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In oscillatory neuronal networks that pace rhythmic behavior,
Ca21 entry through voltage-gated Ca channels often supports
bursting activity and mediates graded transmitter release. We
monitored simultaneously membrane potential and/or ionic cur-
rents and changes of Ca fluorescence (using the fluorescence
indicator Ca Orange) in spontaneously active and experimen-
tally manipulated oscillator heart interneurons in the leech. We
show that changes in Ca fluorescence in these interneurons
during spontaneous bursting and evoked activity reflect the
slow wave of that activity and that these changes in Ca fluo-
rescence are mediated by Ca21 entry primarily through low-
threshold Ca channels. Spatial and temporal maps of changes
in Ca fluorescence indicate that these channels are widely
distributed over the neuritic tree of these neurons. We establish
a correlation between the amount of transmitter released, as
estimated by the integral of the postsynaptic current, and the

change in Ca fluorescence. In experiments in which we were
able to record presynaptic low-threshold Ca currents, associ-
ated IPSCs, and presynaptic changes in Ca fluorescence from
fine neuritic branches of heart interneurons near their region of
synaptic contact with their contralateral partner, there was a
close association between the rise in Ca fluorescence and the
rise of the postsynaptic conductance. The changes in Ca fluo-
rescence that we record at the end of fine neuritic branches
appear to reflect changes in [Ca21]i that mediate graded syn-
aptic release in leech heart interneurons. These results indicate
that widely distributed low-threshold Ca currents play an im-
portant role in generating rhythmic activity and in mediating
graded transmitter release.
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Free intracellular calcium ions (Ca21) play an essential role in
the regulation of many cellular functions in neurons. Correspond-
ingly, during neuronal activity, intracellular Ca21 concentration
([Ca21]i) varies in a dynamic way both temporally and spatially.
The spatial and temporal pattern of changes in [Ca21]i, moni-
tored with different Ca21-sensitive fluorescence dyes, is thought
to reflect differences in the dynamics and cellular localization of
different Ca21 channels in the plasma membrane and Ca21-
release channels of the endoplasmic reticulum (ER) (Lipscombe
et al., 1988; Regehr et al., 1989; Regehr and Tank, 1990, 1994;
Lev-Ram et al., 1992; Nohmi et al., 1992; Jaffe and Brown, 1994;
Eilers et al., 1995, 1996; Ghosh and Greenberg, 1995; Richardson
et al., 1995; Callewaert et al., 1996; Helmchen et al., 1999;
Mainen et al., 1999). Correspondingly, localized changes in
[Ca21]i are thought to be important in neuronal function. For
example, during synaptic transmission, the regulatory action of
Ca21 on neurotransmitter release depends on changes in internal
Ca21 concentration ([Ca21]i) at specific intracellular sites (Ro-
bitaille et al., 1990; Augustine et al., 1991, 1992; Llinás et al.,
1992; Ghosh and Greenberg, 1995; Berridge, 1997, 1998).

In the leech, a core of the motor pattern-generating network for
heartbeat includes two segmental bilateral pairs of reciprocally
inhibitory oscillator heart interneurons [HN cells in segmental
ganglia 3 (G3) and 4 (G4)]. The bilateral neurons are active in

alternating bursts and inhibit one another via both graded and
spike-mediated transmission. Graded transmission is mediated by
the low-threshold Ca currents (ICaS and ICaF) (Angstadt and
Calabrese, 1991), whereas high-threshold Ca currents appear to
underlie spike-mediated transmission (Lu et al., 1997). During
normal oscillations, graded transmission occurs only at the begin-
ning of the inhibited period, turning off the contralateral neuron,
and sustained inhibition of the opposite neuron is spike-mediated
(Angstadt and Calabrese, 1991; Olsen and Calabrese, 1996; Lu et
al., 1997). Low-threshold Ca currents also provide depolarizing
drive that helps support burst formation (Arbas and Calabrese,
1987; Olsen and Calabrese, 1996). Although the Ca currents
underlying the activity of heart interneurons in the leech have
been intensively studied, the spatial and temporal dynamics of
[Ca 21]i during spontaneous and evoked activity in these neurons
have not been described.

In this study, we monitored simultaneously membrane poten-
tial and/or ionic currents and changes of intracellular Ca21

fluorescence in spontaneously active and experimentally manip-
ulated oscillator heart interneurons of isolated G3 or G4. We
show that changes of Ca fluorescence in these interneurons
during both spontaneous bursting and evoked activity reflect the
slow wave of that activity and that these changes in Ca fluores-
cence are mediated by Ca21 entry primarily through low-
threshold Ca channels. We present spatial and temporal maps of
changes in Ca fluorescence that indicate that these channels are
widely distributed over the neuritic tree of these neurons. We also
establish correlations between low-threshold Ca currents,
changes in Ca fluorescence, and graded synaptic transmission.
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MATERIALS AND METHODS
Animals. Adult leeches (Hirudo medicinalis) were obtained from Leeches
USA and Biopharm and maintained in artificial pond water (Leeches
USA) at ;15°C.

Preparation. Leeches were anesthetized in cold saline, after which
individual ganglia (midbody ganglion 3 or 4) were dissected and pinned
in clear, Sylgard-coated open bath recording/imaging chamber (RC-26;
Warner Instrument Corporation) with a working volume of 150 ml. The
sheath on the ventral surface of the ganglion was removed with fine
scissors or microscalpels. Ganglia were superfused continually with nor-
mal leech saline (Nichols and Baylor, 1968) containing (in mM) 115 NaCl,
4 KCl, 1.8 CaCl2, 10 glucose, and 10 HEPES acid buffer, adjusted to pH
7.4 with NaOH or HCl.

The preparation was mounted ventral side up (unless otherwise noted)
on the stage of Olympus Optical (Tokyo, Japan) BX50WI fluorescent
microscope with Olympus U-MNG (exciter filter BP530–550; dichroic
mirror DM570; barrier filter BA590) filter cube with a 10% neutral
density filter and Olympus 403/0.80 W water-immersion objective.

