The insetis a Lucifer yellow fill of part of an El 1
neuron to allow comparison with the fura- images. The arrowindicates the location of the zap that produced the calcium wave in the panel below.
Anterior is to the right. B, Images of the neuropilar fork taken before (0) and at various times after zapping the posterior lateral root at the site
indicated in A. Note how the calcium wave front gradually moved into the neuropil from the periphery: at 23’ it progressed so far that the frame
had to be shifted to the right in order to follow it. The wave front continued to move until 3.5: at which time the solution was changed to one
containing no added calcium but 1.8 mM magnesium. Within 5’, the wave front receded until at 21’ the neuropil returned to nearly baseline values.
The color scale refers to pseudocolor images and gives calculated calcium nanomolar concentrations. Scale bar, 10 pm for the fura- images. C, A
plot of the changes in the fluorescence ratio (as percentage) versus time for the experiment illustrated in B. Ratios were fairly constant until after
the zap, which produced larger increases in those parts of the cell closer to the lesion. Starting ratios: 0.91 (equivalent to 57 nM Ca2+; positionA),
0.90 (55 nM Ca2+; B), and 0.86 (44 nM CaZ+; C). D, Decapitation also produced a calcium gradient by allowing a transient influx from the bath,
followed by resealing of the membrane. Note again that sites closer to the (missing) soma had the largest increases. Starting ratios: 1.16 (equivalent
to 128 nM Ca*+; A), 1.23 (149 nM Ca*+; B), 1.17 (132 nM Ca*+; C), 1.17 (132 nM Ca*+; D), and 1.20 (139 nM Ca2+; E).
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Resting

Location
Soma
Prim. neurite
Fork
Ant. root
Post. root
Ant. GC
Post. GC

calcium

n
68

13
71

13
22

61
57

Wave

Fronts

Cross

levels within

Developing

Gap Junctions

AP cells

(mean + SD)

[Caz+], (nM)
(mean & SD)

1.241*
0.982
1.032
0.942
0.987

156.9*
77.9
92.8
66.6
19.2

Aa,, : Am

k
+
+
k
k

0.465
0.142
0.237
0.154
0.158

0.941 * 0.139
0.956

in situ

t 0.167

66.3
70.8

k

147.3

k 40.1
+ 73.8
f 42.8
i 44.9
i. 39.2
+ 48.4

Values are given as both ratios and absolute calcium concentrations,
the former
being more reliable due to calibration considerations (see Materials and Methods).
Ant., anterior; post., posterior; GC, growth cone
* Statistical significance (p < 0.01, ANOVA).

can elevate [CaZ+], is by generating currents through voltagesensitive calcium channels. To determine whether AP cells can
respond to depolarization with an increase in [Ca*+], , we applied
medium with elevated KC1 to the preparation while monitoring
ratioed images of fura- fluorescence. A 1O-fold increase in potassium (20 mM KCl) did not cause detectable increases in [Ca2+],,
and even 50 mM KC1 had little or no effect: in all 10 experiments
in which calcium levels were measured from 20 set to tens of
minutes after application of 50 mM KCl, fura- ratios increased
by 6% or less and remained at those levels for the duration of
the experiment. Similarly, prehyperpolarization of the cells with
zero-KC1 solution (n = 2) did not result in an increase in [Ca*+];
upon switching to 50 mM KCl. Calcium distributions remained
uniform throughout the neurons and did not change significantly
upon returning to normal saline.
To verify that AP cells can be depolarized by 50 mM KCl,
electrophysiological recordings were made under identical conditions (n = 3) and in all cases the cells were rapidly and reversibly depolarized to -2.7 f 5.1 mV from their normal resting level of -20 + 4.7 mV (mean ? SD).
The lack of a detectable voltage-dependent calcium signal was
not a characteristic unique to the AP cells, as three sensory (“N”)
neurons were also tested for their responsiveness to depolarization and their calcium levels were found to be insensitive to 50
mM KC1 as well.
Embryonic AP cells contain negligible releasable pools of calcium. Calcium signals in many systems can be propagated or
enhanced by a regenerative release of calcium from internal
stores (see Discussion). To determine whether such stores exist
in these embryonic neurons, we tested whether caffeine, an activator of one of the most prominent stores (e.g., Bandtlow et
al., 1993) and 4-Br-A23 187, an ionophore that causes calcium
flux across all types of cell membranes (Deber et al., 1985)
could elevate [Ca*+], in AP neurons. In three experiments in
which caffeine was applied at 25 mM, 37.5 mM, and 50 mM
concentrations while monitoring [Caz+], in AP cells, no increase
in [CaZ+], was seen. To test for the generality of this finding,
caffeine was applied to another neuron, the HAL cell (Stewart
et al., 199 l), and this neuron was also unaffected. We conclude
that there are no detectable caffeine-sensitive calcium stores in
these neurons at this stage of development. The results employing the calcium ionophore 4-Br-A23 187, which is incorporated into the plasma membrane (permitting influx from the
extracellular medium) as well as into intracellular organelles
(Deber et al., 1985) depended on which part of the cell was

