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Calcium Currents and Graded Synaptic Transmission between Heart

Interneurons of the Leech

James D. Angstadt and Ronald L. Calabrese
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Synaptic transmission between reciprocally inhibitory heart
interneurons (HN cells) of the medicinal leech was examined
in the absence of Na-mediated action potentials. Under volt-
age clamp, depolarizing steps from a holding potential of
—60 mV elicited 2 kinetically distinct components of inward
current in the presynaptic HN cell: an early transient current
that inactivates within 200 msec and a persistent current
that only partially decays over several seconds. Both cur-
rents begin to activate near —60 mV. Steady-state inacti-
vation occurs over the voltage range between —70 and —45
mV and is completely removed by 1-2-sec hyperpolarizing
voltage steps to —80 mV. The inward currents are carried
by Ca?+, Ba?', or Sr?* ions, but not by Co?*, Mn?+, or Ni2*.
These same inward currents underlie the burst-generating
plateau potentials previously described in HN cells (Arbas
and Calabrese, 1987a,b). With a presynaptic holding poten-
tial of —60 mV, the threshold for transmitter release is near
—45 mV. Postsynaptic currents in the contralateral HN cell
have a reversal potential near —60 mV. The largest post-
synaptic currents (300-400 pA) exhibit an initial peak re-
sponse that is followed by a more slowly decaying compo-
nent. The persistent component of Ca?* current in the
presynaptic neuron is strongly correlated with the prolonged
component of the postsynaptic current, while the transient
presynaptic Ca?* current appears to correspond to the early
peak of postsynaptic current. These data are consistent with
the hypothesis that voltage-dependent calcium currents
contribute to the oscillatory capability of reciprocally inhib-
itory HN cells by (1) generating the plateau potential that
drives the burst of action potentials and (2) underlying the
release of inhibitory transmitter onto the contralateral cell.

Blood is propelled through the circulatory system of the leech
by rhythmic contractions of 2 lateral heart tubes. The timing
and coordination of these contractions are controlled by a cen-
tral neural oscillator comprised of bilateral pairs of rhythmi-
cally active heart interneurons (HN cells) found in the first 7
segmental ganglia (G1-G7; Thompson and Stent, 1976a; Cala-
brese, 1977; Peterson and Calabrese, 1982). The rhythmic ac-
tivity has a cycle period of approximately 10 sec and consists
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of bursts of action potentials separated by bouts of inhibitory
input, in which the membrane potential becomes hyperpolar-
ized to near —60 mV (Fig. 1B). The synaptic connections be-
tween the most rostral 4 pairs of HN cells, which control the
beat timing of heart tube contractions, are illustrated in Figure
1A4. In G3 and G4, each pair of HN cells make direct reciprocal
inhibitory synaptic connections across the ganglion. The HN(1)
and HN(2) cell pairs are not reciprocally inhibitory; their axons
serve as coordinating fibers to ensure that ipsilateral HN(3) and
HN(4) cells fire in phase. Rhythmic antiphasic bursting of con-
tralateral HN(3) and HN(4) cells continues following transection
of connective nerves between ganglia, though the 2 oscillations
are no longer phase locked (Peterson, 1983). Thus, each recip-
rocally inhibitory pair of HN(3) and HN(4) cells is a competent
oscillator (Peterson, 1983; Calabrese et al., 1989).

The critical timing transition in the oscillation of HN cell
pairs occurs when the currently inactive HN cell escapes from
inhibition, generates a burst, and inhibits its previously active
contralateral partner (Peterson, 1983). There are several mech-
anisms that could explain this recovery. For example, HN cells
could possess voltage-gated conductances that cause them to
depolarize and form a burst in response to inhibition. We have
recently characterized a hyperpolarization-activated inward
current, [, that causes depolarization in response to inhibitory
inputs. Suppression of /, with extracellular Cs* severely disrupts
the normal bursting activity of HN cell pairs in G3 or G4 (Ang-
stadt and Calabrese, 1989). The burst itself is driven by a volt-
age- and Ca?*-dependent plateau potential (Arbas and Cala-
brese, 1987a). The plateau depolarization underlies the burst
of impulses; these impulses propagate to more posterior ganglia,
where they generate barrages of IPSPs in other HN cells or heart
motor neurons (HE cells). Plateau potentials also elicit trans-
mitter release independent of action potential generation and
will support oscillation between bilateral pairs of reciprocally
inhibitory HN cells in G3 or G4 (Arbas and Calabrese, 1987b).
Another mechanism for recovery to burst threshold could be a
progressive decrease in the strength of inhibitory inputs during
the burst of the contralateral HN cell. Previous studies of syn-
aptic transmission between HN cells provide evidence for both
spike-mediated and tonic (graded) components of transmitter
release (Nicholls and Wallace, 1978a,b; Arbas and Calabrese,
1987a,b). However, no evidence for facilitation or depression
of spike-mediated synaptic transmission was found (Nicholls
and Wallace, 1978a,b; Peterson, 1983). On the other hand, the
time dependence of graded synaptic transmission was not ex-
amined.

In this study, we used the discontinuous current-clamp (DCC)
and single-electrode voltage-clamp (SEVC) techniques to ex-
amine Ca?* currents and graded synaptic transmission between



reciprocally inhibitory HN cells. Our data show that plateau
potentials are driven by at least 2 kinetically distinct Ca®* cur-
rents. These same currents appear to underlie graded synaptic
transmission between reciprocally inhibitory HN cells in G3
and G4. The synaptic transfer function is shown to occur over
the same voltage range traversed by HN cells during bursting
activity in normal physiological saline. Finally, postsynaptic
currents were observed to decay significantly during presynaptic
voltage steps with durations comparable to a typical HN cell
burst (5 sec). These results are consistent with the hypothesis
that 3 factors may contribute to the generation of oscillatory
activity by reciprocally inhibitory HN cells: (1) activation of
calcium currents that underlie a burst-generating plateau po-
tential, (2) synaptic inhibition of the contralateral HN cell during
the burst—time-dependent decay of the tonic component of this
inhibitory drive could contribute to the rate of recovery of the
inactive HN cell toward burst threshold, and (3) activation of
1,, which leads to burst generation by active depolarization of
the inhibited HN cell.