Heart interneurons were identified by the posterolateral position of
their somata on the ventral surface of the ganglion and by their charac-
teristic pattern of rhythmic bursting. Once the HN cells in a ganglion
were identified, one cell (presynaptic), was iontophoretically filled with
Ca 21-sensitive fluorescent dye Calcium Orange, whereas the opposite
cell was not (postsynaptic). Calcium Orange (Molecular Probes, Eugene,
OR; tetrapotassium salt “cell impermeant”, excitation/emission: 549/576,
mw 1087.33, catalog #C-3013) is a long-wavelength calcium indicator
with a nominal Kd of 185 nM (at pH 7.2, 22° C) (Haugland, 1996).
Eberhard and Erne (1991) measured a Kd of 434 nM at pH 7.2 and 457 at
pH 7.4, a dissociation rate constant of 233 sec 2 1, and association rate
constant of 0.51 3 10 9 M21 sec 2 1. The fluorescence of Ca Orange
increases linearly on its binding to Ca 21 in the range of free Ca 21

concentrations from 0.02 to at least 0.20 mM, with an approximately
fourfold to fivefold increase from 0 to 39.8 mM free Ca 21 (Haugland,
1996). To fill cells with dye, heart interneurons were penetrated with
thin-walled (1 mm o.d., 0.75 mm i.d.) borosilicate microelectrodes (A-M
Systems). The very tip of electrode was filled with a solution of Ca
Orange (5 mM solution in 300 mM potassium acetate), and the rest of it
was filled with 4 M K-acetate and 20 mM KCl (unbuffered, pH 8.4). To
inject dye into cell, negative current of 21 nA (50% duty cycle) for 10–20
min was used. In a few experiments, noted in the text, both cells were
filled with Ca Orange.

Electrophysiology. Five to fifteen minutes after filling cells with dye,
recording microelectrodes filled with 4 M K-acetate, 20 mM KCl (unbuf-
fered, pH 8.4) of the same kind as used for dye injection, were inserted
into both cells. For voltage-clamp experiments, microelectrodes were
filled with 2 M K-acetate and 2 M tetraethyl ammonium acetate (TEA-
acetate) (unbuffered, pH 7.9) to block outward currents. Microelectrodes
were coated along their shanks with Sylgard 186 (Dow Corning, Corning,
NY) and had resistances of 20–45 MV and time constants of 0.5–1.5
msec when capacity compensated.

Once the cells were penetrated with recording microelectrodes, the
superfusate usually was switched to a 0 mM Na 1/5 mM Ca 21 solution
(Na 1-free saline): 110.0 N-methyl-D-glucamine (NMDG), 4.0 KCl, 5.0
CaCl2, 10.0 glucose, 10.0 HEPES acid buffer, adjusted to pH 7.4, with
KOH or HCl. In some experiments we used normal saline, in which
Co 21 or Cd 21 were used instead of Ca 21. In some cases 150 mM Cd 21

was added to normal saline.
Voltage-clamp recordings were made with an Axoclamp-2A amplifier

(Axon Instruments, Foster City, CA) in single-electrode voltage-clamp
mode with a sampling rate of 2.5 kHz. Current-clamp recordings were
made with an Axoclamp-2A amplifier used in discontinuous current-
clamp mode with a sampling rate of 2.5 kHz.

In each case, the electrode potential was monitored on an oscilloscope
to ensure that the potential settled between current injection cycles.
Some current recordings were made with the same amplifiers in bridge
mode. All recordings were referenced to a chlorided silver wire used to
ground the bath.

All electrophysiological data were acquired, digitized, and stored on a
Pentium or Pentium II (Intel) computer using pClamp 7.0 software with
Digidata 1200 interface of Axon Instruments.

All voltage-clamp protocols were generated using the pClamp pro-
gram CLAMPEX. The usual voltage-clamp protocol consisted of voltage
pulses from a holding potential of 270 mV to various depolarizing
voltages. Four negative prepulses of one-fourth magnitude and equal
duration preceded each of these positive pulses. The summed currents

from these prepulses were used for leak subtraction. The interval be-
tween the prepulses in the sequence, the delay between the prepulse
sequence and the test pulse, and the interval between prepulse-test pulse
episodes were all adjusted for each different test pulse protocol so that
the holding current returned to baseline between all pulses and/or
prepulses. All Ca currents shown were leak-subtracted automatically
using this procedure in CLAMPEX. Although the raw (unsubtracted)
currents were not digitized by CLAMPEX, they were monitored on-line
with an oscilloscope, so that we could verify that the estimated leak
currents were time-invariant and approximately linear. In previous stud-
ies of low-threshold Ca 21 currents (Angstadt and Calabrese, 1991), we
digitized leak currents (using single negative voltage prepulses of equal
magnitude) directly and subtracted them off-line. The results with the
automatic procedure used are similar to these previous results.

Ca imaging. Changes of Ca Orange fluorescence were continuously
monitored and recorded with ICCD-350f CCD camera (Video Scope
International), connected to the fluorescent microscope, described above
and Axon Imaging Workbench 2.1 software with Digidata 2000 interface
(Axon Instruments) on a Pentium II (Intel) computer. Intensifier gain
and black (baseline) levels were adjusted to achieve minimal background
fluorescence, convenient visualization of the filled neuron, and sufficient
dynamic range for monitoring fluorescence changes.

Our setup permits the acquisition of full frame images of 640 3 480
pixels size at a resolution of 0.379 mm 2 for 1 pixel (395 3 295 mm for full
frame) with an Olympus 403/0.80 W water-immersion objective.
Changes of fluorescence were recorded from zones of 20–60 pixels
(7.58–22.74 mm 2). Only those parts of interneurons in which the fluo-
rescence measurement remained unsaturated during the entire experi-
mental protocol were used to monitor changes of fluorescence. In exper-
iments that required the best time resolution, maximal available
acquisition rate (video rate, 30 Hz) was used, yielding a time resolution
of 33 msec. In other experiments, the acquisition rate was of 4–7 Hz
(time resolution, 133–250 msec). Independently of acquisition rate, video
signals were accumulated for 33 msec per image, without any kind of
gating, using DC mode of the camera.

