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SUMMARY AND CONCLUSIONS 

1. A network of four pairs of interneu- 
Tons, HN( l)-HN(4), times the heartbeat of 
the medicinal leech. The following model 
accounts for the stable phase relationships in 
the network and the network’s response to 
perturbation, entrainment, and stimulation. 

2. There are two centers of oscillation, one 
the HN(3) pair in the third ganglion, the 
other the HN(4) pair in the fourth ganglion. 

3. The two other pairs, HN( 1) and HN(2), 
couple the oscillation of the HN(3) pair with 
that of the HN(4) pair, thereby guaranteeing 
that a coherent time signal is sent to the rest 
of the heartbeat system. 

4. The HN( 1) and HN(2) pairs can play 
this coupling role because they have impulse- 
initiation sites in the third and fourth ganglia 
and have input and output connections with 
the HN(3) and HN(4) pairs. 

5. In the context of the network, the in- 
trinsic frequency of the HN(4) pair appears 
to be higher than that of the HN(3) pair. 
Coupled, the two pairs strike a stable com- 
promise in which the HN(4) pair leads the 
HN( 3) pair. 

INTRODUCTION 

A rhythmic motor program requiring in- 
tersegmental coordination is typically driven 
by a neural oscillator distributed across sev- 
eral ganglia. In many cases, the archetype 
being the crayfish swimmeret control system 
(9, 14), the oscillator is divisible. That is, the 
ganglia in isolation sustain a rhythm similar 
to that produced when they are linked to- 
gether. This self-sufficiency of individual gan- 

glia suggests that oscillation arises in local 
circuits in ganglia and is then synchronized 
by intersegmental fibers. Stein (15) formal- 
ized this concept, postulating oscillatory “lo- 
cal control centers” in ganglia linked by in- 
tersegmental “coordinating neurons.” 

A neural network in the medicinal leech 
directs the rhythmic constrictions of the lat- 
eral heart tubes that stretch the length of the 
animal (5, 16). The third and fourth seg- 
mental ganglia (G3 and G4) contain the im- 
pulse-initiation sites and synaptic connec- 
tions of the four pairs of heart interneurons 
(HN( l)-HN(4)) that form the “timing oscil- 
lator” of the network (12, 13). When G3 and 
G4 are linked together by connectives, the 
heart interneurons are phase locked, both 
within and between ganglia (4,20). Severing 
the connectives uncouples the two ganglia 
but leaves the rhythm within each ganglion 
virtually unchanged (12). This simple ex- 
ample of the phenomenon that suggested lo- 
cal control centers and coordinating fibers is 
the subject of this paper. I look first at the 
gross dynamic properties of the system when 
the two ganglia are linked together, then con- 
sider neural mechanisms responsible for those 
properties. 

METHODS 

The preparation and methods are described 
elsewhere (6, 12, 18). 

RESULTS 

HN(3) and HN(4) pairs behave as 
coupled oscillators 

One can drive the oscillation in G3 by im- 
posing a train of current pulses on an HN(3) 
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FIG. 1. The HN(3) pair can entrain the HN(4) pair. The preparation comprised G3 and G4 and had an en- 
dogenous period of about 14 s. In both A and B the activity of the HN(3) cell was gated by l-nA depolarizing 
pulses superimposed on a steady OS-nA hyperpolarizing current. A: entrainment to an 8-s period. HN(4) bursts 
lagged behind the induced HN(3) bursts (CM, current monitor). B: entrainment to a 19-s period. HN(4) bursts 
led the induced HN(3) bursts. 

cell (Fig. 1) and thereby entrain the HN(4) 
pair to a wide range of frequencies faster and 
slower than the system’s natural rate. In turn, 
driving an HN(4) cell with a train of pulses 
can lock the HN(3) pair to an artificially high 
frequency (Fig. 2). Thus operationally, the 
HN( 3) cells and the HN(4) cells are a pair 
of mutually entraining oscillators. The phase 
angle between the HN(3) and HN(4) pairs 
is a function of the entrainment conditions. 
That is, when an HN(3) pair entrains an 
HN(4) pair to a low frequency (Fig. lB), the 
driving pair (the HN(3) cells) lags behind the 
driven pair (the HN(4) cells). On the other 
hand, when either pair entrains the other to 
a high frequency, the driving pair leads the 

driven pair. Combined as a single general- 
ization: during entrainment the faster oscil- 
lator always leads the slower. 