Materials and Methods

Leeches (Hirudo medicinalis) were obtained from European suppliers
and stored at 15°C. After anesthetizing the leech in cold saline, indi-
vidual ganglia were isolated by dissection and pinned in small Petri
dishes. Ganglia were continuously superfused with normal leech saline
(Nicholls and Baylor, 1968) containing (in mm) NaCl, 115; KCl, 4;
CaCl,, 1.8; glucose, 10; and HEPES buffer, 10, adjusted to pH 7.4. HN
cells were identified by the posterolateral position of their somata on
the ventral surface of the ganglion and their characteristic bursting pat-
tern. Once HN cells were identified in normal saline, ganglia were su-
perfused with Na-free saline (Na* replaced with an equimolar concen-
tration of N-methyl-D-glucamine). No change in cellular properties,
other than loss of action potentials and a hyperpolarization by approx-
imately 10 mV, was observed in Na-free saline over the time course of
our experiments (10-15 min). CsCl (4 mm) was added to block 7,, and
5 mM 4-aminopyridine (4-AP) was added to suppress an /,-like outward
current. In many experiments, [Ca?*], was raised to 5 mm to increase
the amplitude of Ca?* currents and of synaptic responses. In these mod-
ified salines, the physiological osmotic strength was maintained by re-
ductions in the concentration of N-methyl-p-glucamine. In some salines,
Ca?* was replaced with an equimolar concentration of Ba?*, Sr2*, Co?",
Mn?*, or Ni?*, Ethylene glycol bis(3-aminoethyl)ether-N, N'-tetra-acetic
acid (EGTA; 2 mm) was sometimes added to Co?*-substituted saline to
further reduce [Ca?*],. Modified salines were made in small quantities
every few days, and pH was checked regularly.

HN cells occur as bilateral pairs in segmental ganglia 1-7 and are
indexed according to ganglion and side [e.g., HN(R, 1) ... HN(L,7)].
Experiments on graded synaptic transmission were carried out in iso-
lated G3 or G4, where the bilateral HN cells are connected by reciprocal
inhibitory synapses (Thompson and Stent, 1976b; Tolbert and Cal-
abrese, 1985).

HN cells were penetrated with thin-walled (1 mm outer diameter,
0.75 mm inner diameter) borosilicate microelectrodes filled with 2 m
K-acetate and 1.5 M tetraethylammonium (TEA) acetate (which sup-
presses both the I,-like current and a delayed-rectifier-like outward
current). Microelectrodes had resistances of 60-70 MQ and time con-
stants of 0.2-0.5 msec. By comparison, the membrane time constant of
the HN cell in Na-free saline is approximately 70 msec (T. W. Simon
and R. L. Calabrese, unpublished observations). The membrane poten-
tial of each HN cell was controlled with a separate Axoclamp-2A mi-
croelectrode voltage clamp (Axon Instruments) used in either discon-
tinuous current-clamp (DCC) or single-electrode voltage-clamp (SEVC)
mode. The voltage inputs to the sample and hold circuits of each system
were continuously monitored on oscilloscopes to ensure complete set-
tling between current injection cycles; sample rates ranged from 1.3 to
2.0 kHz, and output band width was set at 0.3 kHz. At the end of the
experiment, microelectrodes were withdrawn from the cell, and only
those preparations in which both electrodes were within +5 mV of the
bath potential were accepted. Data were digitized, stored, and analyzed
on a computer (AT clone) using pcLAMP software (Axon Instruments)
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Figure 1. Synaptic connectivity in the heartbeat central oscillator. 4,
Schematic diagram showing the synaptic connections of HN cells in the
heartbeat timing oscillator. Open circles represent HN cell bodies num-
bered by the ganglion in which they reside (G3 or G4);, smaller solid
circles represent inhibitory synaptic connections. The HN(1) and HN(2)
cells, which have identical connections and electrical properties, are
lumped together (/, 2). Their primary input regions and spike-initiation
zones are located in G4 (open squares) and have therefore been drawn
separately from their somata. Synaptic interactions between HN(1) and
HN(2) cells and ipsilateral HN(3) or HN(4) cells can sustain oscillations
only when the dominant contralateral reciprocal interactions are elim-
inated (Peterson, 1983; Calabrese et al., 1989). B, Simultaneous inter-
cellular recordings from 2 reciprocally inhibitory HN cells of the timing
oscillator in an isolated ganglion. Spontaneous activity consists of al-
ternate bursting in normal physiological saline. Dashed lines indicate a
membrane potential of —50 mV.

or recorded on a videocassette recorder modified for FM recording
(Vetter, model 240).

The typical pulse protocol in the presynaptic cell consisted of 2 de-
polarizing voltage steps separated by a hyperpolarizing step of equal
magnitude and duration. Currents obtained in response to the 2 de-
polarizing steps were averaged. Unless otherwise indicated, all currents
in the presynaptic cell were leak subtracted by addition of the current
generated by the intervening hyperpolarizing voltage step. The time
between voltage steps was controlled manually; an ensuing stimulus was
applied after pre- and postsynaptic currents returned to the original
holding level. During off-line analysis, current and voltage records were
sometimes filtered using pcLAMP software routines. In all cases, the filter
was adjusted so that relevant current or voltage trajectories were unaf-
fected by the smoothing process.

Intraganglionic synaptic contacts between reciprocally inhibitory HN
cells occur at the distal tips of dendritic processes (Tolbert and Calabrese,
1985). Given the rather extensive dendritic tree of the HN cell, this
raises questions as to the adequacy of the space clamp obtained with a
microelectrode in the cell body. Although there are as yet no quantitative
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data available on the electrotonic length of HN cells, several observa-
tions suggest that they may be electrically compact: (1) When bathed
in Na-free saline, the input resistance of HN cells is relatively large (50—
60 MQ). In addition, a variety of voltage-dependent currents whose
activation could decrease the membrane resistance of the HN cells were
suppressed. Na* currents were eliminated by recording in Na-free saline,
and I, was blocked with extracellular Cs* (Angstadt and Calabrese,
1989). Outward K+ currents (I, and /,) were partially suppressed with
TEA and 4-AP, and those voltages where significant activation of out-
ward currents occurs were avoided. (2) The amplitude of synaptic cur-
rents generated in the distal dendrites was easily manipulated by small
changes in the holding potential applied at the cell body. Moreover,
reversal of synaptic potentials (or currents) was consistently observed
to occur at a membrane potential near —60 mV. This value is close to
the most negative potential reached by HN cells during their normal
bursting activity (—55 to —60 mV). Such agreement would not be ex-
pected if there was a major decrement in the dendritic synaptic potentials
as measured at the cell bodies. (3) Other problems associated with space-
clamp failure, such as abrupt and unpredictable changes in ionic current
during the voltage commands, were never observed. In addition, our
data show that Ca?* currents activate and inactivate over a physiolog-
ically reasonable voltage range. For example, nearly all steady-state
inactivation of Ca?' currents is removed by voltage steps to —70 mV.
Clearly, modeling studies of HN cells are needed for a more quantitative
assessment of the errors that may occur during voltage clamp of HN
cells. Nevertheless, the above observations suggest that no serious prob-
lems with voltage control of HN cells are occurring under the conditions
of these experiments.

