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Norris, Brian J., Adam L. Weaver, Lee G. Morris, Angela Wen-
ning, Paul A. Garcı́a, and Ronald L. Calabrese. A central pattern
generator producing alternative outputs: temporal pattern of premotor
activity. J Neurophysiol 96: 309–326, 2006. First published April 12,
2006; doi:10.1152/jn.00011.2006. The central pattern generator for
heartbeat in medicinal leeches constitutes seven identified pairs of
segmental heart interneurons. Four identified pairs of heart interneu-
rons make a staggered pattern of inhibitory synaptic connections with
segmental heart motor neurons. Using extracellular recording from
multiple interneurons in the network in 56 isolated nerve cords, we
show that this pattern generator produces a side-to-side asymmetric
pattern of intersegmental coordination among ipsilateral premotor
interneurons. This pattern corresponds to a similarly asymmetric
fictive motor pattern in heart motor neurons and asymmetric constric-
tion pattern of the two tubular hearts, synchronous and peristaltic. We
provide a quantitative description of the firing pattern of all the
premotor interneurons, including phase, duty cycle, and intraburst
frequency of this premotor activity pattern. This analysis identifies
two stereotypical coordination modes corresponding to synchronous
and peristaltic, which show phase constancy over a broad range of
periods as do the fictive motor pattern and the heart constriction
pattern. Coordination mode is controlled through one segmental pair
of heart interneurons (switch interneurons). Side-to-side switches in
coordination mode are a regular feature of this pattern generator and
occur with changes in activity state of these switch interneurons.
Associated with synchronous coordination of premotor interneurons,
the ipsilateral switch interneuron is in an active state, during which it
produces rhythmic bursts, whereas associated with peristaltic coordi-
nation, the ipsilateral switch interneuron is largely silent. We argue
that timing and pattern elaboration are separate functions produced by
overlapping subnetworks in the heartbeat central pattern generator.

I N T R O D U C T I O N

Repetitive and rhythmic motor patterns, both episodic and
continuous, are thought to derive significantly from repetitively
or rhythmically active central neuronal networks called central
pattern generators (CPGs; Marder and Bucher 2001; Marder
and Calabrese 1996). Particularly in invertebrates, where anal-
ysis has been greatly facilitated by the ability to identify many
of the key neuronal elements (mostly interneurons) composing
a pattern generator, it has been possible to record and to
biophysically analyze these elements and their synaptic inter-
actions (Marder et al. 2005). As previously indicated by
Marder and colleagues (2005), however, this level of cellular
understanding of itself “is only a starting point to understand-

ing the dynamics of circuit operation.” Modeling has been
essential to thorough analysis of CPG networks (for recent
reviews see De Schutter et al. 2005; Marder et al. 2005).
Although much progress is now being made identifying the key
neuronal elements that make up pattern generators in verte-
brates, the real circuitry involved in any particular pattern
generator is far from certain. In only a few vertebrate systems
is enough known so that mathematical/computer models can be
constructed that generate specific hypotheses about network
function (Butera et al. 1999a,b; Del Negro et al. 2001; Hell-
gren-Kotaleski et al. 1999a,b; Rybak et al. 2004a,b; Tunstall et
al. 2002).

One of our long-range aims is a complete model of how a
CPG controls motor outflow. After element identification,
circuit description, and biophysical analysis, the entrée to such
a model must be a quantitative assessment of the activity
relations of the premotor elements that drive motor neuron
activity to produce the fictive motor pattern. Such a descrip-
tion, however, has not been forthcoming except for the crus-
tacean stomatogastric motor patterns that control the decapod
pylorus and gastric mill (Bucher et al. 2005; Hooper 1997a,b;
Marder and Bucher 2001; Marder and Calabrese 1996; Marder
et al. 2005). Here, many of the main pattern-generating ele-
ments are motor neurons themselves and the network is nu-
merically restricted. These networks, particularly the one con-
trolling the gastric mill, are remarkably plastic in their output
producing myriad subpatterns according to modulatory state so
that normative activity analogous, say, to steady swimming in
still water or heartbeat at rest, may not exist, and emphasis has
been on mechanistically explaining variation (Hooper and
DiCaprio 2004; Marder and Bucher 2001; Marder et al. 2005;
Nusbaum and Beenhakker 2002). Other motor pattern genera-
tors have been analyzed for activity pattern but not quantita-
tively (e.g., Katz et al. 2004; Kristan et al. 2005; Mulloney et
al. 1998; Straub et al. 2002). Moreover, for fruitful generali-
zation and comparison across networks, the activity pattern of
each particular pattern generator must be independently de-
scribed and its network dynamic analyzed.

