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SUMMARY

1. Inhibitory synapses among the central neurones involved in the generation of the heartbeat rhythm of the leech were blocked by either low Cl~
physiological saline or presynaptic hyperpolarizing current.
2. Low Cl~ saline reversibly blocked inhibitory postsynaptic potentials
(IPSPs) from the HN cells onto both other HN cells and HE cells but did
not block electrical coupling among HN cells.
3. The rhythmic bursts of impulses in HE cells were abolished when
IPSPs were blocked by either low Cl~ saline or hyperpolarization of HN
cells.
4. The rhythmic bursts of impulses in HN cells were not abolished
(except in cell HN(5)) when IPSPs were blocked by low Cl~ saline, but
phase relations became unfixed (unless the cells were electrically coupled).
5. Both brief depolarizing and hyperpolarizing current pulses reset the
rhythm of HN cells whose IPSPs were blocked by low Cl~ saline.
6. The results indicate that the motor neurones to the heart (HE cells)
produce rhythmic impulse bursts because their steady discharge is periodically inhibited by the HN interneurones. The pattern generated by the HN
cells originates from an endogenous rhythm co-ordinated by the inhibitory
interactions and electrical coupling between these cells.
INTRODUCTION

The constriction-dilation rhythm of a bilateral pair of longitudinal vessels that
run the length of the animal, the 'heart tubes', pumps blood through the circulatory
system of the leech Hirudo medicinalis (Mann, 1962). A set of rhythmically active
heart motor neurones, the HE cells, control the constriction cycle of each segmental
heart tube section. A bilateral pair of HE cell bodies is located on the ventral surface
of each of the segmental ganglia 3-19 of the ventral nerve cord (cells HE(3)-HE(i9),
respectively) and each HE cell innervates the circular muscles (Hammersen & Staudte,
1969) of its ipsilateral segmental heart tube section via excitatory synapses (Thompson
• Present address to which all communications should be sent: The Biological Laboratories,
Hu-vard University, 16 Divinity Avenue, Cambridge, Massachusetts 02138.
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& Stent, 1976a). The HE cell activity cycle consists of an active phase during whicb
it produces an impulse burst and an inactive phase during which it receives a burfl
of inhibitory postsynaptic potentials or IPSPs (Thompson & Stent, 1976a).
A set of rhythmically active heart interneurones, the HN cells, control the activity
of the HE cells via direct inhibitory synapses. A bilateral pair of HN cell bodies are
located on the ventral surface of segmental ganglia 1-7. The HN cell activity cycle
consists of an active phase during which they produce an impulse burst and an
inactive phase during which they receive a burst of IPSPs. The HN cells make synaptic contacts with HE cells and/or HN cells in their own ganglion and/or project an
axon rearward in the interganglionic connectives to synaptically contact more posterior
HE cells and/or HN cells (Thompson & Stent, 19766, c; Calabrese, 1977). All the
IPSPs in the HE cells can be accounted for by the impulse activity of the four pairs
of HN cells in segmental ganglia 3, 4, 6 and 7 (cells HN(3), HN(4), HN(6) and HN(7),
respectively) except for a class of IPSPs common to cells HE(3)-HE(6) which has
been attributed to an unidentified pair of HN cells, designated cells HN(X) (Thompson & Stent, 19766). The manner in which the HN cells are connected to the HE cells
(which is strictly ipsilateral) is shown in the hemilateral circuit diagram of Fig. 1 A.
The heart interneurone ensemble comprises a network of neurones whose synaptic
interaction results in a co-ordinated pattern of activity (Thompson & Stent, 19766;
Calabrese, 1977). The manner in which the identified HN cells are synaptically
interconnected is shown in Fig. iB (Thompson & Stent, 1976 c; Calabrese, 1977).
In addition to the inhibitory connexions shown in Fig. 1B some HN cells interact
via rectifying electrical junctions. Such junctions have been identified between
cell HN(X) and ipsilateral cells HNfa) and HN(4), cell HN(3) and ipsilateral
cells HN(4), HN(6) and HN(7) and between cell HN(4) and ipsilateral cells HN(6)
and HN(7) (Thompson & Stent, 1976c; Calabrese, 1977).
The complete heartbeat activity rhythm of both the HE cell and HN cell ensemble
occurs incessantly in the totally isolated nerve cord (Thompson & Stent, 1976a, b, c;
Calabrese, 1977), thus demonstrating that the rhythm is solely of central origin. In
the present investigation, low Cl~ physiological saline or presynaptic hyperpolarizing
current was used to block inhibitory synapses to determine whether the rhythm
resulted from synaptic interactions among the HN and HE cells, or whether certain
of the cells possessed an endogenous rhythm. It should be noted that Cl~ free (SO4~)
sea water does not interfere with the endogenous (Alving, 1968) rhythm of cell R15
of Aplysia (Waziri, Frazier & Kandel, 1965).
MATERIALS AND METHODS