Results

Graded synaptic transmission between reciprocally inhibitory
HN cells
Graded synaptic transmission between HN cells in G3 and G4
was examined in experiments in which 1 HN cell was voltage
clamped at —60 mV and stepped through a series of more de-
polarized potentials. The contralateral HN cell was held at a
membrane potential between —40 and —30 mV in either SEVC
mode to record postsynaptic currents or in DCC mode to record
postsynaptic potentials. Synaptic transmission was examined in
salines containing either 2 mm extracellular Ca?* (n = 8) or 5
mM extracellular Ca** (n = 19). In some experiments, the post-
synaptic responses were observed in both SEVC and DCC. How-
ever, in other experiments, the postsynaptic cell was examined
in only 1 of these recording modes. Thus, in 2 mm Ca?*, there
were 5 experiments in which inhibitory postsynaptic currents
(IPSCs) were recorded and 6 experiments where IPSPs were
recorded. In 5§ mm Ca?*, there were 14 preparations where IPSCs
were recorded and 11 preparations where IPSPs were recorded.
Figure 2 illustrates data from a preparation bathed in 2 mm
Ca?*. In Figure 24, traces on the left are the inward currents
generated in the presynaptic HN cell by a voltage step to the
potential indicated at the left of each record. Traces on the right
are the outward synaptic currents (IPSCs) recorded in the con-
tralateral HN cell, which was voltage clamped at —35 mV. The
presynaptic voltage steps are shown at the top of each set of
current traces. The presynaptic inward currents elicited by the
smaller depolarizations are relatively flat and persist for the
duration of the voltage step. Currents elicited by larger voltage
steps have a biphasic wave form consisting of a relatively large
transient component of inward current followed by a persistent
component of smaller amplitude. For convenience, we will refer
to these components as the transient and persistent Ca2* cur-
rents, respectively. In Figure 28, the pre- and postsynaptic cur-
rents evoked by the voltage step to —35 mV are shown at higher
gain. Arrows indicate how peak current and the current at 1 sec
(defined as the persistent current) were measured relative to the

holding current level (indicated by the dashed line). Note that
outward synaptic current, though small, clearly persists for the
duration of the presynaptic voltage step.

Figure 2C illustrates the relationship between presynaptic
command potential and peak (squares) and persistent (dia-
monds) presynaptic inward currents. From a holding potential
of —60 mV, inward currents were consistently elicited by the
smallest voltage step applied (to —50 mV). The amplitude of
both the peak and the persistent currents increased approxi-
mately linearly as a function of membrane potential over the
voltage range examined. However, current amplitudes tended
to level off and then decrease positive to about —35 mV. This
decrease may be due to interference from outward K+ currents,
which have a threshold between —35 and —30 mV. For this
reason, presynaptic voltage steps positive to —32 mV are not
presented. Figure 2D illustrates the relationship between pre-
synaptic potential and the amplitude of postsynaptic currents
in the contralateral HN cell. In this preparation, the threshold
for IPSCs was —42.5 mV. In most preparations, threshold was
—45 mV, though in a few cases, presynaptic voltage steps to
—47.5 mV elicited measurable synaptic responses. Synaptic re-
sponses were never observed in the absence of presynaptic cur-
rent. Although these experiments were performed in saline with
a slightly elevated extracellular Ca?* concentration (2 mm vs
normal [Ca?*], of 1.8 mm), the amplitude of synaptic currents
obtained in most preparations was relatively small. We therefore
decided to increase the concentration of Ca?* in the hopes of
increasing the amplitude of both pre- and postsynaptic currents.

Figure 3 illustrates data from a preparation bathed in 5 mm
Ca?*. As in the previous figure, traces on the left are the inward
currents generated in the presynaptic HN cell by a series of
depolarizing voltage steps. In Figure 34, traces on the right show
the postsynaptic currents recorded in the contralateral HN cell
clamped at a holding potential of —35 mV. In Figure 3B, the
same HN cell was recorded in DCC mode and held at —35 mV
by maintained current injection. The top set of traces in each
panel show the voltage steps applied to the presynaptic cell. As
expected, both the pre- and postsynaptic currents recorded in
5 mm Ca?* were larger than those obtained in 2 mm Ca?*. In
addition, the distinction between the transient and the persistent
components of presynaptic inward current was particularly ev-
ident.

Figure 3C shows the relationship between presynaptic poten-
tial and the amplitude of presynaptic inward currents (averaged
values from the trials in Fig. 34,B). The relationship between
presynaptic potential and peak current is somewhat steeper than
in 2 mM Ca?*, and the peak currents clearly approach a maxi-
mum near —35 mV. Asin 2 mMm Ca?*, the smallest voltage steps
(to —50 mV) consistently elicited inward current in the presyn-
aptic HN cell (n = 22). In separate experiments using a holding
potential of —70 mV (n = 10), the activation threshold for
inward currents occurred at —60 mV (n = 6), =55 mV (n = 3),
or =50 mV (n=1).

Figure 3D illustrates the relationship between presynaptic po-
tential and postsynaptic current. As in 2 mMm Ca?*, IPSC am-
plitude is graded with presynaptic command potential. IPSCs
were usually observed following presynaptic voltage steps to
—45 mV. The larger IPSCs are biphasic, exhibiting an early
peak followed by a more slowly decaying component that often
persisted for the duration of the presynaptic voltage step. In
Figure 3F, presynaptic potential is plotted versus the amplitude
of postsynaptic potentials recorded in DCC. In this case, the
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threshold for IPSPs was —45 mV, though thresholds as low as
—47.5 mV were observed in other preparations. It is interesting
to note that, in 3 preparations, a small depolarization was mea-
sured in the postsynaptic cell (in DCC) during the presynaptic
voltage step to —50 mV. This result may have reflected the
weak electrotonic coupling between contralateral HN cells
(Thompson and Stent, 1976b). The presence of this coupling
may obscure the measurement of inhibitory postsynaptic re-
sponses near threshold, resulting in an underestimate of the true
synaptic threshold. Above threshold, IPSP amplitudes were
graded with presynaptic potential. For all preparations in 5 mm
Ca?* combined, a 4-5-mV presynaptic depolarization elicited a
10-fold increase in the peak amplitude of the IPSP. A 10-fold
change in the IPSP measured at 1 sec, however, required a
presynaptic depolarization of 7-9 mV. These relationships are
steeper than those observed in 2 mm Ca?*, where 8§-11 mV and
12-15 mV presynaptic depolarizations produced 10-fold changes
in the peak IPSP and the IPSP measured at 1 sec, respectively.