The advantage of using the maximal acquisition rate was the good time
resolution. The disadvantage was bottlenecking because of the long
transfer time the program required moving images from memory buffer
onto hard drive (;2 min for 300–360 images, collected in 10–12 sec).
Thus, we used video acquisition rate to record changes of fluorescence
only, whereas slower (4–7 Hz) acquisition rates were used to simulta-
neously record changes of fluorescence and collect full frame images.

To synchronize the acquisition of electrophysiological data and Ca
fluorescence recording, the Digidata 2000 and Digidata 1200 were con-
nected using a DIO-3 cable interface (Axon Instruments) that permits
one program to trigger the other. In our experiments, we used pClamp
7.0 protocols to trigger data acquisition by Axon Imaging Workbench 2.1.

Stored data were analyzed on the same computers using pClamp
program CLAMPFIT, Microcal Origin 5.0, and StatSoft Statistica soft-
ware. I llustrations were created using Adobe Photoshop 5.0 and Adobe
Illustrator 8.0 software. Calcium fluorescence data are presented as the
changes in fluorescence (DF), and in some cases to compare records from
different sites on the same cell with very different baseline levels of
fluorescence, as DF/F.

RESULTS

Changes of Ca fluorescence in oscillator heart
interneurons reflect their oscillatory electrical activity
All recordings were from heart interneurons of isolated third and
fourth segmental ganglia, cells HN(3) and HN(4). During normal
bursting activity in these neurons, Ca fluorescence oscillates in
phase with membrane potential, rising during the burst and
declining during the inhibited period (Fig. 1). Thus Ca fluores-
cence oscillates in antiphase in a reciprocally inhibitory cell pair
reflecting their antiphasic electrical activity. The increase of Ca
fluorescence in the bursting cell coincides with spike-induced
IPSPs in inhibited cell. Release of the inhibited cell from an
applied hyperpolarization evokes a Ca plateau [mediated by
low-threshold Ca currents (Angstadt and Calabrese, 1991)], a

Ivanov and Calabrese • Intracellular Ca21 Dynamics in Leech Interneurons J. Neurosci., July 1, 2000, 20(13):4930–4943 4931



huge increase of its Ca fluorescence, and strong graded synaptic
inhibition of previously active cell with a concomitant decrease of
Ca fluorescence of that cell (Fig. 1B). The recorded changes in
Ca fluorescence follow the slow wave of membrane potential, but

no changes of fluorescence associated with individual spikes were
observed. In eight preparations in which Ca fluorescence was
monitored in the postsynaptic cell, the level of fluorescence
during strong graded inhibition fell below the trough level seen

Figure 1. Changes in Ca fluorescence (DF) recorded
simultaneously with membrane potential from an oscil-
lator heart interneuron pair during normal and per-
turbed activity. The preparation was bathed in normal
saline, and membrane potential (Vm ) of both interneu-
rons was recorded. A, Fluorescence image of heart in-
terneurons filled with Ca Orange. In this and subse-
quent figures, where color fluorescence images are
shown, the intensity of fluorescence is coded with the
linear pseudocolor scale inset. In all cases, white indi-
cates that the Ca fluorescence signal is above the satu-
ration level for the camera. In this and all subsequent
images, the location and relative size of the fluorescence
recording sites are indicated, but they are exaggerated in
size for legibility. B, Simultaneous recordings of electri-
cal activity (Vm ) and changes in Ca fluorescence (DF) at
the sites indicated by numbers on the fluorescence im-
age ( A). The oscillations in Ca fluorescence in the two
neurons are out of phase, as would be predicted from
their alternating impulse bursts. The hyperpolarization-
induced plateau and burst of spikes in cell HN(R,4) are
associated with a large increase in Ca fluorescence and
cause strong synaptic inhibition of the HN(L,4) cell,
which is associated with a marked decrease in Ca fluo-
rescence. CM, Current monitor of current injected in to
cell HN(R,4). Ca fluorescence was monitored at 4–7 Hz.
The inset is a confocal fluorescent image of a dye-filled
(neurobiotin, rhodamine-conjugated, anti-neurobiotin
complex) oscillator heart interneuron in a fixed aqueous-
glycerol cleared ganglion from R. L. Calabrese (unpub-
lished work). It is reproduced here to show the full
morphology of an oscillator heart interneuron. Fluores-
cence intensity is indicated by pseudocolor scale similar
to that in panel A. Background fluorescence (deep purple)
shows the ganglionic neuropil. There is a low level of
fluorescence (light blue) in a Y-shaped process that results
from dye-coupling with neurobiotin. Scale bar, 100 mm.
The ganglionic midline is indicated with a dashed white
line. Note the distribution of terminal branches of the
neuron near the midline. These are the sites of contact
between oscillator heart interneurons that underlie the
synaptic connections explored in the study (Tolbert and
Calabrese, 1985).
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during the inhibited period of normal oscillation. This observa-
tion indicates that during normal activity [Ca21]i levels remain
elevated above the sensitivity level of the Ca Orange indicator.
The association of the changes of Ca fluorescence with changes of
membrane potential indicates that the influx of extracellular
Ca 21 through voltage-operated Ca channels is responsible, at
least in part, for the D[Ca 21]i that cause these fluorescence
changes in oscillator heart interneurons, both during normal

activity, and during Ca plateaus induced by release from hyper-
polarization. Similar results were obtained in at least 15
preparations.