measured. When we tested high concentrations (1.5-3 FM) of
this agent in normal (1.8 mM Ca2+ ) saline (n = 3) the ratios
taken from the soma rose an average of 134 f 146 (&SD)
percentage within about 12 min, whereas those in the processes
of the cell, such as the neuropil and growth cones, rose much
more (526 + 212%). Therefore, it appeared at first glance that
the soma had a greater ability to buffer large rises in [Ca”], than
did the small processes. However, since processes have higher
surface:volume ratios than the somata, more ionophore per unit
volume would be inserted into their membranes, causing higher
calcium concentrations. Indeed, when the same tests were done
after applying zero-Ca saline to the preparation (n = 2) thereby
nearly eliminating calcium influx from the bath, the increases
in the somata were comparable (112% and 16%) whereas there
was no increase (zero and 3%) in the processes. Taken together,
these results suggest that there are no significant calcium stores
in the AP axons and growth cones at this stage of development
(El l), and those that exist in the soma are very weak.
Generation of a slow calcium wave front within embryonic
neurons. Since we wished to determine whether calcium could
act as a signal of cell death, the next series of experiments was
designed to test whether cell ablation conditions (of either mechanical or photoablation) could generate such a signal in situ.
To this end, we adjusted a UV microbeam to a diameter of
approximately 10 km and focused it on a particular region of a
fura-2-filled cell. We then irradiated (“zapped”) the neuron with
this narrow beam for 30 set, allowing a calcium influx through
the damaged membrane; the movement of calcium from that
site was then monitored. In spite of the strong intracellular
calcium buffering, this influx initiated an internal calcium wave
front that progressively invaded other parts of the cell (n = 3 1
of 37 experiments). Figure 2 illustrates one such experiment, in
which the posterior root was zapped at the point indicated by
the arrow in A. Images taken of the neuropilar fork (Fig. 2B)
show the entry of calcium into this region and the progression
of the calcium wave front. When the preparation was then
changed into medium containing no calcium and 1.8 mM magnesium, the elevated [Ca*+], dissipated quickly. A graph of these
data is shown in Figure 2C, in which fura- ratios are plotted
as a function of time; in parts of the neuropil the ratio rose as
high as 225% of control within 25 min of the zap.
We next tested whether a calcium wave front could be generated by mechanically severing the soma from the rest of the
cell, the first method of cell ablation used by Gao and Macagno
(1987a,b) to demonstrate the reinitiation of growth by a stopped
axon. As seen in Figure 20, within minutes of decapitation, a
calcium wave front from the “neck” of the axon moved into
the primary neurite and progressed into the neuropilar fork. The
stump of the axon resealed relatively quickly, preventing protracted calcium entry, since [Ca2+], peaked and then began to
decline. Notice the progression of the wave front, in that the
anterior root (position E) rose slightly sooner than did the second
bifurcation of the fork (position C). The results of these experiments are consistent with the idea that a calcium transient
resulting from decapitation of an AP neuron might be involved
in signaling its death to neighboring APs.
Wave fronts typically advanced at a rate of 0.05-0.25 pm/
set, much slower than can be accounted for by unhindered
diffusion, suggesting that there is considerable calcium buffering
and/or pumping in these cells (see Discussion). Indeed, in the
remaining 6 of the 37 experiments, we observed a standing wave
front with no movement of the calcium gradient through the
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cell. We interpret this finding as reflecting a balance between
the amount of calcium that entered before membrane resealing,
and the amount buffered dr extruded by the cell.
Initiation of the wavefront requires extracellular calcium. Since
there were no significant internal calcium stores or detectable
voltage-dependent calcium signals, we next tested whether the
generation of the calcium wave front was dependent on calcium
influx from the extracellular medium. To this end, AP cells were
zapped in medium in which calcium was replaced with magnesium and to which 1 mM EGTA was added. The zaps produced no significant change in the ratio until the preparations
were put back into normal medium (n = 3 of 3), indicating that
the initiation of the wave front is indeed dependent on calcium