—40 T35 30 angles show the amplitude of the IPSC
at 1 sec.

In Figure 2F, the amplitude of the peak and persistent IPSCs
were plotted versus the amplitudes of the peak and persistent
presynaptic currents, respectively. In both cases, an approxi-
mately linear relationship was obtained between these 2 param-
eters in the voltage range examined.

Reversal potential of synaptic currents

The synaptic reversal potential was determined by recording
the postsynaptic currents elicited by a standard presynaptic volt-
age step at a variety of postsynaptic holding potentials. In Figure
4, the top trace shows the presynaptic current (average response
of all trials) recorded during a voltage step from —60 to —35
mV. The lower set of traces shows the corresponding IPSCs
recorded at 7 different postsynaptic holding potentials. At hold-
ing potentials positive to —60 mV, the postsynaptic currents
are outward. Negative to —60 mV, the currents are reversed
and become inward. We obtained similar results in 3 additional
preparations where postsynaptic currents were recorded in volt-
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Figure 3. Presynaptic currents and postsynaptic responses obtained in Na-free saline containing 5 mM Ca?*. 4, Traces on the /eff show inward
currents in an HN(R,3) cell elicited by voltage steps from a holding potential of —60 mV to the potential indicated at the left of each record. Traces
on the right show the corresponding IPSCs in the HN(L,3) cell recorded in SEVC at a holding potential of —35 mV. Top set of traces on each side
shows the presynaptic voltage steps. B, Same cells as in 4 but in another trial. In this case, the postsynaptic HN cell was placed in DCC to record
IPSPs. C, Graph showing peak (squares) and persistent (diamonds) inward currents in the presynaptic cell versus command potential. Values shown
represent the average of currents obtained in trials 4 and B. D, Graph of the IPSC amplitudes from A plotted against presynaptic command potential.
Circles show the peak amplitude of the IPSC, and triangles show the IPSC amplitude at 1 sec. E, Graph of the IPSP amplitudes from B plotted
against presynaptic command potential. Circles show the peak amplitude of the IPSP, and triangles show the amplitude of the IPSP at | sec. F,
Graph of the peak IPSCs (squares) and the IPSCs at 1 sec (diamonds) versus the peak presynaptic currents and presynaptic currents measured at
1 sec, respectively. Note the different scales for the 2 vertical axes. The data points were fit by linear regression.
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age clamp and in 2 preparations where we recorded reversal of
the IPSPs in discontinuous current clamp.

Transient and persistent inward currents are correlated with
different components of the postsynaptic response

The discovery of 2 kinetically distinct inward currents raises the
issue of whether 1 or both of these currents are directly involved
in the release of neurotransmitter. The relative contribution of
the transient and persistent inward currents to postsynaptic re-
sponses was tested by comparing the effects of relatively long
presynaptic voltage steps, which elicit both the transient and
persistent inward currents, to those produced by brief voltage
steps, which elicit primarily the transient inward current. Figure
5 shows the presynaptic currents and postsynaptic potentials
(Fig. 54) and postsynaptic currents (Fig. 5B) elicited by 1.5-sec
or 150-msec presynaptic voltage steps. The postsynaptic re-
sponses to brief presynaptic voltage steps consistently exhibit a
faster rate of decay than those produced during the prolonged
voltage steps (n = 7). Thus, in the absence of the persistent
inward current, the prolonged component of the postsynaptic
response is eliminated. In this experiment, the rate of decay of
the postsynaptic current following the brief voltage step is de-
scribed well by a single exponential process with a time constant
of about 100 msec. In contrast, at least 2 exponential processes
are required to fit the decay of the postsynaptic current during
the long voltage step, one with a time constant of about 100
msec, and the other with a time constant of 1 sec or more.
Similar results were obtained in 2 other preparations where
IPSCs were recorded. Thus, the transient and persistent inward
currents each appear to be correlated with separate components
of transmitter release, resulting in a biphasic wave form of the
postsynaptic response during prolonged presynaptic depolariza-
tion.

Waning of graded synaptic transmission during prolonged
presynaptic voltage steps

A typical HN cell burst in normal saline lasts for at least 5 sec.
We wished to determine the degree to which postsynaptic re-
sponses decay during presynaptic voltage steps of comparable
durations. Figure 6 compares the time course of presynaptic
current and postsynaptic potential (Fig. 64) and postsynaptic
current (Fig. 6B) during 5-sec-duration voltage steps. The 2
components of presynaptic current are easily distinguished using
this protocol, with a large transient inward current followed by
the slow decay of the persistent inward current. The decay of
postsynaptic currents was again best described by at least 2
exponential processes (# = 11). The mean time constants were
103 + 29 (=SD) and 1285 + 474 msec. In 10 out of 12 prep-
arations, the postsynaptic current was observed to decay com-
pletely during the presynaptic voltage step. In 2 preparations,
the postsynaptic response appeared to decay to a small but
steady level of outward current.