Given this mutual entrainment, the timer’s 
net frequency should reflect a compromise 
between the inherent frequencies of the os- 
cillators in G3 and G4. Since the HN(4) pair 
always leads the HN(3) pair when the two 
ganglia are linked (Fig. 3A), I propose that 
the G4 oscillator is inherently faster than the 
G3 oscillator. 

This conclusion is supported by the pat- 
tern of transients seen when the stable phase 
relatio-ncip of Fig. 3A is disrupted by a per- 
turbation. For example, at the end of the first 
full cycle following the hyperpolarizing per- 

HN(R.3) I IOmV 

FIG. 2. The HN(4) pair can entrain the HN(3) pair. The preparation comprised G3 and G4 and had an en- 
dogenous period of about 18 s. The HN(4) cell was held inactive with steady hyperpolarizing current and released 
as shown in the current monitor. Entrainment was to a 12-s period. The HN(3) bursts lagged behind the induced 
HN(4) bursts. 
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FIG. 3. HN(3) and HN(4) pairs in stable dynamic 
equilibrium. Preparation: G3 and G4. The dashed ver- 
tical lines mark the onset of IPSPs from the ipsilateral 
HN( 1) and HN(2) cells. CM is the current monitor of 
HN(3). A: with no perturbations the HN(4) cell led the 
HN( 3) cell. B: depolarizing pulse caused brief transients 
discussed in a later section of the text. (The bridge was 
out of balance during the pulse.) C: hyperpolarizing 
pulse caused transients and a slow return to the equilib- 
rium phase relationships. 

turbation (Fig. 3C) the bursts of the two cells 
ended synchronously, without cell HN(4)‘s 
normal phase lead. In the next few cycles the 
two pairs drifted relative to one another as 
the HN(4) pair cycled at a slightly faster rate, 
and the pairs ultimately locked in their char- 
acteristic phase relationship. In general, dur- 
ing transients the HN(3) and HN(4) pairs 
behave as fairly strongly coupled oscillators 
having slightly different frequencies. 

HN(3) and HN(4) pairs are coupled by 
HN) and HN(2) pairs 

There are two pathways by which the 
HN(3) cells might entrain the HN(4) cells 
(Fig. 4A): I) a direct pathway via the elec- 
trical synapse between the HN(3) axon and 
the ipsilateral HN(4) cell and 2) an indirect 
pathway via the ipsilateral HN( 1) and HN(2) 
cells (i.e., the HN(3) cell inhibits the inhibi- 
tors of the ipsilateral HN(4) cell). An exper- 
iment (Fig. 4B) compared the strengths of 
the two pathways. The HN(R, 3) and HN(R, 

4) cells were both photoinactivated, a treat- 
ment that left both direct and indirect path- 
ways between the HN(L, 3) and HN(L, 4) 
cells intact while eliminating all contralateral 
inputs. The HN(L, 3) and HN(L, 4) cells fired 
tonically on penetration, thereby inhibiting 
the ipsilateral HN( 1) and HN(2) cells. Si- 
lencing the HN(3) cell with an extended pulse 
of hyperpolarizing current produced a bar- 
rage of inhibitory postsynaptic potentials 
(IPSPs) in the HN(3) cell 600-700 ms after 
the cell ceased firing (Fig. 4B). These IPSPs 
undoubtedly resulted from activity of the 
HN( 1) and HN(2) cells, since they were of 
two sizes, and each IPSP matched another 
IPSP 15 ms later in the HN(4) cell. Note that 
when the HN(3) cell stopped firing, thereby 
removing direct excitation to the HN(4) cell, 
there was no effect on the HN(4) cell’s activ- 
ity. Only later, when the indirect pathway via 
cells HN( 1) and HN(2) became active, was 
the HN(4) cell inhibited. Hence, the influ- 
ence of the indirect pathway is strong and 
that of the direct pathway weak. (In the heart- 
beat network generally, electrical coupling 
has no direct effect on the activity of an HN 
cell although it may cause synaptic modu- 
lation (20).) Therefore, the HN( 1) and HN(2) 
cells appear to act as coupling elements, a 
role they can play, since their axons extend 
between G3 and G4, they can initiate im- 
pulses in both ganglia, and they have input 
and output connections with the HN(3) and 
HN(4) cells (12). 

