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Norris BJ, Weaver AL, Wenning A, Garcia PS, Calabrese RL.
A central pattern generator producing alternative outputs: phase rela-
tions of leech heart motor neurons with respect to premotor synaptic
input. J Neurophysiol 98: 2983-2991, 2007. First published August
29, 2007; doi:10.1152/jn.00407.2007. The central pattern generator
(CPG) for heartbeat in leeches consists of seven identified pairs of
segmental heart interneurons and one unidentified pair. Four of the
identified pairs and the unidentified pair of interneurons make inhib-
itory synaptic connections with segmental heart motor neurons. The
CPG produces a side-to-side asymmetric pattern of intersegmental
coordination among ipsilateral premotor interneurons corresponding
to a similarly asymmetric fictive motor pattern in heart motor neurons,
and asymmetric constriction pattern of the two tubular hearts: syn-
chronous and peristaltic. Using extracellular techniques, we recorded,
in 61 isolated nerve cords, the activity of motor neurons in conjunc-
tion with the phase reference premotor heart interneuron, HN(4), and
another premotor interneuron that allowed us to assess the coordina-
tion mode. These data were then coupled with a previous description
of the temporal pattern of premotor interneuron activity in the two
coordination modes to synthesize a global phase diagram for the
known elements of the CPG and the entire motor neuron ensemble.
These average data reveal the stereotypical side-to-side asymmetric
patterns of intersegmental coordination among the motor neurons and
show how this pattern meshes with the activity pattern of premotor
interneurons. Analysis of animal-to-animal variability in this coordi-
nation indicates that the intersegmental phase progression of motor
neuron activity in the midbody in the peristaltic coordination mode is
the most stereotypical feature of the fictive motor pattern. Bilateral
recordings from motor neurons corroborate the main features of the
asymmetric motor pattern.

INTRODUCTION

Central pattern generator (CPG) networks (De Schutter et al.
2005; Marder and Calabrese 1996; Marder et al. 2005), con-
sisting mainly of interneurons, produce an often complex
temporal pattern of activity. This pattern is transferred synap-
tically by premotor interneurons to motor neurons to control
rhythmic behavior. Particularly in invertebrates the key neuro-
nal elements in CPG networks, including premotor elements,
have been identified and their activity pattern defined. More-
over, in many cases the fictive motor pattern (activity of motor
neurons) has been precisely determined. What is often lacking,
however, is a precise description of the relative timing (coor-
dination) of the activity of premotor interneurons and the motor
neurons.
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In the stomatogastric nervous system of crustaceans, the
coordination of the fictive motor program with CPG activity
has been precisely defined, but this is somewhat a special case
because the motor neuron themselves are CPG elements and
there a very few interneurons (Bucher et al. 2005, 2006;
Marder and Bucher 2007). The stomatogastric CPGs are also
not well suited to illuminate distributed CPGs that control and
coordinate intersegmental motor outflow because of their local
output. In the swimmeret CPG of crayfish (Mulloney and Hall
2007; Mulloney et al. 2006), and especially in the leech
swimming CPG (Cang and Friesen 2002; Kristan et al. 2005),
such quantitative descriptions of interneuron and motor neuron
coordination are gradually emerging. Much progress is now
being made in identifying the key neuronal elements that make
up vertebrate pattern generators, and the fictive motor pro-
grams are often well described (Grillner et al. 2005; Kiehn
2006), although relative coordination has not been well quan-
tified. In most preparations, it is simply too difficult to simul-
taneously record multiple premotor interneurons and motor
neurons for melding the interneuron activity pattern with the
motor pattern.

Here we focus on a quantitative assessment of the relative
coordination of premotor interneurons and motor neurons in
the leech heartbeat CPG as a necessary step for our long-range
aim of a complete model of how a CPG controls intersegmental
motor outflow. Such a quantitative assessment also allows us to
determine variability across preparations. The observation that
neuronal networks, and CPGs in particular, display a two- to
fivefold range of intrinsic membrane currents and synaptic
strengths while still producing stereotypical output (Marder
and Goaillard 2006), begs the question of how variable such
“stereotypy” is.

The heartbeat control system of the medicinal leech has been
studied intensively for over three decades (for a recent review
see Kristan et al. 2005). The leech has two tubular hearts
running the length of the body and moving blood through its
closed circulatory system (Krahl and Zerbst-Boroffka 1983;
Thompson and Stent 1976a; Wenning et al. 2004a). The
beating pattern (beat period 4—10 s) is asymmetric, with one
heart generating high systolic pressure through a front-directed
peristaltic wave (peristaltic coordination mode) along its
length, and the other generating low systolic pressure through
near-synchronous constriction (synchronous coordination mode)
along its length. The peristaltic heart moves blood forward,
whereas the synchronous heart has been hypothesized mainly
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to push blood into the peripheral circulation (Hildebrandt 1988;
Wenning et al. 2004a) and supports rearward blood flow
(Wenning and Meyer 2007). After about 20—40 beats (switch
period ~100-400 s) the hearts switch roles (Krahl and Zerbst-
Boroffka 1983; Thompson and Stent 1976a; Wenning et al.
2004a). This constriction pattern including the regular switches
in coordination mode have been quantitatively described in
detail (Wenning et al. 2004a).