Specimens of Hirudo medicinalis were purchased from commercial suppliers and
maintained before use in aquaria at 15 °C. All experiments were carried out on
isolated nerve cord preparations consisting of the head brain and at least the first
seven segmental ganglia. Maintenance of the preparations, intracellular recording and
passage of current into the neurones was as described by Kristan, Stent & Ort (1974)
and Thompson & Stent (1976a) except that all experiments were done at room temperature.
Normal physiological saline consisted of NaCl (115 mM), KC1 (4 raM), Cajft
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^(i-8 HIM), glucose (10 HIM), and tris maleate buffer (10 mM, pH 7-4) while low Cl~
Rjhysiological saline consisted of NaaSO4 (58 mM), K2SO4 (2 mM), CaCl2 (i-8 mM),
glucose (10 mMj, sucrose (76 mM), tris maleate buffer (10 mM, pH 7-4).
Within a given segmental ganglion HE and HN cells were identified by the position
of their cell bodies, by their characteristic impulse burst pattern and by their synaptic
connexions to other neurones of the heartbeat control system. Acceptable resting
potentials for HE cells were 40-50 mV and for HN cells were 40-60 mV.
RESULTS

Removal of HN cell mediated inhibition from HE cells by hyperpolarization of HN
cells reveals an underlying tonic discharge
Thompson & Stent (19766) have shown that the efficacy of action potential mediated inhibition of HE cells by HN cells is directly proportional to the amount of HN
cell depolarization. It is thus possible to block the inhibitory effect of the HN cells
onto the HE cells by hyperpolarizing the HN cells even though the hyperpolarization
does not block action potential activity.
It is not necessary to directly hyperpolarize all the HN cells that connect with
a given HE cell in order to block all inhibition onto that HE cell; the block can be
achieved indirectly by taking advantage of the rectifying electrical junctions between
certain HN cells (Thompson & Stent, 19766). Thus it is possible to remove all
inhibitory input onto cell HE(4) - i.e. the input from ipsilateral cells HN(X) and
HN(3) (Fig. 1 A) - by hyperpolarization of ipsilateral cell HN(4). (Cells HN(X) and
HN(3) form rectifying electrical junctions with ipsilateral cell HN(4) in the fourth
segmental ganglion (Thompson & Stent, 1976c).) Such an experimental manipulation
causes cell HE(4) to produce a tonic impulse train (Fig. 2). Such results indicate that
the HE cells are rhythmically active because their tonic discharge is periodically
interrupted by bursts of IPSPs from the HN cells.
IPSPs in the HN cell-HE cell ensemble are blocked by low external
Cl~ concentrations
The observation that either iontophoretic injection of Cl~ or pressure injection of
200 mM-KCl (but not 200 mM-K acetate) into HE and HN cells reverses the polarity
of IPSPs mediated by HN cells (Nicholls & Wallace, 1978) was confirmed. These
results indicate that Cl~ carries the major current for these IPSPs, so removal of Cl~
from the saline bathing the nerve cord should reduce the amplitude of HN mediated
IPSPs in the HE cells and HN cells.
When the nerve cord was washed in saline containing less than 5 % of the normal
concentration of Cl~ for 5 min or more, the HN cell mediated IPSPs were blocked
or greatly reduced in amplitude both in HE cells (Fig. 3 A) and in other HN cells
(Fig. 3 B) regardless of the level of polarization of the postsynaptic cell. Both HN and
HE cells were depolarized by about 5 mV, as recorded in the cell body. The effects
were reversible (Fig. 3 C, D).
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Fig. i. H E cell and H N cell synaptic interactions. (A) Hemilateral circuit diagram showing
synaptic connexions between H N and HE cells. Each labelled circle represents a particular
nerve cell's primary impulse initiation site. T h e lines represent cell processes. Filled circles
represent inhibitory synapses. Caudal to HE(8) all H E cells are contacted by ipsilateral cells
HN(3), HN(4), HN(6), and HN(7). T h e circuit is duplicated on the other body side.
Abstracted from Thompson & Stent (19766). (B) Schematic circuit diagram showing the
inhibitory synaptic connexions among heart interneurones. Each labelled circle represents
a particular nerve cell's primary impulse initiation site, which is usually located in the same
ganglion as the cell body. T h e lines represent cell processes. Dashed lines indicate connexions
thought to exist on the basis of indirect evidence. Abstracted from Calabrese (1977).