Input and output connections of HN(1) 
and HN(2) cells 

The G3 and G4 initiation sites of the 
HN( 1) and HN(2) cells are inhibited by the 
ipsilateral HN(3) cell (Fig. 4~9, and conse- 
quently they produce impulses only in the 
interval between HN(3) bursts (see Fig. 8). 
Moreover, in the intact nerve cord as in the 
isolated G3 (12), the HN( 1) and HN(2) cells 
are followers, firing immediately after end of 
the burst of the ipsilateral HN(3) cell (irre- 
spective of the activity state of the HN(4) 
cell). 

By contrast, the HN(4) cell inhibits the G4 
initiation sites of the HN( 1) and HN(2) cells 
but should have no control over the sites in 
G3. Figures 5 and 6 illustrate the effects of 
HN(4) input on the activity of the ipsilateral 
HN( 1) cell. An impulse induced in the HN( 1) 
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FIG. 4. A: impulse-initiation sites and synaptic connections. Conventions: circles are HN cells, squares are im- 
pulse-initiation sites distant from somata, straight lines symbolize cell processes, filled circles show inhibitory 
connections, and resistor symbols show electrical junctions. Cells HN( 1) and HN(2) are lumped together, since 
their properties and connections appear to be identical. Dotted lines mark processes that were photoinactivated in 
the preparation used in B. B: inhibition not excitation controls the HN(4) pair. Hyperpolarizing current was passed 
into the HN(L, 3) cell as shown in the current monitor trace (CM). Dashed and solid lines mark the first few IPSPs 
common to both cells. IPSPs in cell HN(3) were of two sizes, presumably caused by the HN( 1) and HN(2) cells. 
No decline in the firing rate of cell HN(4) was seen until the HN( 1) and HN(2) cells became active. 

soma caused an IPSP 30 ms later in the ip- 
silateral HN(4) cell (Fig. 5A). Hence, an ac- 
tion potential arising at the G4 initiation site 
of the HN( 1) cell and propagating rostrally 
to Gl should produce an IPSP in the HN(4) 
cell roughly 30 ms before the spike appears 
in the HN(l) soma. By contrast, since the 
distance between G3 and G4 is similar to 
that between G3 and Gl, an impulse arising 
in G3 and propagating in both directions 
should cause a spike in the HN( 1) soma and 
a nearly synchronous IPSP in the HN(4) cell. 

In Fig. 5B and C the ipsilateral HN(3) cell 

(not shown) was silent throughout both 
traces. With the HN(4) cell also silent (Fig. 
5B) and the HN( 1) cell therefore released 
from inhibition, spontaneous impulses arose 
in G4 (since soma spikes lagged behind 
matching IPSPs in the HN(4) cell by 33 ms). 
When the HN(4) burst began, the site of ini- 
tiation of HN( 1) impulses shifted to G3 
(since spikes led IPSPs by about 4 ms). A 
drop in the firing rate of the HN( 1) cell ac- 
companied the shift of initiation from G4 to 
G3. A burst induced in the HN(4) cell im- 
mediately shifted the initiation of HN( 1) im- 
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FIG. 5. Shifts of the site of impulse initiation of the HN( 1) cell. The preparation included Gl-G4. Arrows match 
spikes in the HN(R, 1) cell with IPSPs in the HN(R, 4) cell. A: cell HN( 1) was depolarized slightly (0.1 nA) and 
firing tonically from its normally silent impulse-initiation site in Gl . B: early in the impulse burst of the HN( 1) 
cell, when the ipsilateral HN(4) cell was inactive. C: very late in the impulse burst of the HN( 1) cell, when the 
HN(4) cell’s burst had begun. (Records A, B, and C were obtained within the same minute but do not form a 
continuous record. Figure 8B shows the spontaneous activity of cells in these records.) 