It has long been speculated (e.g., Grillner 1981, 2003;
Grillner et al. 2005; Marder and Bucher 2001; Stein 2005) that
the rhythm-generating and pattern-forming functions of a CPG
may be separated at least conceptually, if not by assigning
different neuronal elements to each aspect. Here rhythm refers
to the basic timing oscillation in a pattern generator, whereas
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pattern refers to the elaboration of this timing rhythm into a
functional motor program organized both spatially and tempo-
rally. Our current level of understanding suggests that many
neuronal elements serve in both functions (Hooper and Di-
Caprio 2004; Kristan et al. 2005; Marder et al. 2005). For
example, some pattern generators produce segmentally distrib-
uted output, such as that controlling undulatory swimming
(Cang and Friesen 2000, 2002; De Schutter et al. 2005; Grillner
et al. 2005; Kristan et al. 2005), so that a conceptual separation
between rhythm generation as expressed in side-to side or
dorsal–ventral alternation and pattern formation as expressed
in intersegmental coordination seems clear, although key ele-
ments involved in intersegmental coordination appear integral
to rhythm generation. The crayfish swimmeret system stands in
stark contrast here with network elements clearly separated
along these functional lines (Mulloney et al. 1998, 2006; Paul
and Mulloney 1985). Clearly separating these functions in any
given circuit may help us extract useful generalization for other
networks controlling similar movements and again quantitative
assessment of network activity is a necessary step.

Motor pattern-generating networks can produce motor vari-
ants that reflect changes in coordination between motor ele-
ments necessary for opposing functions, as for example eges-
tive versus ingestive biting behavior in the mollusk Aplysia
(Cropper et al. 2004; Hurwitz and Susswein 1996). A quanti-
tative assessment of network activity during the alternative
forms of circuit output is necessary for assessing how such
alternative circuit outputs are brought about.

The heartbeat CPG of the medicinal leech has been studied
intensively for over two decades, yet a quantitative description
of its activity pattern has not been forthcoming (for a recent
review see Kristan et al. 2005). In large part, this was attrib-
utable to the application of intracellular recording techniques
that limit the number of interneuronal elements that can be
easily recorded simultaneously and alter the activity of the
elements by introducing penetration-associated leak (Cym-
balyuk et al. 2002). Now that extracellular recording from
multiple interneurons in the network is routine no obstacle
exists for a more quantitative description (Masino and Cala-
brese 2002a,b,c).

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 pres-
sure through a front-directed peristaltic wave (peristaltic coor-
dination mode) along its length, and the other generating low
systolic pressure through near synchronous constriction (syn-
chronous coordination mode) along its length. The peristaltic
heart moves blood forward, whereas the synchronous heart has
been hypothesized mainly to push blood into the peripheral
circulation (Hildebrandt 1988; Wenning et al. 2004a). After
about 20 to 40 beats (switch period about 100–400 s) the
hearts switch roles (Krahl and Zerbst-Boroffka 1983; Thomp-
son and Stent 1976a; Wenning et al. 2004a). This constriction
pattern and the regular switches in coordination mode were
previously quantitatively described in detail (Wenning et al.
2004a).

Heart motor neurons occur as bilateral pairs in the midbody
segmental ganglia 3 through 18 (G3–G18). 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 (HE 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 as to interseg-
mental phase relations, duty cycle, and intraburst spike fre-
quency (Wenning et al. 2004b).