HN cell mediated electricaljunctionalpotentials in other HN cells are not blocked
in saline containing low Cl~ concentration

The records of Fig. 4 show that HN cell mediated electrical junctional potentials
(Thompson & Stent, 1976 c) in other HN cells were not blocked by lowering external
Cl~ to levels which completely block HN cell mediated IPSPs. It was also found that
DC electrical coupling between other leech neurones (e.g. the Retzius cells and the
Leydig cells) is unaffected by such low external Cl~ concentrations. Thus leech
electrical synapses differ from the synapses between the lateral giant neurones of
crayfish which are uncoupled by low Cl~ saline (Asada & Bennett, 1971).

Heartbeat rhythm of the leech

167

HE|(L ,4)
5mV
HN(L, 4)

Jj

50 mV

CM

-J5nA

10s
Fig. a. Blockade of IPSPs from cell HN(L, 3) and HN(L, X) onto cell HE(L, 4) in the fourth
segmental ganglion by hyperpolarization of their presynaptic terminals causes cell HE(L, 4)
to produce a tonic impulse train. Hyperpolarization was effected by injecting a long hyperpolarizinR pulse of current (CM) into cell HN(L, 4) (see text). Most of the impulses of the
HN(L, 4) burst did not invade the cell body during this record (especially during cell
HN(L, 4) hyperpolarization) but appear as attenuated depolarizing potentials. In this and other
figures, L in the cell's name denotes the left-hand side of the body; R denotes the right.
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Fig. 3. Reversible blockage by low Cl~ saline of IPSPs from HN cells onto HE cells and onto
other HN cells. In each panel 10 oscilloscope sweeps were triggered by action potentials
recorded in an HN cell body (lower trace). (A) Cell HN(L, 4) makes an inhibitory synapse on
cell HE(L, 7) but no IPSP is recorded in cell HE(L, 7) after impulses in cell HN(L, 4) in
low Cl~ saline. (B) After return of chloride, an IPSP mediated by HN(L, 4) is apparent in
HE(L, 7). (C) Cell HN(L, 3) makes an inhibitory synapse on cell HN(R, 3) but no IPSP is
recorded in HN(R, 3) after impulses in HN(L, 3) in low Cl~ saline. (D) After return of chloride
an IPSP mediated by HN(L, 3) is apparent in HN(R, 3).
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Fig. 4. Low Cl~ saline does not block electrical coupling among HN cells. In each record
eight oscilloscope sweeps were triggered by an action potential recorded in the HN(L, 3) cell
body (lower trace) while cell HN(L, 4) was monitored. In both low Cl~ (left) and after return
of chloride (right), an electrical junctional potential mediated by HN(L, 3) is apparent in
cell HN(L, 4).