-Soma
-Neuropil
-Ant
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GC
GC

influx.

Bathing the preparation in medium containing no calcium
causeda uniform decline in [Ca*+], throughout the cells (as in
the experiment of Fig. 2A-C), even when the neuronswere not
zapped. In six experiments, the ratios decreased15.2 f 4.2%
(mean f SD) within 9-21 min, and in five more experiments,
ratios dropped 17.4 + 9.9% within 35 min. An exampleis shown
in Figure 3, in which an AP cell wasplaced in zero-Ca medium
while fura- fluorescencewas monitored. Notice the gradual
decreasein the ratio with time, until the preparation was returned to normal medium. Subsequentaddition of 3 FM 4-BrA23 187 to the medium (as in Fig. 3) indicated clearly that the
decreasein fura- ratios in zero Ca was not due to compromise
of the indicator.
Calcium signalspassbetweentransiently coupledneurons
The next seriesof experiments focused on the pivotal issueof
whether a calcium wave front initiated by photoablation, which
is known to alter AP cell morphology (Gao, 1989), could pass
from the damagedAP to its neighbor. To addressthis question,
we filled two adjacent AP cells with fura- (n = 6), or, instead,
filled one with fura- and one with rhodamine dextran-amine
(RDA, n = 1). One of the two cells was then zapped in order
to generatea calcium wave front, and the progressof this wave
front was monitored (except in the caseof the RDA-filled cell),
paying particular attention to the [Ca2+liin the growth cone of
the neighboring AP. We found that in six of seven cases,the
calcium wave front did, indeed, crossinto the neighboring cell.
In the experiment illustrated in Figure 4A, both AP cellswere
filled with fura-2. Their resting [Ca*+], wasnormal, though not
identical, before the zap (time = T,). In order to generatea wave
front, the posterior AP neuron waszappedat the primary neurite
within the neuropil, as indicated in the schematicdiagram on
the left. Fura- fluorescenceimageson the right show how the
calcium wave front resulting from this zap moved anteriorly,
toward the neighboring AP cell. By 130 min after the zap, the
wave front not only crossedinto the neighbor’sprojection (referred to here as the “receiver”), but had advanced almost to
the margin of the next ganglion, where it stopped. Note how
the rightmost of the receiver’s two processes
near the ganglionic
margin had more calcium transferred to it than the other, suggestingthat the signalingmay have been stronger at this junction.

Another example of a wave front transfer between adjacent
AP homologs is shown graphically in Figure 4B, in which the
increasesin fura- ratios are plotted as a function of time for
different locations within the connective nerve; this is our most
robust example of calcium transfer. The wave front gradually

t

t

0 WEGTA

t

Normal

A231

07
I

-20
-10

0

10

20

30

Time

40

50

60

70

80

(min)

Figure3. The effect of zero Ca plus 1 mM EGTA on fluorescence ratios.
Zero Ca caused a gradual decrease in ratios until the preparation was
returned to normal saline. Before complete recovery, the integrity of
the fura- was measured by adding 3 PM 4-Br-A23 187 to the solution.
Values went so high as to be off the scale for these axes. The final
percentage increases in the ratios are indicated next to each plot, with
the corresponding time in parentheses; for example, the posterior growth
cone (diamonds)
rose 733% at the 7 1 min time point (8 min after A23 187
application); this corresponds to a percentage increase in [Ca*+], of over
5300%. Starting values: 0.96 (equivalent to 71 nM Ca2+; soma), 1.03
(91 nM Ca*+; neuropil),0.89 (52 nM Ca”; anteriorgrowthcone),and
0.91 (57 nM Ca*+; posteriorgrowthcone).

