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A central pattern generator producing alternative outputs: pattern,
strength, and dynamics of premotor synaptic input to leech heart
motor neurons. J Neurophysiol 98: 2992-3005, 2007. First published
September 5, 2007; doi:10.1152/jn.00877.2007. The central pattern
generator (CPG) for heartbeat in medicinal leeches consists of seven
identified pairs of segmental heart interneurons and one unidentified
pair. Four of the identified pairs and the unidentified pair of interneu-
rons make inhibitory 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, synchronous and peristaltic. Using extracellular recordings
from premotor interneurons and voltage-clamp recordings of ipsilat-
eral segmental motor neurons in 69 isolated nerve cords, we assessed
the strength and dynamics of premotor inhibitory synaptic output onto
the entire ensemble of heart motor neurons and the associated con-
duction delays in both coordination modes. We conclude that premo-
tor interneurons establish a stereotypical pattern of intersegmental
synaptic connectivity, strengths, and dynamics that is invariant across
coordination modes, despite wide variations among preparations.
These data coupled with a previous description of the temporal pattern
of premotor interneuron activity and relative phasing of motor neuron
activity in the two coordination modes enable a direct assessment of
how premotor interneurons through their temporal pattern of activity
and their spatial pattern of synaptic connectivity, strengths, and
dynamics coordinate segmental motor neurons into a functional pat-
tern of activity.

INTRODUCTION

Central pattern generator (CPG) networks (De Schutter et al.
2005; Marder and Calabrese 1996; Marder et al. 2005), con-
sisting mainly of interneurons, must distribute their output over
an ensemble of motor neurons to control rhythmic behavior.
When the muscles that are controlled are segmentally distrib-
uted, as in those producing whole body undulatory waves (Hill
et al. 2003), the motor neuron ensemble is also segmentally
distributed, and motor neurons in different segments must be
coordinately controlled to produce effective movement. Much
progress has been made in qualitatively defining the neuronal
composition and synaptic connectivity patterns of several CPG
networks. However, the activity of these networks likely de-
pends not only on the pattern of synapses in the network, but
also on the strengths of these connections. Furthermore, many
synapses show use-dependent changes in synaptic strength
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(e.g., facilitation), which would also be expected to affect
network activity. Understanding network activity on the cellu-
lar level thus requires quantitative measurements of both the
strengths of the network’s synapses and of how these strengths
vary with network output phase (Marder et al. 2005).

In invertebrates, and especially in the stomatogastric ner-
vous system of crustaceans, there have been efforts to deter-
mine the strength and plasticity of outputs onto motor neurons
and to use this information in constructing computational
models that can illuminate mechanisms of motor neuron coor-
dination (Mamiya and Nadim 2005; Rabbah and Nadim 2005).
Although the utility of the stomatogastric nervous system
in analyzing circuit dynamics and modulation is unrivaled
(Marder and Bucher 2007), it is not well suited to illuminate
intersegmental coordination because of its inherent centraliza-
tion. Other similar efforts have focused on reflexes that are
restricted to one or a few segments, such as leech local bend
reflexes (Kristan et al. 1995, 2005; Lockery and Kristan
1990a,b) and locust wing reflexes (Burrows 1975a,b,c) and
steering movements (Burrows and Pfluger 1992; Pfluger and
Burrows 1990).

Although much progress is now being made identifying the
key neuronal elements that make up vertebrate pattern gener-
ators, assessments of synaptic strengths and dynamics are
lacking. Only a few vertebrate systems are described well
enough to allow the construction of computational models that
generate specific hypotheses about motor neuron coordination
(Butera et al. 1999a; b; Del Negro et al. 2001; Kotaleski et al.
1999a,b; Rybak et al. 2004a,b; Sautois et al. 2007; Tunstall
et al. 2002). A notable exception are vestibulo- and reticulo-
spinal projection interneurons that coordinate attitude adjust-
ments and turning during swimming in lampreys (Deliagina
et al. 2002; Zelenin et al. 2001, 2003, 2007). In this system, the
considerable effort at determining the synaptic strength of
connections onto motor neurons has been fruitful; nevertheless
the output of these interneurons may be viewed as having a
tonic effect to adjust the balance of motor outflow without
affecting its dynamics or intersegmental coordination.

One of our long-range aims is a complete model of how a
CPG controls intersegmental motor outflow. Here we focus on
a quantitative assessment of synaptic strength and dynamics
and associated conduction delays of intersegmental premotor
interneurons that coordinate motor neuron activity into a fictive
motor pattern. Nevertheless, problems arise as to useful metrics
for model network construction and internetwork comparison.
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SYNAPTIC INPUT TO MOTOR NEURONS FROM A CPG

Neuronal networks, and CPGs in particular, can display a two-
to fivefold range of intrinsic membrane currents and synaptic
strengths while still producing stereotypical output (Marder
and Goaillard 2006). Moreover, there are indications that
average values for such strength parameters may be mislead-
ing, in that models constructed from average values may not
produce stereotypical output (Golowasch et al. 2002; Haedo
and Golowasch 2006). We argue here that for intersegmental
comparisons averages are useful metrics, but we also provide
key data on animal-to-animal variability.