Insensitivity of presynaptic and postsynaptic currents to
FMRFamide

The molluscan cardioexcitatory peptide Phe-Met-Arg-Phe-am-
ide (FMRFamide) decreases the cycle period of the leech heart-
beat central pattern generator (Kuhlman et al., 1985). However,
bath application of FMRFamide (1 um) had no effect on (1) the
amplitude or time course of the transient and persistent Ca2*
currents, (2) the amplitude or time course of IPSPs or 1PSCs,
or (3) the holding current (n = 6). Previous studies also failed
to demonstrate an effect of FMRFamide on the hyperpolariza-
tion-activated inward current /, (Angstadt and Calabrese, 1989).
The failure to observe effects of FMRFamide on inward currents
in HN cells suggests that outward currents, which have not yet



752 Angstadt and Calabrese » Calcium Currents in HN Cells

HN(L,4)
(Vhoid = -60 mV)
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IPSP (Vhoig = -30 mV) IPSC

50 mV 50 mV
500 pA 500 pA
10 mV 500 pA
300 ms 300 ms

Figure 5. Comparisons of the presynaptic currents and postsynaptic responses elicited by 1.5-sec or 150-msec presynaptic voltage steps from —60
to —35 mV. Top traces in A and B show the voltage steps (V) and inward currents (/) recorded in the presynaptic cell. Bottom traces illustrate the
postsynaptic potentials (4) or postsynaptic currents (B) recorded in the contralateral HN cell. Stars mark the traces corresponding to the 1.5-sec
voltage steps. Dashed lines in this and subsequent figures provide a reference for the holding potential or holding current just prior to the presynaptic

voltage step. A and B are from the same preparation.

A HN(L,3) B
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Figure 6. Waning of synaptic transmission during prolonged voltage steps. 4, Presynaptic voltage (fop trace) and current (middle trace) during a
step from —60 to —35 mV in an HN(L,3) cell. Note the characteristic transient inward current followed by the persistent inward current that
decays at a much slower rate. The lower trace shows the postsynaptic potential produced in the HN(R,3) cell. Following a large initial peak, the
IPSP amplitude steadily declined during the 5-sec stimulus. B, Same preparation as in A4 in another trial in which the postsynaptic cell was voltage

clamped at —30 mV. Outward synaptic current also exhibits a significant decay during the presynaptic voltage step.
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been examined in detail, may be modulated by the peptide. This
hypothesis is consistent with the observation that bath appli-
cation of 4-AP (5 mm), which suppresses an I,-like current in
HN cells, also decreases the cycle period of reciprocally inhib-
itory HN cells in isolated ganglia (n = 6; data not shown).

Calcium dependence of inward currents and graded synaptic
transmission

Figure 7 illustrates the effect of replacing 5 mm extracellular
Ca?* in the saline with 5 mm Co?* and 2 mMm EGTA. Superfusion
with cobalt saline blocks inhibitory synaptic transmission be-
tween HN cells and strongly suppresses the presynaptic inward
currents. In each panel, the upper trace shows the presynaptic
current elicited by a 1.5-sec voltage step from —60 to —35 mV,
and the lower trace, the resulting IPSP in the contralateral HN
cell. The top panel shows the preparation in 5 mm Ca?*. The
middle panel shows the same preparation approximately 2 min
after superfusing with cobalt saline. The presynaptic currents
were strongly suppressed, and the IPSP was eliminated. Inward
presynaptic currents and the IPSP show partial recovery after
returning to 5 mm Ca?* (bottom panel). The small inward pre-
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Figure 7. Substitution of Co** for Ca**
suppresses inward currents and elimi-
nates synaptic transmission. Three
panels are illustrated: control (5 mm
Ca?*), cobalt (Ca** replaced with an
equimolar concentration of Co?*), and
wash (5 mm Ca?*). The upper trace in
each panel shows the presynaptic cur-
rent recorded in an HN(R,4) cell during
a voltage step from —-60 to —35 mV.
The lower traces show the postsynaptic
potential recorded in the HN(L,4) cell
at a holding potential of —35 mV. Co**
saline contained 2 mMm EGTA.

synaptic current remaining in cobalt saline may reflect an in-
complete substitution of Co?* for Ca?* ions in the neuropil. In
other preparations bathed in cobalt saline for longer times (5—
10 min), inward currents disappear completely (not shown).
However, in these cases, it was difficult to obtain good recovery
of inward currents or postsynaptic responses after washing.
We further tested the 1onic dependence of the inward currents
by replacing Ca?* with a variety of divalent ions. Figure 8 il-
lustrates inward currents evoked at the offset of hyperpolarizing
prepulses in Na-free saline containing Ca?* versus Co?* (Fig.
84; n = 4), Sr** versus Ni** (Fig. 8B; n = 2), or Ba?* versus
Mn?* (Fig. 8C; n = 4). In these experiments, a single HN cell
was voltage clamped at a relatively depolarized holding poten-
tial (—40 mV), where Ca®* currents are inactivated. A series of
hyperpolarizing voltage steps (prepulses) to more negative mem-
brane potentials was applied to remove steady-state inactiva-
tion. Inward Ca?* currents were subsequently activated upon
return to the holding potential, and their peak amplitude was
plotted versus prepulse potential. Traces to the right of each
graph illustrate the currents obtained during and after prepulses
to —80 mV. The data show that inward currents are elicited at
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Ionic dependence of inward currents obtained in Na-free saline. Plots illustrate the peak inward current recorded at the offset of

hyperpolarizing voltage steps (prepulses) from the holding potential of —45 mV to a series of more negative potentials. Traces on the right show
the actual currents recorded following prepulses to —80 mV (no leak subtraction). 4, Currents obtained in 5 mm Ca?* versus 5 mMm Co?*. B, Currents
obtained in 5 mm Sr?* versus 5 mm Ni?*. C, Currents obtained in 5 mm Ba?* versus 5 mM Mn?*. Data in A-C are from 3 different preparations.

the step offset in the presence of Ca?*, Sr2*, or Ba?* ions, but
are strongly suppressed when these ions are replaced with cal-
cium channel blockers. The small inward currents remaining in
Mn?* saline may reflect incomplete block, or, possibly, a slight
permeability to Mn?* ions, as has been reported in other systems
(Nelson, 1986). The suppression of inward currents with Ca?*
channel blockers does not result from a small shift in the thresh-
old for current activation, because inward currents were never
revealed at more depolarized holding potentials (data not shown).
These results therefore support the conclusion that both the
transient and the persistent inward currents recorded in Na-free
saline are carried by Ca?*.

Steady-state inactivation of calcium currents

We examined the steady-state inactivation of Ca?* currents by
stepping from a relatively depolarized holding potential (e.g.,
—40 mYV) to a series of more negative command potentials (to
remove inactivation). Following the offset of a 2-sec hyperpo-
larizing prepulse, the peak inward current (representing the tran-
sient Ca?* current) and the inward current 400 msec after step
offset (representing the persistent Ca?* current) were measured
relative to the initial holding current. These data were subse-
quently normalized to the largest current obtained within each
group and plotted against prepulse potential. Figure 94 illus-
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trates data from a representative preparation (n = 7). Both the
transient and the persistent currents begin to inactivate near
—70 mV and are completely inactivated positive to —50 mV.
Note that half of the steady-state inactivation is removed by
voltage steps to approximately —55 mV, which corresponds to
the peak hyperpolarization of the HN cell during bursting ac-
tivity in normal physiological saline (—55 to —60 mV). Similar
results were obtained in 4 additional preparations in which in-
ward currents were measured during voltage steps to a standard
test potential (e.g., —40 mV) while varying the holding potential.