progressedfrom one cell to the other, again stopping before it
reachedthe next ganglion.
Transfer of the wave front between neurons could occur in
either direction, from anterior to posterior or vice versa, depending on which homolog was zapped, and could also occur
when the zapped cell was filled with RDA.
In all six positive cases,the increasesin [Ca2+],in the receiver
were confined to the processesthat contacted the dying cells,
never entering even the neuropil or lateral roots, for the duration
of the experiments (about 3 hr). This observation may be important in that Gao and Macagno (1987b; Gao, 1989) found
that only one of the neighboring cell’s growth conesresumed
growth when an AP was killed, namely, the one touching the
dying cell, and is in agreementwith other observationsreported
here that calcium homeostasisis strong in theseneurons.
The extent and time courseof calcium transfer varied significantly for some experiments. This did not appear to be correlated with the amount of calcium that entered after the zap,
but could have been due to differing abilities of individual cells
to control [Ca2+li, or to differences in the extent of coupling
between neighboring cells. Such variability makesit inappropriate to averagethe responsesover all experiments in order to
quantitate the extent of transfer. However, somegeneralproperties can be extracted from the data: (1) wave front transfer
required 15-20 min after the zap before being detectablein the
receiving cell, (2) the rate of increasein A,so:A,soin the receiving
growth cone ranged from 0.23% to 5.4% per minute (the corresponding increasesin [Ca*+], were from 0.51% to 26% per
minute), and (3) the maximum increasein the receiving growth
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Fig. 4. Continued.
conesrangedfrom 9% to 32 1%increasein fura- ratios (equivalent to a 35-3700% increasein [Ca2+],).
In one experiment, we monitored the receiving growth cone
for 6 min before changingto zero-Ca saline. Interestingly, calcium continued to be transferred after this solution change,
peaking 6 min later; the rate of increasein A,so:A,soduring this
12 min period was 1.33%per minute. As observed in the zeroCa experiments describedearlier, [Caz+], eventually decreased
all over this cell, the receiving growth cone reaching baseline
values 17 min after the solution changeand continuing to drop.
This finding suggeststhat the crossingof the wave front is itself
not dependenton calcium influx from the bath.
Discussion
We have found that calcium wave fronts were generated in
embryonic AP cells, in situ, when usingthe sameconditions as
are required to kill an AP neuron and causegrowth of an adjacent
AP’s axon (Gao and Macagno, 1987b; Gao, 1989).We propose
that these wave fronts have two major effects: they damage
irreversibly the irradiated cell, and they communicate a resultant “death signal” to a coupled homolog. It is important to
point out at this time that we are not proposingthat the calcium
rise is suficient to reinitiate growth; rather, that it signalsthe
death of a coupled neuron, and the remaining axon may or may
not respond to that signaldependingon other factors.
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The basisof the mutual inhibition seenbetweenAP axons in
normal embryos is unknown, and wasnot investigated in these
experiments. It is therefore impossibleto distinguishat this time
between two possible causesfor reinitiation of axon growth:
first, that the death of the AP resulted in the removal of an
inhibitory influence, and second,that a novel signal was produced that causedthe coupled axon to overcome inhibition and
restart growth. There is evidence in the literature for both mechanisms.In the embryonic grasshoppernervous system,an ablated neuroblast is replaced by a nearby neurectodermal cell that
is usually not fated to becomea neuroblast(Doe and Goodman,
1985). It is thought that theseneuroblastsnormally inhibit adjacent neurectodermal cells from becoming neuroblasts,an interaction which in Drosophila is thought to involve neurogenic
genes(reviewed in Campos-Ortega, 1991; Greenspan, 1992).
Similar conclusionswere drawn after laser-ablation of somatic
cellsin the gonadof the nematodeCaenorhabditiselegans(Rimble, 1981; Seydoux and Greenwald, 1989). In contrast, the generation of a novel signalby a dying cell hasbeenshownto occur
in lymphocytes, where a phosphatidylserine becomesexposed
on the surface membranesof dying cells that triggers their removal by macrophages(Fadok et al., 1992).
Two experimental results in the embryonic leech argue in
favor of a novel signalbeing generatedin responseto damage
of an AP cell. First, laser-cutting experiments reveal that when
a transient AP axon is severedfrom the soma,the adjacentAP’s
axon beginsto grow again, even though the distal stump of the
severed axon remains alive for at least 2 d, and presumably
retains its ability to inhibit growth (W. B. Gan and E. R. Macagno, unpublished observations). Second, Gao and Macagno
(1988) found that when they cut the peripheral roots of one
ganglion, thereby preventing target contact by one AP but leaving all AP somataand longitudinal projections intact, both transient axons of the AP cell whose root axons were cut began to
grow again, even though the overlapping axons of neighboring
AP cells were still present and still, themselves,inhibited from
growing further. Thus, the inhibitory influence of one AP axon
on another can be overcome when a novel distresssignal indicatesthat one cell is damaged.
Irradiation or decapitation of AP neuronsproducescalcium
wavefronts
As wave fronts traveled throughout the damagedcells,very high
levels of [Ca2+], were often attained, in the micromolar range
or higher. A role for high levels of intracellular calcium in nerve