pulses from G4 to G3 and reduced its firing These results argue that the G4 initiation 
frequency (Fig. 6). In some preparations the site of an HN( 1) or HN(2) cell dominates the 
G3 initiation site of an HN( 1) or HN(2) cell site in G3 and that this domination stems 
did not become active when the G4 site was from the higher impulse frequency of the G4 
inhibited (Fig. 7). site. 
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FIG. 6. Shifts of cell HN( 1)‘s impulse-initiation site induced by HN(4) activity. The preparation included G l- 
G4. As shown by the current monitor, a pulse of current was passed into the HN(R, 4) cell immediately after the 
start of the HN(R, 1) burst. The lower two pairs of traces show detail at the beginning and the end of the current 
pulse on a faster time base. (The two segments are marked by horizontal lines above the top trace.) During the 
current pulse cell, HN(4)‘sspikes were clipped by the recording system. 
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FIG. 7. Cell HN(4) inhibits cell HN(2)‘s impulse-initiation site in G4. The preparation included G1-4. A: as 
shown by the current monitor, a pulse of current was passed into the HN(L, 4) cell. B: expansion of a portion 
of the record in A showing the IPSPs led spikes by about 25 ms and, therefore, that impulses arose in G4. 

Note that the HN(3) cell controls the 
HN( 1) and HN(2) cells by turning them off 
and on ( 12, 13), whereas in general the HN(4) 
cell can only speed them up or slow them 
down (Figs. 5, 6). 

Stable phase relations in 
timing oscillator 

The heartbeat oscillation in an unstimu- 
lated chain of ganglia including G3 and G4 
consists of four phases (Fig. 8). The end of 
the HN(3) burst marks the start of phase 1, 
an event that is followed in rapid succession 
by the initiation in G4 of the burst of the 
ipsilateral HN(2) cell and the hyperpolariza- 
tion of the ipsilateral HN(4) cell. Phase 2 
begins with the initiation of the HN(4) burst 
and ends with the onset of the HN(3) burst. 
In phase 3 the HN(3) and HN(4) cell fire in 
unison and the HN(2) cell is silent. The 
HN(4) burst then ends to mark the start of 
phase 4 and, finally, cell HN(3) stops firing 
and cell HN(2)‘s burst begins, completing the 
cycle. 

The HN( 1) cell fires in phase with the ip- 
silateral HN(2) cell in the hiatus between the 
bursts of the ipsilateral HN(3) and HN(4) 
cells (Fig. 8B). 

In the Gl-G4 preparation as in the ex- 
tended nerve cord (4, 20), each of cells 
HN( l)-HN(4) is active in antiphase with its 
contralateral homologue. The phase diagram 
(Fig. 9) supercedes an earlier one (4) in which 
the bursts of the HN( 1) and HN(2) cells be- 
gan prior to the end of the burst in the ip- 
silateral HN( 3) cell. 

Figure 10 presents the phase progression 
of Fig. 9 within the context of the oscillator 
circuit. In the diagrams white cells are pro- 
ducing impulses; black cells are silent. The 
symmetrical phases at 12 and 6 o’clock, in 
which half the cells are active and half are 
inactive, are relatively stable and long lasting. 
This symmetry is broken by an “HN(4) tran- 
sition,” which involves a switch in the activ- 
ity states of the HN(4) pair. That event is 
followed after a short lag by an “HN(3) tran- 
sition,” which restores the symmetrical pat- 
tern. Because the network is bilaterally sym- 
metrical, the two HN(4) transitions are 
equivalent, as are the two HN(3) transitions. 