The time course of recovery from inactivation was examined
in separate experiments by varying the duration of a standard
hyperpolarizing prepulse to —75 or —80 mV from a holding
potential of —40 mV. Figure 98 shows the time course of re-
covery of the transient and persistent inward currents in a rep-
resentative preparation (n = 7). Complete removal of inacti-
vation occurred in 1-2 sec. We also found that the persistent

persistent inward currents (marked by
arrows) were measured relative to the
holding current (dashed line). Calibra-
tion: 50 mV, 500 pA; 400 msec.

component of inward current (defined as the current measured
at 400 msec after step offset) consistently recovered more quick-
ly than the transient inward current. The time to half-recovery
was 120 = 20 (xSEM) msec for the persistent inward current
and 320 £ 70 msec for the transient inward current (based on
linear regression of the steepest portions of the curves). These
values are statistically different (p < 0.025; ¢+ = 3.61; df = 6;
paired 7 test).

Transient and persistent inward currents underlie plateau
potentials in Na-free saline

In Na-free saline, HN cells can produce regenerative, Ca2*-de-
pendent plateau potentials in response to injected currents (Ar-
bas and Calabrese, 1987a). Similar plateau potentials were ob-
tained in this study using TEA electrodes and Na-free saline
containing 4 mm Cs* and 5 mm 4-AP. Figure 104 shows a
plateau potential in an HN(R,3) cell (middle trace) recorded in
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Figure 10. The peak and persistent Ca?* currents underlie voltage-dependent plateau potentials in the HN cells. 4, The top trace is a record of a
hyperpolarizing current pulse delivered to an HN(R,3) cell in Na-free saline containing 5 mMm Ca?*. The middle trace shows the plateau potential
elicited at the offset of the current pulse. The bottom trace shows the IPSP elicited in the contralateral HN(L,3) cell in response to the plateau
potential. Both HN cells were recorded in DCC mode. B, Same HN cells recorded in SEVC mode. The time course and amplitude of the voltage
commands (middle trace) were chosen to provide an approximation of the voltage wave form observed in current clamp (4, middle trace). The top
trace shows the ionic currents elicited by the voltage commands. The hyperpolarizing voltage step elicits an inward current with a small outward
relaxation. The currents produced by the subsequent depolarizing voltage step have been leak subtracted. Leak current was obtained from a
hyperpolarizing voltage step of —10 mV delivered from a holding potential of —50 mV (not shown). Note that leak currents did not exhibit time-
dependent changes when obtained at holding potentials of —50 mV or more negative. Leak subtraction reveals transient (arrow) and persistent
inward currents in response to depolarization. The bottom trace shows the postsynaptic current elicited in the contralateral HN cell in response to

the presynaptic voltage step.

DCC at the offset of a hyperpolarizing current pulse (top trace)
delivered from a holding potential of —40 mV. During the
current pulse, the HN cell was hyperpolarized to approximately
—60 mV. At current offset, a complex plateau potential con-
sisting of an early depolarizing transient followed by a prolonged
plateau (near —30 mV) was evoked. A simultaneous recording
of the HN(L,3) cell (bottom trace) revealed a similarly prolonged
IPSP in response to the presynaptic plateau potential. A re-
cording of the same HN cell in SEVC mode reveals the ionic
currents underlying the plateau potential (Fig. 10B). From a
holding potential of —40 mV, the HN(R,3) cell was first stepped
to a potential of —60 mV, and then depolarized to —30 mV (to
mimic the membrane potential changes observed in DCC). The
depolarizing voltage step elicited the characteristic biphasic se-
quence of inward currents (top trace) consisting of a relatively
large but transient current (arrow), followed by a smaller current
that persisted for the duration of the 3-sec voltage step. Note
that membrane currents shown during the depolarizing voltage
step were leak subtracted (see Fig. 10 caption). The bottom trace
shows the IPSC recorded in the contralateral HN cell; this cur-

rent underlies the IPSP recorded in current-clamp mode. Thus,
this experiment provides a qualitative illustration of the pre-
and postsynaptic currents, which in combination with action
potential currents, underlie the burst of one HN cell and the
inhibition of the other.

Discussion

Inward Ca’+ currents underlie plateau potentials and graded
synaptic transmission of HN cells

Using the single-electrode voltage-clamp technique, we have
identified 2 kinetically distinct components of inward current
with ionic dependencies and voltage-dependent properties iden-
tical to those reported previously for plateau potentials of HN
cells recorded in current-clamp studies (Arbas and Calabrese,
1987a). The inward currents, like plateau potentials, persist in
Na-free saline, are enhanced by elevating extracellular Ca?*, and
are supported by Sr?* and Ba?*, but not Co?*. In addition, we
have shown that steady-state inactivation of both the transient
and the persistent Ca?* currents is complete positive to —50
mV. This is in good agreement with the observation that plateau



potentials cannot be evoked by depolarizing current pulses from
holding potentials positive to about —50 mV (Arbas and Cal-
abrese, 1987a). Our data showing that the activation threshold
for Ca?* currents is near —55 mV also explains why it is im-
possible to evoke plateau potentials at the offset of hyperpolar-
izing pulses when the holding potential is negative to —55 mV
(Arbas and Calabrese, 1987a). Based on their similar voltage
and ionic dependencies, we conclude that the Ca?* currents re-
corded in voltage clamp underlie the plateau potentials observed
in current-clamp studies.

In this study, we also demonstrated a strong correlation be-
tween voltage-dependent Ca?t currents and graded synaptic
transmission in HN cells. Synaptic responses are observed only
following activation of inward Ca?* currents in the presynaptic
HN cell. In addition, the sequence of Ca?* currents activated
by depolarizing voltage steps, that is, transient inward current
followed by a persistent inward current, is well correlated with
the biphasic wave form of the IPSC, which consists of a peak
outward current followed by a more slowly decaying component.
However, we have not directly ruled out the possibility that a
different population of Ca** channels, perhaps located in the
distal dendrites of the HN cell, are in fact mediating transmitter
release. Nevertheless, we believe the simplest interpretation of
our results is that both the transient and the persistent com-
ponents of Ca?* current contribute directly to transmitter re-
lease.