Ca channels appear to be widely distributed along the
neuritic branches of oscillator heart interneurons
In some favorable preparations (n 5 10), dye filling was extensive
enough so that we were able to record Ca fluorescence changes in

Figure 2. Ca fluorescence changes simul-
taneously along a fine medial branch of the
main neurite in an oscillator interneuron
during normal and perturbed activity. To
image fine branches, the preparation was
bathed in normal saline dorsal side up.
Only one oscillator interneuron was filled
with Ca Orange, but the membrane poten-
tial (Vm ) of both interneurons (Pre and
Post) in the ganglion was recorded. A, Flu-
orescence image of the HN(L,3) cell (Pre).
B, Simultaneous recordings of electrical ac-
tivity (Vm ) and changes in Ca fluorescence
(DF) at the sites indicated by numbers in A.
Black arrows indicate artifacts (seen mainly
at recording sites 1 and 3) caused by spon-
taneous movements of the ganglion. C, Flu-
orescence images superimposed on ex-
panded section of Ca fluorescence record
(B, bar). Red arrows indicate the points on
the records, corresponding to the num-
bered images. CM, Current monitor of cur-
rent injected in to cell HN(L,3). Ca fluo-
rescence (DF) was monitored at 4–7 Hz.
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small neuritic branches of oscillator heart interneurons. These
branches, which are mainly located dorsally, serve as both the
input and the output sites of the reciprocal synapses with the
contralateral partner of the cell (Tolbert and Calabrese, 1985)
(Fig. 2). With an acquisition rate of 4–7 Hz, there were no
differences in time course of Ca fluorescence changes along single
branches (Fig. 2B), between different branches, or between dif-
ferent parts of main neurite itself (data not shown). Figure 2C is
an expansion of the section of fluorescence record in Figure 2B
marked with a bar, with images corresponding to the time points
marked with arrows. It shows that changes of Ca fluorescence
during the response of the cell to release from hyperpolarization
occur simultaneously along the branch monitored, although there
are differences in fluorescence intensity along the branch that
may reflect differences in Ca channel density.

The slow acquisition rate used in the above experiments did not
permit us to determine whether the Ca fluorescence changes
along fine neuritic branches are truly synchronous. Thus, we
reexamined the Ca fluorescence changes at the maximal acqui-
sition rate available with our setup, 30 Hz (video rate). Figure 3
shows results obtained with a preparation during normal activity.
The changes of Ca fluorescence at different points along the
branch differ in intensity, but the time course of fluorescence
changes during normal oscillatory activity and in the response to
the release from hyperpolarization were synchronous. During the
hyperpolarization-induced plateau, the onset time and time to
peak of the fluorescence changes were the same for each record-
ing site (Fig. 3B). The differences in fluorescence intensity at
different points along the branch are most likely attributable to
differences of branch thickness and focal plane. Similar results
were obtained in three preparations.

In the experiment of Figure 4, we attempted to map the spatial
and temporal pattern of changes in Ca fluorescence across a wide
stretch of the neuritic field of an oscillator interneuron during a
depolarizing voltage pulse. Both neurons of an oscillator pair
were filled with Ca Orange (Fig. 4A), and both were voltage-
clamped while the preparation was bathed in 0 mM Na1/5 Ca21

mM saline. The presynaptic heart interneuron was held at 270
mV, and repeated (n 5 4 averaged data shown) depolarizing
voltage pulses (2 sec) to 235 mV were imposed. The postsynaptic
cell was held at 240 mV. These voltage pulses elicited large
low-threshold Ca currents (ICa) and associated graded IPSCs in
the postsynaptic cell (Angstadt and Calabrese, 1991; Lu et al.,
1997). Changes in Ca fluorescence along fine neuritic branches
occurred nearly synchronously at all recorded sites, which were
clearly associated with the presynaptic cell (branches a–e; all
recorded points from site 3 lateral) (Fig. 4B,C). The time to peak
was slightly longer at sites closer to the main neurite. Changes in
Ca fluorescence were also monitored in two imaged branches in
the postsynaptic cell (branches d–e; all recorded points from site
4 lateral). These changes were small and at more lateral sites
slightly negative indicating a possible reduction in [Ca21]i during
the IPSC. At points between sites 3 and 4 the fluorescence signal
could not be unambiguously attributed to the presynaptic or
postsynaptic cell, but the Ca fluorescence changes (increased Ca
fluorescence) indicated that the signal was dominated by the
presynaptic cell. Similar results were observed in two other prep-
arations. These data do not permit us to estimate channel density
per se, but it appears that Ca channels (at least of the low-
threshold type) are distributed widely along whole neuritic tree.
Their distribution in the soma is uncertain however, because the
tremendous brightness of the soma after filling with dye makes it

Figure 3. Changes in Ca fluorescence (DF) recorded at 30 Hz indicate
that Ca channels are widely distributed along fine medial branches of the
main neurite of oscillator heart interneurons. The preparation was bathed
in normal saline. Inset, Diagram showing fluorescence recording sites
indicated by numbers. A, Changes in Ca fluorescence (DF) and mem-
brane potential (Vm ) of one oscillator interneuron. The recorded cell was
injected with hyperpolarizing current to induce a rebound plateau and
burst. B, Expanded section of traces in A marked with bar.
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Figure 4. Spatial and temporal pattern of normalized changes in Ca fluorescence in response to a depolarizing voltage pulse in a pair of oscillator
interneurons. Here and in Figure 10, to make records from sites with very different baseline fluorescence more comparable, Ca fluorescence is presented
as DF/F. A, Image of preparation (dorsal side up) showing sites (1–5) for recording DF/F on a set of neuritic branches (a–e). Five major branches (a–e)
were imaged in the HN(R,3) cell that was designated presynaptic (Pre). Two corresponding branches were imaged in the HN(L,3) cell that was
designated postsynaptic (Post). Dashed white lines link corresponding recording sites on the branches. Site 4 and all points lateral, including site 5, are
postsynaptic, and site 3 and all points lateral, including sites 2 and 1, are presynaptic. Points between sites 3 and 4 are in the region of Pre/Post overlap;
note, that the changes in Ca fluorescence in this region are predominantly of the presynaptic type (see Results for explanation.). B, Simultaneous
recordings of presynaptic low-threshold Ca currents (ICa ) and normalized changes in Ca fluorescence (DF/F) and IPSCs in voltage clamp. The
preparation was bathed in 0 mM Na 1/5 mM Ca 21 saline and repeated (n 5 4; average traces shown) depolarizing voltage pulses to 235 mV (from a
holding potential of 270 mV) was imposed on the presynaptic cell. The postsynaptic cell was held at 240 mV. C, Pseudocolor representations the spatial
and temporal pattern of normalized changes in Ca fluorescence (DF/F) along each of the five branches (a–e) labeled in A. Data from the experiment
in B. Time axis ( y-axis) starts at the top of each panel and progresses along the arrow. Time 0 corresponds to the beginning of the traces in B and the
start of the arrow to the time of the voltage pulse in B. Each tick on the site axis (x-axis) represents an equally spaced fluorescence recording site with
the sites illustrated in A labeled correspondingly. The number of recording sites and the total length of the branch monitored are indicated for each
branch. Normalized changes in Ca fluorescence (DF/F) recorded at 30 Hz. Thus in all graphs the time axis is binned in 33 msec intervals.
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impossible to record any changes in Ca fluorescence. On other
hand, all records taken from the main neurite as close to cell body
as possible, shows no significant differences in the time course of
changes in Ca fluorescence, compared to ones from neuritic
branches.