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). Although it
is widely appreciated that such alternative forms of network
output require changes in the activity phase of key premotor
interneurons within the CPG, concomitant changes in synaptic
strength and dynamics of synaptic inputs to motor neurons
have not been widely explored. Here we attempt to resolve
whether such changes in networks motor output are reflected
by changes in synaptic strengths and dynamics.

The heartbeat control system of the medicinal leech is
described in the INTRODUCTION of the companion paper (Norris
et al. 2007). Figure 1A summarizes the connectivity between
premotor interneurons of the heartbeat CPG and motor neurons
in this system. Here we provide the missing quantitative
assessment of the strength and dynamics, and associated con-
duction delays of premotor interneuron synaptic output onto
the entire ensemble of segmental heart motor neurons. We also
assess synaptic strength across switches in coordination mode
and we describe the animal-to-animal variability in the synap-
tic strength and use it to assess the functional relevance of the
view that emerges from average data.

METHODS
Animals and solutions

Leeches (Hirudo sp) (Siddall et al. 2007) 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 HN(X) heart interneuron inhibitory
postsynaptic current (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 [in the
few cases when HN(X)-mediated IPSCs were recorded in HE(5) or
HE(6) motor neurons, ganglia were not desheathed]. The preparation
was superfused continuously with normal leech saline containing (in
mM): 115 NaCl, 4 KCl, 1.8 CaCl,, 10 glucose, 10 HEPES buffer,
adjusted to pH 7.4 with NaOH, at 1-2 ml/min (bath volume 6—8 ml).
Heart motor neurons and interneurons were identified based on soma
size, soma location in the ganglion, and ultimately identified by their
characteristic bursting activity (e.g., Fig. 2). Previous experience has
indicated that the heart interneuron HN(X) activity pattern associated
with synchronous coordination is sensitive to prolonged dissection
and extensive desheathing of ganglia (Norris et al. 2006); thus when
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recording HN(X) heart interneuron’s IPSCs, or the coordination of
front motor neurons with premotor interneurons all attempts were
made to keep dissections <1 h and to minimize the number of ganglia
desheathed. Moreover, those preparations where the HN(X) heart
interneuron inhibitory postsynaptic potential (IPSP) pattern or the
phasing of front motor neurons never switched out of the peristaltic
state during the course of an experiment (often despite documented
switches in the identified rear premotor interneurons) were dis-
carded.

Extracellular and intracellular recording techniques

For intracellular voltage and voltage-clamp recordings from heart
motor neurons, we used sharp intracellular electrodes (~20-30 M)
filled with 4 M KAc, 20 mM KCl) following the methods described
in Opdyke and Calabrese (1995). Briefly, intracellular recordings
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. The voltage-clamp hold-
ing potential for recording spontaneous IPSCs in motor neurons was
—45 mV in all experiments except those involving recording HN(X)-
mediated IPSCs, where it varied from —35 to —55 mV in an attempt
to minimize escape spiking while maximizing IPSC amplitude. At the
end of each experiment the electrode was withdrawn from the motor
neuron and only data in which the electrode potential was within *5
mV of ground were included. Thus holding potentials were accurate
within £5 mV.

For extracellular recordings from heart interneurons, we used suc-
tion electrodes filled with normal saline. Electrodes were pulled on a
Flaming/Brown micropipette puller (P-97, Sutter Instrument, Novato,
CA) from borosilicate glass (1 mm OD, 0.75 mm ID; AM Systems,
Carlsborg, WA) and placed in a suction electrode holder (E series,
Warner Instruments, Hamden, CT). To ensure a tight fit between the
cell and electrode, the electrode tips had a final inner diameter of
about 20 uM, approximately the diameter of a heart interneuron’s
soma. The electrode tip was brought in contact with the cell body and
light suction was applied using a syringe until the entire cell body was
inside the electrode. Extracellular signals were monitored with a
differential AC amplifier (model 1700, AM Systems) at a gain of
1,000 with the low- and high-frequency cutoffs set at 100 and 1,000
Hz, respectively. Noise was reduced with a 60-Hz notch filter and a
second amplifier (model 410, Brownlee Precision, Santa Clara, CA)
amplified the signal appropriately for digitization.

Data acquisition and analysis

Data were digitized (3.3-kHz sampling rate) using a digitizing
board (Digi-Data 1200 Series Interface, Axon Instruments, Foster
City, CA) and acquired using pPCLAMP software (Axon Instruments)
on a personal computer (PC).

Determining the identified heart interneuron to heart motor
neuron connectivity pattern, synaptic strength and dynamics,
and conduction delays

To determine the strength, dynamics, and conduction delays of each
inhibitory synaptic connection from a premotor heart interneuron to a
segmental heart motor neuron, we recorded extracellularly from two
ipsilateral identified premotor interneurons (one rear and one front to
determine coordination mode of the CPG). We then voltage clamped
an ipsilateral segmental series of heart motor neurons (—45-mV
holding potential) one after another, recording spontaneous IPSCs for
several interneuron burst cycles in each, usually spanning both coor-
dination modes. In all, 56 preparations were used exclusively in these
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