HN(3) and HN(4) transitions in detail 
Each phase transition in Fig. 10 involves 

only a subset of the oscillator cells, a feature 
that simplifies the analysis. A shaded polygon 
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FIG. 8. Stable phase relationships of cells of the heartbeat timer. A: simultaneous intracellular recordings from 
the HN(2)-HN(4) cells on one side of the network. The antidromic spikes in the HN(2) celI show variable invasion 
failure. Arrows mark HN(3) (T) and HN(4) (1) transitions (see text). Numbers at the bottom of the section refer to 
phases noted in the text. B: paired recordings from cells HN(l) and HN(4) in a slightly slower preparation. 
Comparing landmarks, in A and B the start of the burst of cells HN( 1) and HN(2) coincides with a sharp downward 
deflection of the cell HN(4) trace. 
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FIG. 9. Phase diagram of the heartbeat timer cells derived from paired and triple intracellular recordings. Shaded 

bars mark times that cells fire impulse bursts. Numbers on axes correspond to the four phases described in the text. 



634 E. L. PETERSON 

B HN(3) TRANSITION 

C HN(4) TRANSITION 

FIG. 10. A: phase progression of the heartbeat timing oscillator in the context of the neuronal circuit. Conventions 
are as in Fig. 4, plus white cells are in burst phase, black cells are silent. Shaded polygons enclose only those cells 
whose activity state is due to change. B: detail of the triplet that flips its activity state in an HN(3) transition. C: 
detail of the triplet that flips in an HN(4) transition. 

identifies the triplets of cells whose activity 
state will shift at the next phase transition. 
During a phase change the triplet is effec- 
tively isolated, since all neurons sending pro- 
cesses into the shaded zone are silent both 
before and after a transition. Thus by focus- 
ing attention on triplets, we have reduced a 
description of the timing oscillation to a de- 

scription 
sitions. 

of its two component phase tran- 

Triplets all have the same form (Fig. 1 OB): 
two cells linked to a common central element 
by reciprocal inhibition. Transitions flip the 
triplet between the alternative stable states 
predicted from the connections (8). In an 
HN(3) transition (Fig. 1 OB) the active and 
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inactive HN(3) cells switch roles and the 
HN( 1) and HN(2) cells on one side fire on 
rebound. In an HN(4) transition the HN(4) 
cells switch activity states, causing a slowing 
(or silencing) of the bursts of the active 
HN( 1) and HN(2) cells. Apparently in both 
types of transition it is the activation of the 
inactive cell of the pair that sparks the 
change, since blocking activation delays the 
transition in each case (12). As discussed in 
the preceding paper, this activation appears 
to be driven by an endogenous property of 
the HN(3) and HN(4) cells. 

Multiple initiation sites and stability 
The G3 initiation sites of the HN( 1) and 

HN(2) cells could be neglected in the de- 
scription of the equilibrium dynamics of the 
network (Fig. lo), but when the phase rela- 
tionships are perturbed these sites become 
important. 

For example, the HN(4) cell in Fig. 11 
fired excessively (far more than the other 
HN(4) cell) because of damage by the re- 
cording electrode. When the burst of the ip- 
silateral HN(3) cell ended, the G4 site of the 
HN(2) cell was therefore blocked by the con- 
tinued activity of the HN(4) cell. Yet, by ex- 
ploiting its initiation site in G3, the HN(2) 
cell produced its burst on schedule and 
thereby contributed to the inhibition of the 
HN(4) cell. When the HN(4) cell stopped fir- 

ing there was a sudden increase in the im- 
pulse frequency of the HN(2) cell and a shift 
of latency between spikes in the HN(2) soma 
and IPSPs in the HN(4) cell as impulse ini- 
tiation shifted from G3 to G4. 