Most HN cells continue to produce rhythmic impulse bursts in the absence
of inhibition from the other HN cells

When chloride was lowered to levels which blocked all HN cell mediated IPSPs,
inhibition within the HE cell and HN cell ensembles was also blocked. All HE cells
tested produced tonic impulse trains as with hyperpolarization of HN cells (Fig. 2);
all HN cells tested also showed no IPSPs but continued to produce rhythmic impulse
bursts except cell HN(5). (Cells HE(9) to HE(io.) and cell HN(X) have not been
observed in low Cl~ and cell HN(5) will be discussed later.) Such results are shown
for cells HE(7) and HN(4) in Fig. 5. These data confirm the earlier inference (Fig. 2)
that the impulse burst rhythm of the heart motor neurones is not of endogenous
origin but results from their steady discharge being periodically inhibited by the HN
cells. They also show that the heart interneurones HN(i), HN(2), HN(3), HN(4),
HN(6) and HN(7) generate impulse bursts endogenously.
A two- to sixfold decrease in impulse burst period of HN cells (except cell HN(s))
in low Cl~ saline as compared to normal saline was consistently observed (Figs. 5, 7,
8, 9) yet all solutions were maintained at the same temperature and only small changes
(5 mV depolarization) in resting potential were noted. It seems that when HN cells
are freed of inhibition they express an inherent impulse burst period which is shorter
than that which can be expressed in the presence of inhibitory synaptic input.
Brief injected current pulses can reset the impulse burst rhythms of an HN cell
in the absence of inhibition from other HN cells

If the HN cells are similar to other invertebrate neurones which produce impulse
bursts endogenously, then their impulse burst rhythms should be reset by brief
pulses of injected current (Strumwasser, 1967; Russell & Hartline, 1978). The records
of Fig. 6 show that the HN(4) cell displayed this property when the inhibitory inputs
onto it were blocked by bathing the preparation in low Cl~ saline. In the absence of
injected current the HN(4) cell impulse burst period was nearly constant (Fig. 6B).
When a brief depolarizing current pulse (300 ms, 0-4 nA) was injected into the
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Fig. 5. Evidence that HN cells produce impulse bursts endogenously whereas HE cells
produce impulse bursts only when they receive rhythmic inhibitory input from HN cells.
(A) Upon blockade of IPSPs mediated by HN cells in cells HE(L, 7) and HN(L, 4) by
bathing the preparation in low Cl~ saline, cell HN(L, 4) produces rhythmic impulse bursts
while cell HE(L, 7), which is normally rhythmically inhibited by cell HN(L, 4), produces
only a tonic impulse train. Electrical junctional potentials from cells HE(L, 3) and HN(L, X)
are apparent in cell HN(L, 4). There are no IPSPs. (B) After return of chloride, IPSPs mediated by HN cells reappear in both cells HE(L, 7) and HN(L, 4), and cell HE(L, 7) becomes
rhythmically active in antiphase with cell HN(L, 4) which continues its rhythmic activity.

cell through the recording microelectrode in between an impulse burst and the next
expected impulse burst, a premature impulse burst was initiated which outlasted the
current pulse, and the cell's impulse burst rhythm was reset (Fig. 6A, B). That is,
the first HN(4) cell impulse burst after the induced burst occurred earlier than
expected. When a brief hyperpolarizing current pulse (300 ms, 0-4 nA) was injected
into the HN(4) cell through the recording microelectrode toward the end of an
impulse burst, that impulse burst was prematurely terminated and the cell's impulse
burst rhythm was reset (Fig. 6B, C). That is, the next HN(4) cell impulse burst
was produced earlier than expected. Similar results were obtained with the HN(3)
cell. Russell & Hartline (1978) have argued that such behaviour constitutes evidence
that a nerve cell produces impulse bursts through endogenous membrane properties.
In normal saline brief injected current pulses have little or no effect on the HN cell
impulse burst rhythm, presumably because any resetting effects of the current pulses are
»erridden by inhibitory synaptic input from other HN cells. Prolonged depolarizing
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10 sec
Fig. 6. Brief injected current pulses can reset the impulse burst rhythm of an HN cell after
blockade of IPSPs from other HN cells. All records were taken from the same preparation
while bathed in low Cl~ saline. All current pulses were injected through the recording microelectrodes and were 300 ms in duration and C4 nA in amplitude. The first impulse burst of
panels A and C are aligned with the second impulse burst of panel B to facilitate the observation of the resetting effect of current injection. (A) Injection of a depolarizing current pulse
in between an HN(L, 4) cell impulse burst and the next expected impulse burst prematurely
initiates an impulse burst which outlasts the current pulse and resets the HN(L, 4) cell
impulse burst rhythm. (B) In the absence of injected current the HN(L, 4) cell impulse burst
period is nearly constant. (C) Injection of a hyperpolarizing current pulse toward the end of
an HN(L, 4) cell impulse burst prematurely terminates the impulse burst and resets the
HN(L, 4) cell impulse burst rhythm.