The changes in Ca fluorescence observed are
prevented by Ca channel blockers
We used conventional divalent ion Ca channels blockers to test
whether the changes in Ca fluorescence observed in oscillator
heart interneurons were indeed mediated by D[Ca21]i brought
about by Ca21 entry through voltage-gated Ca channels.

In all six preparations tested, replacing Ca21 ions in normal
saline with Co21 (5 mM) prevents spontaneous bursting and
eliminates hyperpolarization-induced Ca plateau production and
all synaptic transmission between HN cells (Arbas and Calabr-
ese, 1987; Angstadt and Calabrese, 1991; Fig. 5). Associated with
these changes is an elimination of any activity-related changes in
Ca fluorescence. However, the ability of HN cells to spike and to
produce their characteristic hyperpolarization-activated restor-
ative shift in membrane potential (h-current) remains (Arbas and
Calabrese, 1987; Angstadt and Calabrese, 1991; Fig. 5). Small
increases in background fluorescence were observed in Co21

saline in some experiments possibly indicating some entry of
Co21 into the neurons. The ratio of the change in fluorescence of
Ca Orange to 5 mM Co21 versus 5 mM Ca 21 is 41:96 (Haugland,
1996). On other hand, some release of Ca21 from endoplasmic
reticulum cannot be excluded. These results indicate that the
changes in Ca fluorescence that we record reflect Ca21 entry
through voltage-gated Ca channels and confirm the essential role
of extracellular Ca21 in synaptic transmission between HN cells.

Previous work from our laboratory (Lu et al., 1997) indicates
that low concentrations of Cd21 (150 mM) block high-threshold
Ca currents and spike-mediated synaptic transmission in heart
interneurons and eliminates their normal oscillation. Low con-
centrations of Cd21 (150 mM) do not block low-threshold Ca
currents, hyperpolarization-induced Ca plateaus, or associated
graded inhibition in heart interneurons. We confirmed these
results while monitoring changes in Ca fluorescence (Fig. 6). A
150 mM concentration of Cd21 blocked spike-mediated synaptic
transmission and eliminated normal bursting activity of the cells,
and Ca fluorescence became flat, but release from hyperpolariz-
ing evoked plateaus, graded synaptic transmission, and the usual
transient rise of Ca fluorescence (Fig. 6). The results support the
suggestion (Lu et al., 1997) that spike-mediated transmission
depends mainly on Ca21 channels of L-type, which are highly
sensitive to Cd21 inhibition. Plateau induced changes in Ca
fluorescence in presence of 150 mM Cd 21 had a similar time
course in the main neurite as in fine branches (in the preparations
in which it was possible to image them; n 5 3; data not shown).
This observation supports our suggestion that low-threshold Ca
channels are widely distributed in leech heart interneurons.

Replacing Ca21 with 5 mM Cd21 completely eliminated spon-
taneous spike activity, hyperpolarization-induced Ca21 plateaus,
and all synaptic transmission between heart interneurons, and no
spontaneous or evoked changes of Ca fluorescence could be
recorded (Fig. 6). The basal level of fluorescence increased mono-
tonically during the experiment (Fig. 6). This observation indi-
cates that heart interneurons like some other cells (Shibuya and
Douglas, 1992) and, especially, some leech neurons (Dierkes et
al., 1997), are permeable to Cd21. The ratio of the change in
fluorescence of Ca Orange to 5 mM Cd21 versus 5 mM Ca 21 is
100:96 (Haugland, 1996). Under this interpretation, the persistent
fluorescence changes observed would then result from intracel-
lular Cd 21 concentration monotonically increasing because of
the inability of the cells to eliminate Cd21 from cytoplasm.

Figure 5. Substitution of Ca 21 with 5 mM Co 21 completely blocked
changes in Ca fluorescence (DF), hyperpolarization-induced Ca 21 pla-
teaus, and inhibitory synaptic transmission between heart interneurons.
Simultaneous recordings of electrical activity (Vm ) and changes in Ca
fluorescence (DF) in a pair of oscillator interneurons at the sites indicated
by numbers on the inset. Changes in Ca fluorescence (DF) recorded at
4–7 Hz.
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Graded synaptic transmission between heart
interneurons correlate with D[Ca21]i as determined by
changes in Ca fluorescence
We investigated the role of Ca21 in graded synaptic transmission
by determining the relation between presynaptic depolarization
and associated low-threshold Ca current and Ca fluorescence
changes and postsynaptic responses (IPSPs or IPSCs).

Figure 7 shows simultaneous recording of presynaptic potential
and changes in Ca fluorescence (acquisition rate of 4–7 Hz), and
graded IPSPs, evoked by application of progressively increasing
depolarizing current steps to the presynaptic cell. The prepara-
tion was bathed in 5 mM Ca21/0 mM Na1 saline, which blocks
spikes but supports graded synaptic transmission. The presynap-
tic cell was held at 270 mV, and postsynaptic cell was held at 240
mV. Over the whole range of applied currents (0.05–0.50 nA),
both presynaptic depolarization and changes in peak Ca fluores-
cence increased. The amplitudes of evoked IPSPs were corre-

lated, progressively increasing until the depolarizing current am-
plitude reached 0.30 nA, at which point IPSPs saturated. Similar
data were recorded in two other recorded preparations.