Properties of Ca’+ currents in HN cells and comparison to
Ca?+ currents in other preparations

Both the transient and the persistent components of Ca2* current
in HN cells, which begin to activate near —60 mV, fall into the
general class of low-threshold Ca?* currents. In contrast, Ca*
currents reported in other leech neurons have so far been of the
high-threshold type, activating near —10 mV (Johansen et al.,
1987; Stewart et al., 1989). Low-threshold Ca?* currents have
been described in other invertebrate preparations, however.
These include the Ca2* current of presynaptic terminals at the
squid giant synapse, which like the persistent Ca** current of
HN cells, activates near —50 mV and shows significant inac-
tivation only after several seconds (Augustine et al., 1987). The
transient Ca?* current of HN cells shows some similarity to a
low-voltage activated current described in neuron B5 of Heli-
soma, which is activated at about —40 mV and decays to 0
within 200 msec (Haydon and Man-Son-Hing, 1988). Ca?* cur-
rents in HN cells also show some similarity to the Ca?* current
underlying driver potentials in lobster cardiac ganglion neurons,
which begins to activate near —40 mV and exhibits biphasic
decay (Tazaki and Cooke, 1990). Vertebrate neurons have been
reported to contain up to 3 types of Ca?* channels, labeled T-,
N-, and L-type (Nowycky etal., 1985; Fox etal., 1987a,b). There
is no clear correlation between HN cell Ca>* currents and any
of the vertebrate channel types. However, based on activation
threshold, the HN Ca?* currents resemble the T-type (low-
threshold) channels rather than N- or L-type (high-threshold)
channels.

Both the transient and the persistent components of Ca?*
current in HN cells decay during prolonged depolarizing voltage
steps. Our data suggest that this decay is due to inactivation of
Ca?* currents, which begins at voltages positive to about —70
mV._ It is possible, however, that an apparent decay of inward
currents could result from contamination due to activation of
outward currents (i.e., voltage- or Ca?*-dependent K+ currents).
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Although outward currents in HN cells have not been examined
in detail, preliminary experiments (performed with salines in
which Ca?* channel blockers are substituted for Ca?*) suggest
that HN cells possess at least 2 types. One is a transient current,
similar to the molluscan A-current (Connor and Stevens, 1971),
that activates at approximately —35 mV and then inactivates
within 100-200 msec. The other is a persistent outward current,
similar to the delayed rectifier of many cells, that has an acti-
vation threshold near —30 mV and only partially inactivates
over hundreds of milliseconds. The transient current is sup-
pressed by 4-AP, and both currents are strongly suppressed by
intracellular TEA. The relatively depolarized activation thresh-
olds of outward currents (compared to the Ca?* current) and the
use of extracellular 4-AP and intracellular TEA in our experi-
ments suggest that the decay of inward currents is unlikely to
result from distortion by voltage-dependent outward currents.
Another possible source of contamination would be a Ca-acti-
vated K* current. Although the presence of a Ca-activated K+
current in HN cells cannot be ruled out, we have no clear evi-
dence for such a current. For example, following the offset of
short voltage steps (e.g., Fig. 5), the membrane current returns
to the holding level, with no indication of an outward current
activated by the Ca?* influx. Another characteristic of cells with
a strong Iy, is strong and persistent hyperpolarizing afterpo-
tentials following Ca?*-mediated spikes or plateau potentials. In
contrast, membrane potential trajectories following plateau po-
tentials in HN cells are characterized by a gradual decline toward
the resting potential (Fig. 104; see also Arbas and Calabrese,
1987a). Thus, it seems unlikely that the decay of these currents,
particularly the rapid decline of the transient Ca?* current, is
due to contamination by outward currents.

Inactivation of Ca?* channels in neurons of both vertebrates
(Pitler and Landfield, 1987; Akaike et al., 1988) and inverte-
brates (Eckert and Tillotson, 1981; Plant et al., 1983; Tazaki
and Cooke, 1990) appears to be mediated, in large part, by Ca*
influx. Our data provide circumstantial evidence that an im-
portant component of inactivation, particularly with regard to
decay of the transient Ca?* current, is also Ca?' mediated. A
comparison of inward currents elicited in 2 mm versus 5 mm
[Ca?*], shows that the rate of decay of the transient Ca?* current
is better correlated with peak current amplitude than with mem-
brane potential. For example, the rate of decay of the transient
calcium current elicited by the voltage step to —35 mV in 2 mm
Ca> (Fig. 24) is slower than that observed for the comparable
voltage step in 5 mM Ca?, but is very similar to the rate of
decay of the transient current elicited by the step to —42.5 mV
in 5 mm Ca?*, which has a similar peak amplitude (Fig. 34).
The hypothesis that inactivation is mediated by Ca?* influx is
also supported by the decreased rate of inactivation of the tran-
sient current that occurs when Ba?* is used as the charge carrier
(e.g., Fig. 8C). In fact, it was often difficult to distinguish the 2
components of inward current in the presence of Ba?*. Several
studies have suggested that Ba* ions are much less effective
than Ca?* for mediating inactivation of calcium channels (Eckert
and Tillotson, 1981; Kalman et al., 1988).

Are the transient and persistent components of calcium current
generated by 1 or 2 classes of Ca channels?

Calcium currents evoked in HN cells consistently exhibited a
biphasic relaxation during prolonged voltage steps, and we have
referred to these 2 kinetically distinct components as the tran-
sient and persistent Ca2* currents. It is possible that the 2 com-
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ponents of inward current are produced by 2 different classes
of Ca?* channels, one that inactivates relatively quickly and
another that inactivates only very slowly. However, it is also
possible that only 1 class of channels is present in HN cells and
that other mechanisms underlie the biphasic wave form of the
observed currents.