current pulses which produce many impulses can however reset the HN cell impulse
burst rhythm in normal saline (Thompson & Stent, 1976&).
Inhibitory synoptic interactions among HN cells serve to coordinate their
independent impulse burst rhythms into a functional pattern

The results of Fig. 5 suggest that the role of the inhibitory synaptic input onto HN
cells is to lock their endogenous impulse burst rhythms into an appropriate phase and
period. More evidence for this last conclusion is presented in the records of Fig. 7.
The two HN(3) cells which normally produce antiphasic impulse bursts due to
reciprocal inhibitory connexions (Thompson & Stent, 1976c; Calabrese, 1977)
(Fig. 1B) produced their impulse bursts with no fixed phasing in low Cl~ saline
which blocked the IPSPs from one another and the other HN cells (Fig. 7A). Upon
return of chloride the normal antiphasic impulse burst pattern reappeared but with
an increased period (Fig. 7B). Moreover, these results could be repeated with the
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Fig. 7. Inhibitory synaptic interactions among HN cells serve to coordinate the independent
impulse burst rhythms of these cells into a functional pattern. (A) Upon blockade of IPSPs
mediated by HN cells in cells HN(R, 3) and HN(L, 3) by bathing the preparation in low Cl~,
these cells - which are normally active in strict antiphase with one another due to reciprocal
inhibitory synaptic connexions - show no fixed phase relationship. (B) After return of
chloride, IPSPs mediated by HN cells reappear in both HN(3) cells and the impulse burst
rhythms of these cells resume their normal antiphasic relationship.

reciprocally inhibitory HN(4) cell pair and with ipsilateral cells HN(z) and HN(3)
where the inhibitory interaction is unidirectional (Thompson & Stent, 1976c;
Calabrese, 1977) (Fig. iB).
Electrical coupling can synchronize the impulse burst rhythms of HN cells

The members of the HN cell ensemble interact both via inhibitory synapses and
electrical coupling (Thompson & Stent, 1976c; Calabrese, 1977). The low Cl~ results
indicate that inhibitory synapses among HN cells serve to coordinate their independent
HN cell impulse burst rhythms into a functional pattern. These experiments, however, have not assessed the role of electrical coupling in the co-ordination of the HN
cell impulse burst rhythms. In contrast to the results presented earlier (Fig. 7)
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Fig. 8. Electrical coupling is sufficient to maintain a fixed phasing of the impulse burst
rhythms of HN cells. (A) Inphase impulse burst rhythms recorded from cells HN(L, 3) and
HN(L, 4) (electrically coupled in the fourth segmental ganglion) when IPSPs mediated by
other HN cells are blocked by bathing the preparation in low Cl~ saline. (B) Upon return of
chloride, IPSPs reappear in both HN cells and they continue to produce inphase impulse
burst rhythms.