c
Figure4. Calciumwave frontspassbetweencoupledneurons.A, The schematic
diagramon the /eft illustratesthe zapsiteof the posteriorAP
cell (curvedarrow),as well as four of the 12 loci that were monitored throughout the experiment. Anterior is up. Note in the fura- images on the
right that although the longitudinal projections of each cell consist of two parallel axons (see comment in Fig. 1A caption), in this preparation we
were able to find a focal plane such that only one growth cone from each cell was visible, in the panel that corresponds to the region of overlap
(the right growth cone belongs to the posterior cell and the left to the anterior cell). The prezap values (To) indicate that the sender (posterior cell)
and receiver (anterior cell) were at similar resting calcium levels. After the zap (T,J, the sender’s axon and growth cone were extremely high in
[Ca2+], , and the calcium wave moved into the adjacent axon via the gap junctions. Note that in the receiver, the wave reached the margin of the
ganglion and then stopped (subsequent data not illustrated), suggesting that calcium levels can be controlled locally. The color scale refers to
pseudocolor images and gives calculated calcium concentrations in nM. Scale bar, 10 pm. B, Fura- ratios in another wave-crossing experiment,
showing graphically the movement of calcium between cells. The schematic diagram at the topindicates the site of the zap (x) in the sender (dashed
line)and the direction of movement of the calcium wave front (dottedarrow)into the receiver (solidline).Anterior is to the left. Note the temporal
delays between [Ca2+], rises in adjacent segments of each projection, for example, that sectionB rises before C, and so on. Further, the receiving
growth cone rose even higher than the sending axon, but we reserve our interpretation of this phenomenon as we did not observe it often. At most
locations [CaZ+], peaked and then declined temporarily, to then continue rising for the duration of the experiment (3 hr). As in the previous example,
the postsynaptic wave front was localized to that part of the process that was adjacent to the zapped cell; positionF rose only slightly and G changed
almost not at all. Starting values: 1.15 (equivalent to 125 nM Ca*+; A), 1.03 (9 1 nM Ca*+; B), 1.14 (122 nM CaZ+; C), 0.92 (60 nM Cal+; D), 0.96
(71 nM Ca2+; E), 0.96 (71 nM Ca2+; F), and 1.03 (91 nM Ca2+; G). CC, growth cone.
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cell death, possibly through the activation of calcium-dependent
endonucleases, proteases, and phospholipases, is well supported
by experimental evidence (see Siesjo, 1988; Choi, 1992). For
example, neuronal death resulting from abnormally high levels
of excitation is inhibited by agents or treatments that prevent
increases in intracellular calcium (e.g., Mattson et al., 1988;
Abele et al., 1990; Randall and Thayer, 1992; Tymianske et al.,
1993; Wahlestedt et al., 1993), a phenomenon also observed
with adult leech neurons in vitro (Grumbacher-Reinert
and
Nicholls, 1992; Neely, 1993). Since most of this evidence stems
from experiments on cultured neurons, observations that show
an involvement of calcium in neuronal death in situ are generally
lacking.
Why do calcium wave fronts propagate slowly in these
neurons?
Calcium wave fronts in embryonic AP cells moved at 0.05-0.25
ym/sec. These values are comparable to those observed in hippocampal pyramidal cells (0.1 pm/set) after zapping under very
similar conditions (Guthrie et al., 1991), but are much slower
than the 5-200 pm/set calcium waves observed in virtually
every other cell type measured in vitro (e.g., Charles et al., 199 1;
Finkbeiner, 1992). It is possible that this difference in rate is
due, at least in part, to the fact that we were working with
neurons in situ, which may have calcium dynamics that differ
from those observed in cultured cells; indeed, even cultured
leech neurons manifest different calcium responses, depending
upon the substrate upon which they are plated (Ross et al., 1988).
It was surprising that 50 mM KC1 did not cause a detectable
calcium influx in these neurons even though the physiological
recordings proved that this concentration does depolarize them,
since elevated KC1 causes sustained rises in [Ca2+], in a variety
of other neurons (Lipscombe et al., 1988; Collins et al., 1991;
Rehder and Kater, 1992). Adult AP cells in culture have significant inward calcium currents at the membrane potentials
reported here (-20 to 0 mV; Stewart et al., 1989), and embryonic Retzius cells in situ do have a voltage-dependent calcium
current at comparable ages (Schirrmacher and Deitmer, 1989).
A possible explanation is that these embryonic AP cells may
have a rapidly desensitizing voltage-dependent calcium conductance that ends too quickly to be seen with our methods,
the temporal resolution of this calcium imaging system being
limited to detecting changes in ratios on the order of seconds
instead of milliseconds. However, embryonic (Schirrmacher and
Deitmer, 1991) and adult (Stewart et al., 1989; Bookman and
Liu, 1990) leech neurons in vitro have voltage-dependent calcium currents that only partially inactivate. Furthermore, considering the effects of KC1 depolarization on other neurons in
vitro, even a transient rise in [Ca2+], should be detectable in a
fura-2-filled cell for several minutes (Lipscombe et al., 1988;
Collins et al., 1991; Rehder and Kater, 1992). Therefore, the
most plausible explanation is that AP cells do not express voltage-dependent calcium channels at this stage of development,
a property that may contribute to the slowness of the wave front
in these neurons.
It is also possible that the mechanism by which calcium wave
fronts were generated may have influenced their speed, since
the calcium distribution at the source necessarily affects the rate
of diffusion. The wave fronts described in this report were initiated by allowing calcium to enter the cell at a discrete site,
through a hole in the membrane produced by either spot irradiation of an AP axon or manual decapitation. Most calcium