If we suppose that HN cells possess only | class of Ca*
channels, then what other mechanisms might explain the bi-
phasic form of the inward currents that is observed? One ex-
planation would be distortion of inward currents due to con-
tamination by Ca?*-activated K* current. As discussed above,
our data do not rule out this possibility. Another possible ex-
planation is that the biphasic wave form of Ca?* currents arises
as a property of Ca?*-mediated inactivation, a mechanism that
has been proposed to explain the biphasic decay of Ca2* current
in some Aplysia neurons (Chad et al., 1984; Eckert and Chad,
1984). According to this model, the rapid rise of {Ca?*], at the
inner surface of the plasma membrane following the initial surge
of Ca?* influx underlies a rapid component of inactivation. How-
ever, due to internal buffering of free Ca**, [Ca?*], never rises
to a level sufficient to inactivate all the Ca?* channels. Thus, a
persistent component of Ca2* current, whose magnitude depends
on the steady-state [Ca?*],, is observed. A similar mechanism
could contribute to the biphasic wave form of calcium currents
in HN cells. Our observation that the transient component of
Ca?* current appeared to be more sensitive than the persistent
component to block by cobalt saline (Fig. 7) is also consistent
with the data of Chad et al. (1984) showing a preferential de-
pression of peak Ca2* current relative to persistent Ca2* current
during partial block by Cd?* ions.

Graded synaptic transmission between reciprocally inhibitory
HN cells

We have shown that transmitter release and postsynaptic re-
sponses of reciprocally inhibitory HN celis in G3 and G4 persist
in the complete absence of Nat-mediated action potentials. Cir-
cumstantial evidence suggests that graded synaptic transmission
may contribute to inhibition of the contralateral HN cell in
normal leech saline. Previous studies have noted that sub-
threshold depolarization of HN cells can inhibit postsynaptic
heart motor neurons, an effect attributed to a nonspiking com-
ponent of synaptic transmission (Thompson and Stent, 1976b;
Nicholls and Wallace, 1978a). Arbas and Calabrese (1987b)
observed similar effects between HN cells at the offset of hy-
perpolarizing current pulses. The data reported in this study are
also consistent with a role for graded synaptic transmission
during normal rhythmic activity. During a burst, action poten-
tials in an HN cell ride atop a slow oscillation that peaks at
approximately —35 mV. When inhibited, the HN cell is hy-
perpolarized to between —50 and —60 mV. Thus, the sub-
threshold membrane potential oscillations of the HN cell over-
lap almost exactly with the synaptic transfer function obtained
in this study, which shows that transmitter release begins at —45
to —47 mV and peaks near —35 mV. This suggests that both
graded and spike-mediated synaptic effects will contribute to
the inhibition of the contralateral HN cell during normal rhyth-
mic activity. Combined actions of spike-mediated and graded
synaptic transmission similar to those proposed here have been
clearly demonstrated between neurons in the lobster stomato-
gastric ganglion (Graubard et al., 1983).

The synaptic transfer function of the HN-to-HN synapse is
rather steep. In 2 mm Ca?*, an 8-11 mV presynaptic depolariza-

tion produced a 10-fold change in the peak IPSP. This rela-
tionship corresponds fairly closely to that found at other syn-
apses, including the squid giant synapse (Katz and Miledi, 1967),
a tonic sensorimotor synapse in the crab (Blight and Llinas,
1980), the photoreceptor to I-cell synapse in the barnacle (Haya-
shi et al., 1985), and the Retzius to P-cell synapse of leech
neurons in cell culture (Dietzel et al., 1986). However, this re-
lationship is steeper than that reported for graded transmission
between spiking neurons in the lobster stomatogastric system
(Graubard, 1978; Graubard et al., 1989) and the Miiller’s cell’s
synapse in the lamprey (Martin and Ringham, 1975). Hayashi
et al. (1985) have suggested that a steep input—output relation
may be favored at relay synapses, where it is important to insure
that the postsynaptic cell is driven by presynaptic changes. In
the HN cell synapse, it is also important that the postsynaptic
cell responds strongly to presynaptic depolarization, because
burst termination is a critical transition in the oscillation (see
below).

Mechanisms for alternate bursting of reciprocally inhibitory
HN cells

The reciprocally inhibitory HN(3) and HN(4) cell pairs each
form competent oscillators. When one of the HN cells is inhib-
ited by a burst of action potentials in its contralateral partner,
it slowly depolarizes toward its own burst threshold and a re-
sulting inhibition of the previously active cell. It is this transition
from inhibition to burst formation that is the critical timing
event of the oscillation (Peterson, 1983). One important mech-
anism for recovery from inhibition is activation of voltage-gated
1onic currents. Previous studies showed that one of these cur-
rents, [,, is activated at membrane potentials negative to —45
mV and causes the HN cell to depolarize its response to hy-
perpolarizing inputs (Angstadt and Calabrese, 1989). Moreover,
pharmacological block of I, severely disrupts the normal burst-
ing activity of reciprocally inhibitory HN cell pairs. In this pa-
per, we have identified voltage-dependent Ca?* currents that
underlie a plateau potential that supports burst formation fol-
lowing prior hyperpolarization. Our data suggest that hyper-
polarization is required in order to remove inactivation of the
Ca?* currents and thereby allow activation during subsequent
depolarization (driven by 7,). The discovery of 2 kinetically
distinct components of Ca?* current raises the possibility that
each component may play a qualitatively different functional
role. For example, the large transient Ca?* current could be
important for ensuring a surge of Ca?* influx (and consequent
transmitter release) and thus a vigorous inhibition of the con-
tralateral HN cell (i.e., to guarantee burst termination). The
persistent inward current, on the other hand, may provide for
longer-lasting inhibition (1-2 sec) that, coupled with spike-me-
diated inhibition, prevents recovery of the contralateral HN cell
toward its next burst from occurring too quickly.

The combined actions of I, and I, could account for the
escape from inhibition and subsequent burst generation of the
HN cells. In theory, however, there are other mechanisms that
could contribute to the recovery of an inhibited HN cell. For
example, it is possible that, in the absence of a time-dependent
decline in the strength of synaptic inhibition, the depolarizing
effects of 7, would not be sufficient to allow the inhibited HN
cell to recover to burst threshold. Peterson (1983) found no
evidence for a decreased efficacy of spike-mediated transmission
during a burst. In contrast, the data presented in this study
suggest that inhibition produced by graded synaptic transmis-



sion would be expected to wane significantly during the pro-
longed depolarization associated with a burst (~5 sec). The
relative contribution of spike-mediated and graded synaptic
transmission to the overall inhibition of the contralateral HN
cell is being investigated by incorporating data on ionic currents
and synaptic transmission into a mathematical model of recip-
rocally inhibitory HN cells (De Schutter et al., 1989).
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