which show that HN cells which interact via inhibitory synapses lose the fixed
phasing of their activity rhythms in low Cl~ (which blocks inhibitory interactions),
the records of Fig. 8 show that HN cells which interact via electrical coupling display
a fixed phasing of their activity rhythms in low Cl~ (which does not block electrical
coupling among HN cells). In low Cl~, cells HN(L, 3) and HN(L, 4) (which are
electrically coupled in the fourth segmental ganglion: Thompson & Stent, 1976c)
(Fig. 4) produced inphase impulse burst rhythms (Fig. 8 A). Upon return of chloride,
cells HN(L, 3) and HN(L, 4) continued to produce inphase impulse burst rhythms
(Fig. 8B) but with a much longer period. Ipsilateral cells HN(4) and HN(7) (which
are electrically coupled in the seventh segmental ganglion (Calabrese, 1977)) similarly
produced inphase burst rhythms in low Cl~.
During the normal functioning of the HN cell ensemble ipsilateral cells HN(L, 3)
and HN(L, 4) always produce inphase impulse burst rhythms (Thompson & Stent,
19766; Calabrese, 1977) but it has not been clear to what extent the electrical coupling
contributed to this co-ordination, since these cells receive identical inhibitory input,
from ipsilateral cells HN(i) and HN(2) (Calabrese, 1977). The results presented
above clearly indicate that the electrical coupling is sufficient to maintain a fixed
phasing of the impulse burst rhythms of HN cells in the absence of inhibitory synaptic
input. The importance of electrical coupling in the co-ordination of HN cell impulse
burst rhythms should not be overemphasized however, since HN cells which receive
inhibitory input in antiphase with electrical junctional potentials (e.g. cells HN(6)
and HN(7) on the side of the inactive cell HN(5) (see below)) have their impulse
burst rhythms phased by the inhibitory input (Thompson & Stent, 1976 c; Calabre^
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Fig. 9. Evidence that cell HN(s) does not produce impulse bursts endogenously but only in
the presence of rhythmic inhibitory input from other HN cells. (A) Upon blockade of IPSPs
mediated HN cells in cells HN(R, 4) and HN(R, 5) by bathing the preparation in low Cl"
saline, cell HN(R, 4) produces rhythmic impulse bursts while cell HN(R, 5) which is normally
rhythmically inhibited by cell HN(R, 4) produces only a tonic impulse train. (B) After return
of chloride IPSPs mediated by HN cells reappear in both cell HN(R, 4) and HN(R, 5) and
cell HN(R, 5) becomes rhythmically active in antiphase with cell HN(R, 4) which continues
its rhythmic activity.

1977). Therefore, it appears that electrical coupling can only exert its co-ordinating
effect on HN cell impulse bursts rhythms in the absence of competing inhibitory
synaptic input.
The HN($) cells do not produce rhythmic impulse bursts in the absence of
inhibition from other HN cells

Unlike the other HN cells tested, cell HN(5) produces only a tonic impulse train
or no impulse activity whatsoever when rhythmic HN cell inhibition is removed
from it by bathing the nerve cord in low Cl~ saline. Fig. 9 shows records from such
an experiment. In low Cl~ saline which blocked IPSPs in cell HN(R, 5) the cell
produced a tonic impulse train while cell HN(R, 4) whose IPSPs were also blocked
continued to produce rhythmic impulse bursts (Fig. 9 A). Upon return of chloride,
IPSPs reappeared in both cells. Cell HN(R, 5) took on its normal rhythmic activity
of impulse bursts interrupted by bursts of IPSPs from cells HN(R, 3) and HN(R, 4)
(Fig. 1C) and cell HN(R, 4) continued to produce rhythmic impulse bursts but now
they were interspersed by IPSPs and had a longer period (Fig. 9B). These results
indicate that the HN(5) cells, unlike the other HN cells, do not produce impulse
k
endogenously but must be rhythmically inhibited by the other HN cells to be
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rhythmically active. This inability to produce impulse bursts endogenously may beM
related to the fact that only one HN(5) cell is rhythmically active at a time, the other
being completely inactive (Calabrese, 1977).
DISCUSSION
Low Cl" physiological saline reversibly blocks IPSPs in the HE and HN cell ensemble