The central pattern generator for heartbeat consists of seven
identified pairs of segmental heart interneurons located in the
first seven midbody segmental ganglia (G1–G7) (Fig. 1); one
as yet unidentified pair of heart interneurons is known to
exist—its cell body has not been identified, so it cannot be
associated with a segmental ganglion, and thus is referred to
with the ganglionic index X (Calabrese 1977; Thompson and
Stent 1976b,c ). Of the identified interneurons the pairs in G3
and G4, and G6 and G7 are premotor (front and rear premotor
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HN HN

HN HN HN HN
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FIG. 1. Network diagrams for the leech heart beat central pattern generator
(CPG) and associated heart motor neurons. A: all the identified interneurons
(HN) of the CPG and their pattern of synaptic connections to motor neurons
(HE). G3, G4, G6, and G7 interneurons are premotor interneurons. B: circuit
diagram showing synaptic connections among interneurons of the heartbeat
CPG. C: switches in coordination mode of the heartbeat CPG are associated
with switches in which the G5 interneuron (switch interneuron) is active
(color) and which is silent (gray). In all panels, large colored circles are cell
bodies and associated input processes. Lines indicate cell processes, small
colored/black circles indicate inhibitory chemical synapses, and diodes indi-
cate rectifying electrical synapses. For simplicity in the CPG diagrams of B and
C cells with similar input and output, connections and function are lumped.
Colors chosen are used to designate associated electrophysiological traces and
analysis throughout (see METHODS for color code).
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interneurons, respectively), making inhibitory synapses in a
staggered pattern with ipsilateral motor neurons by a posterior
directed axon (Fig. 1A) (Thompson and Stent 1976b). The
heart interneurons interact with one another by inhibitory
synapses and electrical junctions that appear to be rectifying
(Calabrese 1977, 1979; Thompson and Stent 1976c) (Fig. 1B).
The first four pairs of heart interneurons can all reset and
entrain the activity of the entire pattern generator when driven
with injected current pulses, whereas the rear interneurons
cannot (Masino and Calabrese 2002c; Peterson and Calabrese
1982). Thus this core of interneurons (in G1–G4) constitutes a
beat-timing network for the pattern generator. This timing
network has been examined in detail and its phase relations,
duty cycle, and intraburst spike frequency described quantita-
tively (Masino and Calabrese 2002a,b,c). Within the timing
network, strong reciprocal inhibitory synapses between the
interneuron pairs in G3 and G4 and intrinsic membrane prop-
erties produce rhythmic bursting activity (the front premotor
interneurons, in G3 and G4, are consequently also referred to
as oscillator interneurons) and sets up strict side-to-side alter-
nation and symmetry in the timing network activity pattern.
The phase relations between the G3 and G4 pairs are somewhat
plastic; each can be considered an independent half-center
oscillator coordinated by the G1 and G2 heart interneurons
(coordinating interneurons) so that the faster half-center oscil-
lator leads in phase (Masino and Calabrese 2002a,b), yet there
is strict right–left symmetry and in the majority of preparations
the G4 half-center oscillator leads in phase. The timing net-
work is linked to the rear premotor interneurons through direct
ipsilateral electrical connections and indirectly through bilat-
eral inhibitory connections from the heart interneuron pair in
G5 (Fig. 1B). The G5 interneurons are called switch interneu-
rons because bilateral recordings (Calabrese and Peterson
1983; Lu et al. 1999) show one active in rhythmic bursts and
one largely silent with reciprocal switches in activity state (Fig.
1C). These switches in the activity state have been extensively
observed unilaterally and were studied using voltage clamp
(Gramoll et al. 1994). The silent state is associated with a
leaklike conductance with reversal potential near �60 mV
that suppresses spike activity (Gramoll et al. 1994). The
active state of the switch interneuron is associated with the
synchronous coordination state and the silent state with the
peristaltic coordination state (Calabrese 1977; Calabrese
and Peterson 1983). The switch interneurons do not appear
to be able to switch autonomously, and it is hypothesized
that the neuron that is silent is under the control of a switch
oscillator extrinsic to the known heart interneurons (Lu et al.
1999).