To determine whether low-threshold Ca currents underlie this
relation between presynaptic depolarization and the concurrent
increase in Ca fluorescence, and postsynaptic response (IPSP),
we performed voltage-clamp experiments to directly measure
low-threshold Ca currents. Figure 8 shows records from experi-
ments (n 5 5) in which the presynaptic heart interneuron was
voltage-clamped at 270 mV and stepped through a series of
depolarized potentials (from 247.5 mV to 235 mV), the range
over which Ca currents associated with graded synaptic transmis-
sion are normally recorded (Angstadt and Calabrese, 1991; Lu et
al., 1997). The experimental conditions were the same as in
Figure 7, but the Ca21 signal was acquired at video rate (30 Hz).
The change in Ca fluorescence, low-threshold Ca21 currents, and
the graded IPSPs increased in parallel with increased command

Figure 6. Effect of Cd 21 on changes in Ca fluorescence and
synaptic transmission in a pair of oscillator interneurons.
Simultaneous recordings of electrical activity (Vm ) and
changes in Ca fluorescence (DF) in a pair of oscillator inter-
neurons at the sites indicated by numbers on the inset. Addi-
tion of 150 mM Cd 21 to normal saline blocked spike-mediated
synaptic transmission and normal oscillations in membrane
potential and Ca fluorescence, but did not block hyper-
polarization-induced plateaus or associated graded synaptic
transmission and changes in Ca fluorescence. Substitution
of Ca 21 with 5 mM Cd 21 completely blocked changes in
Ca fluorescence (DF), hyperpolarization-induced Ca 21 pla-
teaus, and inhibitory synaptic transmission between the in-
terneurons. Records shown were taken before and 15 and 10
min after addition of 150 mM Cd 21 and substitution of Ca 21

with 5 mM Cd 21, respectively. Changes in Ca fluorescence
(DF) recorded at 4–7 Hz.
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potential (Fig. 8A). We quantified these apparent relationships by
plotting the integrated amplitudes of presynaptic Ca21 currents
(current 3 time) and the peak amplitude and integrated ampli-
tude of the change in Ca fluorescence and integrated IPSP

amplitude versus command potential (Fig. 8B). We then per-
formed a regression analysis, which showed a significant depen-
dence of the integrated change in Ca fluorescence and of inte-
grated IPSP on integrated presynaptic Ca21 current (Fig. 8C).
These relations in turn suggested a linear relation between inte-
grated IPSP and integrated D[Ca21]i as measured by the inte-
grated change in Ca fluorescence that was supported by regres-
sion analysis (Fig. 8C).

To further substantiate the relationship between presynaptic
low-threshold Ca current and the concurrent D[Ca21]i and
postsynaptic responses, similar experiments (n 5 7) to those of
Figure 8 were performed with the postsynaptic cell held in voltage
clamp so that the waveform of postsynaptic conductance could be
observed directly. The changes in Ca fluorescence, low-threshold
Ca currents, and the graded IPSCs increased in parallel with
increasing command potential (Fig. 9A). We again quantified
apparent relationships by plotting the integrated amplitudes of
presynaptic Ca currents (current 3 time) and the integrated
amplitude of the change in Ca fluorescence and integrated IPSC
amplitude versus command potential (Fig. 9B). We then per-
formed a regression analysis, which showed a significant depen-
dence of the integrated change Ca fluorescence and of integrated
IPSC on integrated presynaptic Ca current (Fig. 9C). These
relations in turn suggested a linear relation between integrated
IPSC and integrated D[Ca21]i as measured by the integrated
change in Ca fluorescence, which was supported by regression
analysis (Fig. 9C).

The dynamics of the relations expressed above were complex,
however. Clearly, presynaptic Ca current rises and peaks more
rapidly with command potential than either D[Ca21]i (measured
as the change in Ca fluorescence) or the postsynaptic conduc-
tance (measured as IPSC), whereas the latter two quantities rise
nearly in parallel. As presynaptic Ca current inactivated first
rapidly (ICaF) and then more slowly (ICaS) postsynaptic conduc-
tance fell in a delayed manner, but Ca fluorescence remained
elevated for the duration of the command potential pulse. The
D[Ca21]i (change in Ca fluorescence) reaches its maximum after
ICaF has fully inactivated. Table 1 compares the time constants of
inactivation of ICaS during the pulse with the decay of the slow
component of the IPSC and the decline of the Ca fluorescence
signal (DF) during the pulse at two different pulse potentials. This
analysis emphasizes that during the pulse Ca fluorescence de-
clined much more slowly than either ICaS or the IPSC. Moreover,
the time constants of decline of the IPSC after the pulse was far
shorter at both pulse potentials than the decline in the Ca fluo-
rescence. All time constants shown were calculated with data
from the experiments illustrated in Figure 9.

In three experiments described above with reference to Figure
4, we were able to record presynaptic low-threshold Ca currents,
associated IPSCs, and presynaptic changes in Ca fluorescence
from fine neuritic branches of interneurons near their region of
contact with their contralateral partner (Fig. 10). These experi-
ments allowed us to more carefully compare the rise of Ca
currents and the rise of [Ca21]i near the site of synaptic release
with the associated IPSCs. At the distal end of a neuritic branch,
the beginning of the rise in Ca fluorescence associated with
presynaptic voltage pulse lagged the presynaptic Ca current by
one video frame (33.3 msec) (at the time, when ICa is 90%
maximal, the Ca fluorescence is ,10% of its maximum), but it
occurred within the same video frame as the beginning of the rise
in the IPSC, and the increase in Ca fluorescence was .90% of

Figure 7. Presynaptic depolarization, presynaptic changes in Ca fluores-
cence, and associated inhibitory postsynaptic potential are correlated in
heart interneurons. Simultaneous recordings of electrical activity (Vm )
and presynaptic changes in Ca fluorescence (DF, at the site indicated on
the inset), in a pair of oscillator interneurons. A, The preparation was
bathed in 0 mM Na 1/5 mM Ca 21 saline, and an increasing series of
depolarizing current pulses was injected into the presynaptic cell.
Changes in Ca fluorescence (DF) were recorded at 4–7 Hz. B, Expanded
section of traces in A marked with bar.
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maximal at the peak of the IPSC (Fig. 10). These results suggest
that the changes in [Ca21]i that we record as changes in Ca
fluorescence at the end of fine neuritic branches reflect those that
mediate graded synaptic release in leech heart interneurons.
Although the increase in Ca fluorescence rose and peaked most
rapidly at the distal end of neuritic branches, even close to the

main neurite, the rise in Ca fluorescence had nearly the same
time course.