When the leech nerve cord was bathed in a physiological saline which contains
less than 5 % of the normal concentration of Cl~, IPSPs in the HE and HN cell
ensemble were greatly reduced in amplitude or completely blocked with only a small
concomitant change in the resting potentials of the cells. One might expect that if
the IPSPs were Cl~ mediated, then bathing the nerve cord in low Cl~ saline would
not block the IPSPs but rather convert them to depolarising potentials. Reversal of
the IPSPs was never observed in low Cl~ saline at resting potential. In some cases
where block was incomplete and small postsynaptic potentials were still discernible,
they were always hyperpolarizing (e.g. Fig. 9). Furthermore, manipulation of the
postsynaptic cell's membrane potential does not reveal a covert potential in low Cl~.
A possible explanation of these findings is that HE and HN cells maintain a very low
internal concentration of Cl~ which is easily depleted by repeated synaptic activation
while washing in low Cl" saline. Once the concentration of Cl~ inside and outside
an HE or HN cell has equilibrated only very small synaptic current can flow and
membrane resistance changes induced by transmitter release will be negligible
because no ions will be available to flow through open Cl~ channels. This interpretation is consistent with the observation that IPSPs mediated by HN cells in both HE
cells and HN cells are quickly reversed by pressure injection or iontophoresis of Cl~
into the cells (personal observation; Nicholls & Wallace, 1978).
The possibilities that low Cl~ acts by some presynaptic mechanism or by interfering with postsynaptic receptors cannot be ruled out. However, both these mechanisms seem unlikely. Regardless of the mechanism by which low Cl~ physiological
saline blocks IPSPs among HN and HE cells the records of Figs. 4 and 5 clearly
demonstrate that such saline blocks inhibitory interactions among HN and HE cells.
Therefore low Cl~ saline can be used to study the effects of blocking inhibitory
interactions in the HE and HN cell ensembles.
The origin of the heartbeat rhythm

The results presented in this paper indicate, upon first analysis, that the central
motor pattern generator for heartbeat in the leech is not a network oscillator but an
endogenous oscillator (Kristan et al. 1977). During blockade of the inhibitory synaptic interactions among the HN cells by bathing the preparation in low Cl~ saline,
the HN cells maintain their impulse burst rhythms (except for cell HN(5)) which can
then be reset by brief hyperpolarizing and depolarizing current pulses. Therefore,
it is highly likely that these cells produce impulse bursts by some endogenous property. On the other hand, the HE cells produce only tonic impulse trains when the
inhibitory synaptic input from the HN cells onto the HE cells is blocked either by
hyperpolarization of HN cells or by bathing the preparation in low Cl~ saline. Thi
tonic activity is probably inherent, since no EPSPs are recorded in the HE cells test
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fciere (Thompson & Stent, 1976a, b, c; Calabrese, 1977). Hence, the rhythmic activity
of the HE cells results from their inherent steady discharge being periodically
inhibited by IPSP bursts from the HN cells.
However, it is incorrect to conclude that the heartbeat rhythm results solely from
endogenous activity of the HN cells. During blockade of inhibitory synaptic interaction among HN cells, their impulse burst rhythms are not co-ordinated into their
normal precise pattern. Instead, the impulse burst rhythms of those HN cells which
interact via inhibitory synapses no longer show any preferred phasing. Hence, the
independent impulse burst rhythms of the HN cells must be co-ordinated by their
inhibitory synaptic interactions into their functional pattern. Similarly, Aplysia and
lobster neurones that produce impulse bursts endogenously can be co-ordinated by
periodic inhibitory synaptic input (Pinsker, 1977a, b; Ayers & Selverston, 1978).
Electrical coupling also contributes to the co-ordination of the HN cell impulse
burst rhythms. During blockade of inhibitory synaptic interactions among HN cells,
electrically coupled cells produce their impulse burst rhythms in phase. However, the
synchronizing effect of electrical coupling can be over-ridden by antiphasic inhibitory
synaptic input (Thompson & Stent, 1976 c; Calabrese, 1977) and is therefore only
expressed in the absence of such competing inhibitory synaptic input in the normal
functioning of the HN cell ensemble.
The endogenous activity of the HN cells hence produces the basic heartbeat
rhythms, but the normal heartbeat motor pattern requires in addition the synaptic
interaction among HN cells. Thus, the central pattern generator for heartbeat in the
leech (the HN cell ensemble) is neither purely a network oscillator nor an endogenous
oscillator but rather a member of the growing class of mixed oscillators (Kristan
I would like to thank Dr William Kristan, Jr. for his help and encouragement,
Dr Daniel K. Hartline for many helpful discussions and Dr Kristan for criticizing
the manuscript.
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