waves studied in other systems have been generated using stimuli such as depolarization or transmitters to elicit delocalized
calcium entry from the bath, or by applying caffeine or
Ins[ 1,4,5]P,-generating agents to release calcium from internal
stores (reviewed in Berridge, 1990; Rink and Merritt, 1990;
Cheek, 199 1; Henzi and MacDermott, 1992; Lytton and Nigam,
1992). However, Sanderson and colleagues initiated waves in
epithelial cells (Sanderson et al., 1990) glial cells (Charles et al.,
199 l), and glioma cells transfected with connexin 43 cDNA
(Charles et al., 1992) using mechanical deformation of the cell
membrane, leading to the production ofcalcium waves in neighboring cells. These waves had propagation rates that were very
similar to those produced through other means (20-30 wm/sec).
The method of wave generation, therefore, does not appear to
be strongly correlated with wave speed.
We conclude, therefore, that wave fronts in developing APs
move slowly because these cells have strong buffering and extrusion systems, and perhaps more importantly, almost no calcium-enhancing mechanisms such as voltage-dependent calcium channels or releasable internal stores. Since the latter can
act as feed-forward calcium sources and thereby increase the
rate of wave front propagation, their absence results in calcium
wave fronts traveling slowly in these neurons when compared
with rates in other cell types.
The slow passage of calcium signals from a dying AP neuron
through gap junctions provides a spatially restricted distress
signal
The characteristic homeostatic properties of AP neurons at this
age-in particular, the lack of voltage-dependent calcium channels and cytoplasmic calcium stores-are
very well suited to
confine death to a particular cell and to provide specificity in
the response of neighboring neurons. First, the slow and controlled movement ofthe wave front in the damaged cell probably
prevents the immediate uncoupling of gap junctions by abnormally high calcium that is observed in some in vitro systems
(reviewed in Bennett and Verselis, 1992); this allows signals to
cross the gap junctions into the neighboring AP before uncoupling can occur. Second, the lack of releasable calcium stores
ensures that the distress signal is confined to the coupled axon
of the receiving cell, consistent with the observation by Gao
and Macagno (1987b) that only this projection reinitiates growth,
all others being unaffected. A third way these homeostatic properties provide specificity in the response is by ensuring that the
receiving cell does not respond to calcium signals under the
wrong circumstances, for example, after repetitive activation.
[The latter idea depends upon calcium signals actually being
suJicient to reinitiate the growth of the coupled AP axon (for
review, see Kater and Mills, 199 1; Franklin and Johnson, 1992),
which was not specifically addressed in the experiments described here.] It is possible that at later stages of development,
when we know that AP axons become incapable of responding
to ablation of their homologs (Gao and Macagno, 1987b), releasable pools and voltage-dependent channels could then become functional without danger of initiating unwanted growth.
Although calcium waves are known to cross gap junctions in
many cell types (Brehm et al., 1989; Saez et al., 1989; Bentley
et al., 199 1; Boitano et al., 1992; Christ et al., 1992; Finkbeiner,
1992; Yuste et al., 1992), there is some possibility that the
postsynaptic AP cell’s calcium rise could have occurred via other
mechanisms. For example, there could have been depolarization-dependent release of a presynaptic molecule that caused