DISCUSSION
Previous work from our laboratory has shown that low-threshold
Ca currents play an important role in the electrical activity of

Figure 8. Presynaptic low-threshold Ca cur-
rents, presynaptic changes in Ca fluorescence,
and associated IPSPs are correlated in heart
interneurons. A, Simultaneous recordings of
presynaptic low-threshold Ca currents (ICa ) in
voltage clamp and changes in Ca fluorescence
(DF, at the site indicated on the inset) and
IPSPs in a pair of oscillator interneurons. The
preparation was bathed in 0 mM Na 1/5 mM
Ca 21 saline and an increasing series of depo-
larizing voltage pulses (from a holding poten-
tial of 270 mV) was imposed on the presynap-
tic cell. Changes in Ca fluorescence (DF)
recorded at 30 Hz. B, The experiment of panel
A was repeated in five preparations, and the
relations of average integrated ICa , DF, and
IPSP to the command potential during the
pulse were plotted as mean 6 SE. C, Using the
data shown in panel B the relations between
average integrated IPSP and average inte-
grated DF and ICa were plotted, and the rela-
tion between average integrated DF and ICa
was plotted. Solid straight lines are from linear
regression of the data, and dotted lines are 95%
confidence intervals of the regression line.
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oscillator heart interneurons by supporting burst formation (Ar-
bas and Calabrese, 1987; Angstadt and Calabrese, 1991; Olsen
and Calabrese, 1996; Lu et al., 1997). These low-threshold cur-
rents appear to comprise a rapidly inactivating (ICaF) and a slowly
inactivating (ICaS) component (compare Figs. 8, 9). They also are

associated with graded synaptic transmission between these in-
terneurons. More broadly activating, L-like Ca currents, desig-
nated high-threshold, are thought to be associated with spike-
mediated synaptic transmission (Lu et al., 1997). These currents
are selectively blocked by low concentrations of Cd21 (150 mM)

Figure 9. Presynaptic low-threshold Ca
currents, presynaptic changes in Ca fluores-
cence, and associated IPSCs are correlated
in heart interneurons. A, Simultaneous re-
cordings of presynaptic low-threshold Ca
currents (ICa ) and changes in Ca fluores-
cence (DF, at the site indicated on the inset)
and IPSCs in voltage clamp from a pair of
oscillator interneurons. The preparation
was bathed in 0 mM Na 1/5 mM Ca 21 saline,
and an increasing series of depolarizing
voltage pulses (from a holding potential of
270 mV) was imposed on the presynaptic
cell. The postsynaptic cell was held at 240
mV. Changes in Ca fluorescence (DF) were
recorded at 30 Hz. B, The experiment of
panel A was repeated in seven preparations,
and the relations of average integrated ICa ,
DF, and IPSC to the command potential
during the pulse were plotted as mean 6
SE. C, Using the data shown in panel B the
relations between average integrated IPSC
and average integrated DF and ICa were
plotted, and the relation between average
integrated DF and ICa was plotted. Solid
straight lines are from linear regression of
the data, and dotted lines are 95% confi-
dence intervals of the regression line.
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(Lu et al., 1997). Low concentrations of Cd21 (150 mM) also
block spike-mediated transmission between oscillator heart inter-
neurons but spare grade transmission and Ca plateau potentials
(Lu et al., 1997).

By studying the dynamics of changes in [Ca21]i with the
intracellular indicator Ca Orange, we hoped to determine the
distribution of low-threshold Ca channels over the neuritic tree of

oscillator heart interneurons and more firmly link Ca21 entry via
these channels with graded synaptic transmission. We found that
there are pronounced oscillations in [Ca21]i throughout the main
neurite and neuritic branches of these neurons during normal
rhythmic activity and large increases in [Ca21]i after
hyperpolarization-induced plateaus. The plateaus and associated
D[Ca21]i persist in the presence of 150 mM Cd 21 and in 0 Na1

saline. However, all activity and/or membrane potential-
associated D[Ca21]i values are blocked by 5 mM Co 21. These
observations suggest that the D[Ca21]I values we measure during
normal activity arise via Ca21 entry from the extracellular space
through low-threshold Ca channels, although we cannot rule out
a contribution of high-threshold channels activated by action
potentials.

At the highest time resolution of our recording system (30 Hz),
we were not able to distinguish significant temporal differences in
the dynamics of these D[Ca21]i values along fine neuritic
branches or between neuritic branches and the main neurite.
These observations indicate that low-threshold channels are
widely distributed throughout the ganglionic extent of oscillator
heart interneurons. However, our spatial and temporal resolution
is not refined enough to eliminate the possibility that this wide
distribution is patchy. Indeed there are patches along fine
branches where the change in Ca fluorescence during activity is
greater than in neighboring regions but it is not possible to tell
whether this reflects differences in process thickness, focal reso-
lution, or true differences in local Ca21 entry.