Heart (HE) motor neurons occur as bilateral pairs in the
midbody segmental ganglia 3 through 18 [designated HE(3)—
HE(18)]. Each motor neuron innervates the segmental section
of its ipsilateral heart tube and drives and entrains the beating
of the heart in its segment (Maranto and Calabrese 1984a,b). In
the isolated nervous system, the bursting discharge pattern of
this ensemble of segmental motor neurons reflects well the
segmental constriction pattern of the hearts and the switches in
coordination mode (Wenning et al. 2004b). This asymmetric
pattern of motor outflow has been quantified with respect to
intersegmental phase relations, duty cycle, and intraburst spike
frequency (Wenning et al. 2004b).

The central pattern generator for heartbeat consists of seven
identified pairs of segmental heart (HN) interneurons located in
the first seven midbody segmental ganglia [designated HN(1)—
HE(7)]; one as yet unidentified pair of heart interneurons
[designated HN(X) because its ganglion of origin is unknown]
is known to exist (Calabrese 1977; Thompson and Stent
1976b,c) (Fig. 1A). Of the identified interneurons the HN(3)
and HN(4) interneurons and the HN(6) and HN(7) interneurons
are premotor (front and rear premotor interneurons, respec-
tively) and make inhibitory synapses with ipsilateral motor
neurons by a posterior directed axon (Fig. 1B) (Thompson and
Stent 1976b). The unidentified HN(X) heart interneuron makes
inhibitory synapses with ipsilateral HE(3)-HE(6) motor neu-
rons. The heart interneurons interact with one another by
inhibitory synapses and by electrical junctions that appear to be
rectifying (Fig. 1A) (Calabrese 1977, 1979; Thompson and
Stent 1976c). The first four pairs of interneurons [HN(1)-
HN(4)] form an oscillatory core that paces beat timing for the
entire pattern generator network. This core timing network has
been examined in detail (Masino and Calabrese 2002a,b,c) and
modeled extensively (Hill et al. 2002; Jezzini et al. 2004). The
timing network is linked to the rear premotor interneurons
through direct ipsilateral electrical connections and indirectly
through bilateral inhibitory connections from the HN(5) heart
interneuron pair (Fig. 1B). The HN(5) interneurons are called
switch interneurons because bilateral recordings (Calabrese
and Peterson 1983; Lu et al. 1999) show one active in rhythmic
bursts and one inactive with reciprocal switches in activity
state every 20—40 heartbeat cycles. The inactive state is caused
by a persistent leak-like conductance—reversal potential near
—60 mV—that suppresses spike activity (Gramoll et al. 1994).
The active state of the switch interneuron gives rise to the
synchronous coordination mode and the inactive state to the
peristaltic coordination mode (Calabrese 1977; Calabrese and
Peterson 1983). The switch interneurons do not appear to be
able to switch autonomously and it is hypothesized that they
are under control of a switch oscillator extrinsic to the known
heart interneurons (Lu et al. 1999).

Recently we have completed a quantitative description of the
activity pattern (phase relations, duty cycle, and intraburst
spike frequency) of all the premotor interneurons [including
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FIG. 1. Network diagrams for the leech heartbeat central pattern generator

(CPG: heart interneuron circuit) and the CPG output to associated heart motor
neurons. A: circuit diagram showing synaptic connections among interneurons
of the heartbeat CPG. B: hemilateral circuit diagram showing all the premotor
heart (HN) interneurons of the CPG [identified HN(3), HN(4), HN(6), HN(7),
and unidentified HN(X)] and their pattern of synaptic connections to ipsilateral
motor neurons (HE) in HE(3)-HE(9). In both panels, large colored circles are
cell bodies and associated input processes. Lines indicate cell processes, small
colored/black circles indicate inhibitory chemical synapses, small boxes along
the HN(X) interneurons’ axons in G3—G6 are putative spike initiation sites, and
diodes indicate rectifying electrical synapses. Dashed process extending from
the G5 interneuron to the G6 initiation site of the HN(X) interneuron indicates
an indirect excitatory pathway (Norris et al. 2006). For simplicity in the CPG
diagram of A, cells with similar input and output connections and function are
lumped. Standard colors for the identified interneurons are used (see METHODS
for color code); e.g., lime green is used for the X interneuron. HN(X)
interneuron is defined as one that gives rise to matched IPSPs in ipsilateral
G3-G6 heart motor neurons and rectifying electrical coupling potentials in
ipsilateral G3 and G4 interneurons (Calabrese 1977).

the HN(X) interneurons] and of the switch interneurons using
extracellular recording techniques that minimally perturb net-
work activity and permit relatively long-term recording (Norris
et al. 2006). This analysis confirmed that switches in coor-
dination are associated with reciprocal switches in the
activity of the switch interneurons. The result of the change
in switch interneuron activity is that the phase relations of
the HN(6), HN(7), and HN(X) premotor interneurons shift
with respect to the HN(3) and HN(4) premotor interneurons
that are part of the phase-invariant timing network core (Fig.
1A). Thus we have a complete quantitative description of the
temporal pattern of CPG fictive output onto motor neurons
and a complete description of the fictive pattern of motor
neuron firing.

Here we use extracellular recording techniques that mini-
mally perturb network activity to assess quantitatively the
phase relations of the fictive pattern of segmental motor neuron
firing with the fictive pattern of CPG premotor interneuron
firing, thus providing the temporal link between these two
fictive patterns. Moreover, we also assess the variability in
these two patterns across preparations and compare this vari-
ability to variability in the constriction patterns of the two
hearts.
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