Perturbation experiments show the inter- 
play among the HN cells and that between 
the initiation sites of the HN( 1) and HN(2) 
cells as equilibrium is restored. Following a 
hyperpolarizing pulse (Fig. 3C) the HN( 3) 
cell produced an extended rebound burst. 
When the HN(3) burst ended the HN(4) cell 
was well into its burst, firing vigorously and 
consequently inhibiting the G4 sites of the 
HN( 1) and HN(2) cells. Nevertheless, the 
HN( 3) cells freed the HN( 1) and HN(2) cells 
by releasing their G3 sites from inhibition 
and thereby overrode the burst of HN(4) cell. 

A brief depolarizing pulse (Fig. 3B) caused 
dislocation and extended firing, which si- 
lenced the ipsilateral HN( 1) and HN(2) cells 
for the interval under the black bar. During 
this interval, with the inhibition from the 
HN( 1) and HN(2) cells removed, the period 
of the HN(4) cell shortened predictably and 
the interburst trajectory rose without inflec- 
tion into the burst phase. When activity 
ceased in the HN(3) cell and the HN( 1) and 
HN(2) cells finally fired (first dashed line), 
their inhibition delayed the incipient burst 
of the HN(4) cell. 

. 
IOsec 1 

0.2 set 

FIG. 11. Bursts of cells HN( 1) and HN(2) can be initiated in G3. A: in this preparation (Gl-G4) the HN(4) 
cell shown was damaged slightly and firing excessively. B: expanded record of a portion of the experiment shown 
in A. Solid lines match small antidromic spikes in the HN(R, 2) soma with small IPSPs in the HN(R, 4) cell. With 
HN(R, 4) firing, spikes and IPSPs were approximately synchronous; when HN(R, 4) became silent, IPSPs led spikes. 
(About 20% of the spikes could not be matched unambiguously with IPSPs due to masking by other PSPs.) 
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FIG. 12. Changes of oscillation dynamics induced by tonic stimulation. A: at the time indicated the connective 
rostral to G3 was stimulated at 2 Hz with a suction electrode. B: high-speed record of bursts immediately preceding 
the stimulus showing the characteristic phase lead of cell HN(4) over cell HN(3). C: high-speed record during the 
stimulus showing reversal of the phase relationship. 

Alteration of timer dynamics 
by stimulation 

All studies of the neural network control- 
ling heartbeat have been on isolated nerve 
cords deprived of sensory input. Therefore 
the resulting model describes the system over 
a small fraction of its dynamic range, since, 
as Arbas (2) showed, the stimulation of sen- 
sory and motor pathways causes dramatic 
fluctuations in heartbeat rate. Fluctuations 
having superficially similar properties are in- 
duced by electrical stimulation of the inter- 
segmental connectives (17). For example, 
tonic stimulation of the G2-G3 connective 
tripled the frequency of heartbeat oscillator 
(Fig. 12) and shifted its phase relationships 
such that the HN(3) pair led rather than 
lagged behind the HN(4) pair. This phase 
relationship suggests that the stimulus in- 
creased the inherent frequency of the HN(3) 
pair relative to that of the HN(4) pair (cf. Fig. 
IA). Whatever the basis of the effect, it is 
clear that input, by changing cellular prop 
erties, can radically alter the mode of oscil- 

lation. Thus, outside the narrow dynamic 
range considered in this paper the relative 
importance of network and cellular proper- 
ties and the interactions between the two 
oscillatory centers of the timer may vary sig- 
nificantly, as is the case in many other sys- 
tems ( 1, 3, 10). Therefore one must be cau- 
tious in equating the properties of the net- 
work in reduced preparations with those of 
the network in vivo. 