In experiments on cytosolic extracts from Xenopus laevis oo-
cytes, Allbritton et al. (1992) showed that the diffusion coefficient
(D) for free calcium (Ca21) depended on Ca21 concentration
and was 13 and 65 mm2/sec for 90 nM and 1 mM Ca21, respec-
tively. In our experiments, the onset time and the time course of
Ca fluorescence changes for each recording site were similar, with
only small differences in time-to-peak at neuritic sites closest to
main neurite. These differences were no larger than 1–2 video
frames (33–66 msec). With such a small diffusion coefficient for
Ca21 as observed in oocyte extracts, simple diffusion could not
synchronize changes in Ca fluorescence throughout neuritic tree.
Moreover, in the oocyte extract experiments (Allbritton et al.,
1992), intracellular Ca21 sequestration was pharmacologically
suppressed. Thus, because of normal intracellular Ca21 uptake in
living neurons, diffusion of Ca21 would be expected to be slower
than predicted by the measured diffusion coefficients. There still
remains the possibility that diffusion of the Ca21-Ca Orange
complex is significantly faster than the diffusion of free Ca21 and
might thus account at least partially for our observations.

Moreover, our observations are similar to those made by oth-
ers. Lev-Ram et al. (1992) showed, for example, that in guinea pig
cerebellar Purkinje neurons, calcium action potentials were ac-
companied by transient increases in [Ca21]i all over the dendritic
field. They argued that some observed differences in fluorescence
dynamics in thin and thick branches most likely resulted from
differences in surface-to-volume ratio of the two kinds of den-
drites. Eilers et al. (1995) showed that during synaptic responses,
changes of Ca fluorescence in dendrites and a narrow submem-
brane somatic shell of rat cerebellar Purkinje neurons had similar
kinetics and comparable amplitudes. Callewaert et al. (1996)
extended these observations to single action potentials and to
unmyelinated axons (young animals) and the bare part of myelin-
ated axon (adult animals).

Graded synaptic transmission between oscillator interneurons
showed a correlation to our measured changes in [Ca21]i. This

Figure 10. Presynaptic low-threshold Ca currents, presynaptic changes
in Ca fluorescence, and associated IPSCs are correlated in heart inter-
neurons. A, Image of preparation (dorsal side up) showing sites for
recording changes in normalized Ca fluorescence (DF/F). B, Simulta-
neous recordings of presynaptic low-threshold Ca currents (ICa ) and
changes in Ca fluorescence and IPSCs in voltage clamp from a pair of
oscillator interneurons. Traces on the right are expanded sections of the
traces on the lef t marked by the bar. The preparation was bathed in 0 mM
Na 1/5 mM Ca 21 saline and repeated (n 5 4; average traces shown)
depolarizing voltage pulses to 235 mV (from a holding potential of 270
mV) were imposed on the presynaptic cell. The postsynaptic cell was held
at 240 mV. Changes in Ca fluorescence (DF/F) recorded at 30 Hz. Dotted
lines show the start of presynaptic depolarizing step and the 90% maximal
value of presynaptic ICa , Ca fluorescence in zone 3, and IPSC. Same
preparation as in Figure 4.
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relation appears nearly linear for the total amount of transmitter
released, as estimated by the integral of the postsynaptic current
and the total change in [Ca21]i, as estimated by the integral of the
change in Ca fluorescence (Figs. 8, 9). In experiments in which we
were able to record presynaptic low-threshold Ca currents, asso-
ciated IPSCs, and presynaptic changes in Ca fluorescence from
fine neuritic branches of heart interneurons near their region of
synaptic contact with their contralateral partner, there was a close
association between the rise in [Ca21]i and the rise of the
postsynaptic conductance (Fig. 10). These results suggest that the
changes in [Ca21]i that we record at the end of fine neuritic
branches reflect those that mediate graded synaptic release in
leech heart interneurons. Although the Ca fluorescence rose and
peaked most rapidly at the distal end of neuritic branches, even
close to the main neurite the rise of Ca fluorescence was nearly
parallel. On the other hand, as noted in our earlier work, the
decline in the IPSC was more similar to the decline of low-
threshold Ca currents than to the decline in Ca fluorescence
measured here (Fig. 9, Table 1). A nonlinear dependence of
transmitter release on D[Ca 21]i and/or some sort of vesicular
depletion or mobilization event may underlie these temporal
mismatches (Katz and Miledi, 1968, 1970; Zucker, 1989).

The dynamics of Ca fluorescence changes using intracellular
Ca indicator dyes have been observed in several other motor
systems (Bascai et al., 1995; Fetcho and O’Malley, 1997; Fetcho et
al., 1998; Krieger et al., 1999; Lev-Tov and O’Donovan, 1995;
McClellan et al., 1994; McPherson et al., 1997; Ross and
Graubard, 1989). In some cases, these fluorescence changes have
been used as monitors of cellular activity in lieu of microelectrode
recordings. Our results indicate that Ca fluorescence is indeed a
useful monitor of electrical activity with distinct changes associ-
ated with depolarization and bursting activity and during hyper-
polarizing inhibition.

In a similar study in the crab stomatogastric ganglion, Ross and
Graubard (1989) recorded several neurons in which Ca dynamics
during rhythmic activity were similar to those we have reported
here for oscillator heart interneurons; Ca dynamics were uniform
throughout the neuritic tree and reflected the slow wave of elec-
trical activity. They also recorded neurons in which the Ca
dynamics varied throughout the neuritic tree of the neurons. In
these neurons, the Ca dynamics in the branches and main neurite
near where the axon emerged from the ganglion were related to
spike activity exclusively or to a mixture of spike activity and the
slow wave of electrical activity, whereas the rest of the neuritic
tree showed similar slow wave-related dynamics. Although we
have not extensively analyzed Ca dynamics near the axon of heart
interneurons, in those preparations where we have, we have noted
no differences in Ca dynamics during rhythmic activity.

During normal rhythmic activity there are large variations in
the level of [Ca21]i throughout the neuritic tree of oscillator heart
interneurons. These variations parallel changes in the efficacy of
spike-mediated synaptic inhibition between these cells (Olsen and
Calabrese, 1996). These observations suggest that residual Ca21

(Shapiro et al., 1980) may contribute to this synaptic plasticity, a
hypothesis that is currently being tested using the methods de-
veloped here.
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