Given that the timing network produces side-to-side sym-
metric output, it is clear that the necessary asymmetries in
output of the premotor interneurons to the motor neurons to
generate their two different coordination states and the switch-
ing between them arise from the asymmetric and variable
phasing of the rear premotor interneurons. The activity of these
interneurons with respect to the timing network and the switch
interneurons is known only in the most general way, resulting
from a limited number of pairwise intracellular recordings
(Calabrese 1977; Thompson and Stent 1976c). Thus the major
focus of this study was to provide a quantitative description of
the firing pattern of all the premotor interneurons and the
switch interneurons—including phase, duty cycle, and intra-

burst frequency—and to compare this activity pattern to the
fictive motor program for heartbeat (Wenning et al. 2004b).
This analysis identifies two stereotypical coordination modes
corresponding to synchronous and peristaltic coordination in
the fictive motor program and shows that these coordination
modes exhibit phase constancy over a broad range of periods.
We also explore switching and show that associated with
synchronous coordination of premotor interneurons, the ipsi-
lateral switch interneuron is in an active state, during which it
produces rhythmic bursts, whereas associated with peristaltic
coordination, the ipsilateral switch interneuron is largely silent.
Side-to-side switches in coordination mode are a regular fea-
ture of this pattern generator and are associated with changes in
activity state of the switch interneurons. We argue that timing
and pattern elaboration are indeed separate functions produced
by overlapping subnetworks in the leech heartbeat central
pattern generator.

M E T H O D S

Animals and solutions

Leeches (Hirudo medicinalis) were obtained from commercial
suppliers (Leeches USA, Westbury, NY and Biopharm, Charleston,
NC) and maintained in artificial pond water at 15°C. After the animals
were anesthetized in cold saline, chains of ganglia were dissected
consisting of the head brain (HB) to at least midbody ganglion 15
(G15) for recording the heart interneuron activity rhythm and G2 to
G8 for recording the X heart interneuron IPSC pattern in heart motor
neurons. Extra ganglia were in some cases left attached to these later
preparations for pinning purposes but the connectives to these ganglia
were thoroughly crushed. The preparations were pinned (ventral
surface up) in 60-mm petri dishes lined with Sylgard (Dow Corning,
Midland, MI). Ganglia in which heart interneurons or heart motor
neurons were to be recorded were desheathed using fine scissors or
microscalpels. Heart interneurons were identified based on soma size,
soma location in the ganglion, and ultimately identified by their
characteristic bursting activity (Fig. 2A). The preparation was contin-
uously superfused with normal leech saline containing (in mM): 115
NaCl, 4 KCl, 1.8 CaCl2, 10 glucose, 10 HEPES buffer, adjusted to pH
7.4 with NaOH, at 1–2 ml/min (bath volume 6–8 ml). Previous
experience has indicated that the heart interneuron X activity pattern
associated with synchronous coordination is sensitive to prolonged
dissection and extensive desheathing of ganglia; thus when recording
the X heart interneuron’s IPSCs, all attempts were made to keep
dissections �1 h and to minimize the number of ganglia desheathed.
Moreover, those preparations where the X heart interneuron IPSP
pattern never switched out of the peristaltic state during the course of
an experiment (often despite documented switches in the identified
rear premotor interneurons) were discarded.

Extracellular and intracellular recording techniques

For intracellular voltage-clamp recordings from heart motor neu-
rons, we used sharp intracellular electrodes (about 20–30 M� filled
with 4 M KAc, 20 mM KCl) following the methods described in
Opdyke and Calabrese (1995). Briefly, voltage-clamp experiments
were performed using an Axoclamp-2A amplifier (Axon Instruments,
Union City, CA) operating in discontinuous current-clamp or discon-
tinuous single-electrode voltage-clamp mode with a sample rate of
2.5–2.8 kHz. The electrode potential was monitored to ensure that it
settled during each sample cycle. Output bandwidth was 0.3 kHz.
Voltage-clamp gain was 0.8 to 2.0 nA/mV. Holding potential for
recording spontaneous IPSCs in motor neurons was �45 mV in all
experiments (except those in which X-mediated IPSCs were recorded
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