DISCUSSION 

As represented here (Fig. 1 l), the neural 
circuit timing heartbeat in the leech includes 
two mutually entraining oscillators: one cen- 
tered on the HN(3) pair in G3 and the other, 
inherently faster, centered on the HN(4) pair 
in G4. The rate of each oscillator appears to 
be set by the rate at which the central pair 
of HN cells overcomes synaptic inhibition 
(12). Whether the rate discrepancy between 
the two ganglia stems from inherent differ- 
ences between the HN(3) and HN(4) pairs 
or from differences in the strength of synaptic 
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input to the two pairs (16) remains an open 
question. The HN( 1) and HN(2) pairs phase 
lock the G3 and G4 oscillators by virtue of 
the cells’ initiation sites in both G3 and G4 
and their input and output connections with 
cells HN(3) and HN(4). Although formally 
demoted to the rank of entraining elements, 
the HN( 1) and HN(2) cells are still part of 
the timing oscillator according to the reset 
test (13), since, as Perkel et al. (11) noted, the 
power to entrain implies the power to reset. 

HN(3) and HN(4) transitions produce 
mutual entrainment 

If the oscillation of G4 is inherently faster 
than that in G3 but the two oscillations nev- 
ertheless remain phase locked, then either the 
HN(3) pair delays the HN(4) pair or the 
HN(4) pair advances the HN(3) pair each 
cycle. Both processes can be understood with 
reference to the transition events identified 
in Fig. 11, and evidence for both can be 
found in the physiological records of Figs. 1, 
2, 3, and 9. 

HN(3) TRANSITIONS DELAY HN(4) PAIR. Im- 

mediately prior to the HN(3) transition (Fig. 
9A) the HN(4) cell is recovering from inhi- 
bition and entering its burst phase. When the 
HN(3) transition occurs, however, the HN( 1) 
and HN(2) cells fire and drive the HN(4) tra- 
jectory sharply downward, thereby substan- 
tially delaying the burst of the HN(4) cell. 
The tight correlation of these events in cells 
HN( l)-HN(4), both during settled oscilla- 
tion (Figs. 3A, 9) and during the transients 
following perturbations (Fig. 3B, C), argues 
that this is an important entraining mecha- 
nism. 

HN(4) TRANSITIONS ADVANCE HN(3) PAIR. 

The HN(4) transition inhibits the active 
HN(l) and HN(2) cells (Figs. 5, 6, 7), thus 
reducing inhibitory input to the ipsilateral 
HN(3) cell. Reducing inhibition just as the 
HN(3) cell’s trajectory is rising into a burst 
(Fig. 9A) should advance the burst, since add- 
ing inhibition at that time delays the burst 
(13). It is difficult to assess the importance 
of this entraining mechanism during free 
run, but it is evidently effective during forced 
entrainment (Fig. 2). During such entrain- 
ment the induced bursts of the HN(4) cell 
truncate the interburst phase of the HN(3) 

cell, eliminating the zone of irregular activity 
during which cells HN( 1) and HN(2) would 
normally complete their bursts. 

Local centers and coordinating neurons in 
heartbeat timer? 

In Stein’s (15) local center model, oscil- 
lation is generated in local circuits within 
ganglia and coordinated by intersegmental 
neurons distinct from those in the oscillatory 
circuits. Like most _ general concepts includ- 
ing, for example, the command neuron (7, 
21), the notion of local oscillators and co- 
ordinating neurons is valuable as a general 
theme to organize observations even though 
it may break down on rigorous examination 
of particular cases. 

To a first approximation the local center 
model fits the heartbeat timer: the local con- 
nections of the HN(3) and HN(4) pairs pro- 
duce parallel oscillations that are phase locked 
by intersegmental fibers. The only inconsis- 
tency with the model is that normally the 
HN(3) cells not only generate oscillation but 
also transmit that oscillation to G4 via their 
axons. Only on arrival in G4 is the HN(3) 
oscillation coupled by the HN( 1) and HN(2) 
cells to the HN(4) cells. (Under some con- 
ditions the HN(3) cells control the activity 
of the HN( 1) and HN(2) cells from the lat- 
ter-s’ initiation sites in G3 (Fig. 12), and the 
HN( 1) and HN(2) cells in turn convey the 
phase information to G4, making the cor- 
respondence with the local center model 
complete.) With this one proviso, the local 
center model is a good description of the 
heartbeat timing oscillator. 
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