The Journal

calcium entry postsynaptically. This is unlikely for the AP neurons, however, not only because these cells don’t possess a detectable voltage-dependent‘calcium
signal, but also because the
time course of calcium’s appearance in the receiving growth
cone was extremely slow (15-20 min). Furthermore, when a
preparation was bathed in zero-calcium medium after wave
front initiation, the gradient continued to move into the adjacent
cell, even though no calcium ions were available for pre- or
postsynaptic entry. We also rule out the possibility that a molecule such as Ins[1,4,5]P, crossed the junctions and released
calcium from postsynaptic releasable pools, since we report here
that there are no releasable stores in AP neurons at this age.
The simplest explanation is therefore that calcium ions moved
directly between AP neurons via the gap junctions that connect
them.
How might the distresssignal be interpreted by a coupled

growth cone?
The fact that calcium signalscan crossthe AP’s gapjunctions
into a neighboring axon is particularly intriguing becauseno
information is as yet available regardingthe effects of calcium
on growth conesin vivo. There isa wide rangeof possiblecalcium
actions (reviewed in Henzi and MacDermott, 1992) including
increasedsynthesisof growth-related proteins (e.g., Brostrom et
al., 1989) cytoskeletal rearrangementsvia regulation of actinbinding proteins (Lankford and Letoumeau, 1989; reviewed in
Forscher, 1989) and the induction of immediate-early genes
such asfos and jun (Morgan and Curran, 1986, 1988; Bading
et al., 1993). If very large and rapid increasesin [Ca2+],were to
occur under certain conditions, the presumeduncoupling of the
gapjunctions betweentheseneurons could itself be interpreted
as a signal. Indeed, a similar model has been proposed for regeneratingleech neurons(S cells)that overgrow when gapjunctional communication is interrupted (Scott and Muller, 1980).
When good molecular or pharmacologicaltools becomeavailable to block gap junctions in the leech, as there are already in
other systems,it will be feasibleto explore someof thesepossibilities in developing leech neurons in situ.
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