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Abstract

Rhythmic motor behaviors in all animals appear to be under the control of “central
pattern generator” circuits, neural circuits which can produce output patterns appro-
priate for behavior even when isolated from their normal peripheral inputs. Insects
have been a useful model system in which to study the control of legged terrestrial
locomotion. Much is known about walking in insects at the behavioral level, but to
date there has been no clear demonstration that a central pattern generator for walk-
ing exists. The focus of this thesis is to explore the central neural basis for locomotion
in the locust, Schistocerca americana.

Rhythmic motor patterns could be evoked in leg motor neurons of isolated tho-
racic ganglia of locusts by the muscarinic agonist pilocarpine. These motor patterns
would be appropriate for the movement of single legs during walking. Rhythmic
patterns could be evoked in all three thoracic ganglia, but the segmental rhythms
differed in their sensitivities to pilocarpine, their frequencies, and the phase rela-
tionships of motor neuron antagonists. These different patterns could be generated
by a simple adaptable model circuit, which was both simulated and implemented
in VLSI hardware. The intersegmental coordination of leg motor rhythms was then
examined in preparations of isolated chains of thoracic ganglia. Correlations between
motor patterns in different thoracic ganglia indicated that central coupling between

segmental pattern generators is likely to contribute to the coordination of the legs
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during walking.

The work described here clearly demonstrates that segmental pattern generators
for walking exist in insects. The pattern generators produce motor outputs which
are likely to contribute to the coordination of the joints of a limb, as well as the
coordination of different limbs. These studies lay the groundwork for further studies
to determine the relative contributions of central and sensory neural mechanisms to

terrestrial walking.
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Chapter 1

Introduction

1.1 Central pattern generators

It has now been established in over 50 species of animals distributed among 11 classes
and 4 phyla that repetitive movements are under the control of neural circuits known
as “central pattern generators” (review: Delcomyn 1980). The attempt to define what
constitutes a central pattern generator (CPG) has been a subject of heated debate for
over 20 years. What is now generally accepted is that the central nervous system does
not require feedback from sensory organs to generate the essential rhythmic motor
commands underlying a wide variety of repetitive behaviors, such as locomotion,
respiration, and feeding. It is also clear, however, that rhythmic patterns generated
in nervous systems isolated from their normal peripheral inputs differ in important
ways from those observed in an intact animal, because centrally generated rhythmic
patterns must be shaped by sensory feedback to produce behavior which is adapted
to the requirements of the animal and its environment. It seems then that “central
pattern generation” is a useful concept, provided that the broader behavioral context

within which these circuits operate is not ignored.



Three tasks are involved in showing that a particular motor pattern is under
the control of a central pattern generator: (1) developing a preparation in which the
nervous system is isolated from peripheral inputs; (2) finding a stimulus which can
initiate and maintain rhythmic outputs; and (3) demonstrating that the patterns thus
obtained are related to the rhythmic behavior of interest. Although these issues are
of general relevance to all central pattern generators, I will focus here on the issues of
particular relevance to the study of central pattern generators underlying terrestrial

locomotion.!

Isolating nervous systems from peripheral inputs

A convincing demonstration of the existence of a central pattern generator involves
showing that in nervous systems that are completely isolated from normal peripheral
inputs, rhythmic patterns appropriate for the behavior can still be recorded in motor
nerves. Whenever possible, such a demonstration is carried out in an isolated nervous
system preparation. This technique has been most successful in invertebrate prepa-
rations (e.g., Sillar and Skorupski 1986), which survive the disruption of a normal
supply of blood and oxygen much better than vertebrate preparations. Alternatively,
the ability of the nervous system to produce patterned motor output is studied in
preparations in which the sensory afferents to the nervous system are severed (Grillner
and Zangger 1975; Pearson and Iles 1970; Székely et al. 1969). Since it is not usu-
ally possible to deafferent a nervous system completely while retaining normal motor
outputs, there may still be some contribution of sensory signals to the patterning of
the motor output. A third technique commonly used in vertebrate preparations is

the use of paralytic agents to selectively eliminate patterned sensory feedback related

ICitations in this chapter are examples from work on walking animals, except where otherwise
noted. Given the large number of publications relevant to central pattern generation and to terres-
trial walking, review articles are cited whenever possible.



to the movement (Viala and Buser 1969, Grillner and Zangger 1979, Jacobson and
Hollyday 1982). While this technique has the advantage of allowing preparations to
be minimally dissected, the effects of paralytic agents on the brain can produce spuri-
ous results. In addition, unless paralysis is used in conjunction with deafferentation,
effects on the rhythmic motor pattern due to abnormal sensory information from the
skin and other receptors cannot be ruled out. In vertebrates, “central” control of
motor behaviors in the narrowest sense also implies that supraspinal influences are
not involved in shaping motor programs. In addition to the isolation from sensory
inputs, a demonstration that central pattern generator circuits are entirely contained
within the spinal cord involves transecting the spinal cord below the brainstem region
and showing that the rhythmic motor pattern persists. However, such preparations
do not usually exhibit spontaneous rhythmic motor outputs, but require external
stimulation. Electrical stimulation of descending nerve fibers or the use of certain
pharmacological agents (e.g., glutamate, dopamine, NMDA) has been shown to re-
store rhythmic activity in such “spinal” preparations (Grillner and Zangger 1979;
Pearson and Rossignol 1991; Shik and Orlovsky 1976; review: Grillner and Wallén
1985).

Evoking central rhythms

The absence of rhythmic activity in an isolated nervous system does not imply that a
central pattern generator does not exist. For example, when isolated leech nerve cords
failed to show rhythmic activity, researchers prematurely concluded that a central pat-
tern generator did not exist (Gray et al. 1938). Later studies, however, were able to
establish the existence of a CPG in the same preparation (Kristan and Calabrese
1976). Many factors can influence whether or not rhythmic patterns are observed.

Since descending inputs from higher brain areas are important in the initiation and



maintenance of rhythmic activity, as has been shown both in invertebrate (Wiersma
and Ikeda 1964; Roeder 1937) and vertebrate (reviews: Grillner 1981; Grillner and
Wallén 1985) preparations, the nervous system deprived of such inputs could be in
a depressed state, lacking the excitation necessary to activate the pattern generat-
ing circuitry. Electrically stimulating those descending neural pathways can often
then activate centrally-generated rhythms (Jacobson and Hollyday 1982; Shik and
Orlovsky 1976; other references in Grillner and Wallén 1985). More commonly, phar-
macological agents are used to initiate locomotor rhythms (Pearson and Rossignol
1991; Barbeau and Rossignol 1991; Sqalli-Houssaini et al. 1993; Grillner and Zangger
1979), although the sites of action of these agents are not usually known. It is then
incumbent on the experimenter to show that the artificial stimulation actually acti-
vates neural pathways which would normally be involved in initiating and maintaining
rhythmic activity. Since this is difficult to do, most studies attempt to show that the
centrally generated rhythms are similar to those obtained in an intact animal or in a

preparation in which a different stimulus was used to activate the central rhythms.

Comparing intact and isolated rhythms

Once it has been established that a nervous system does not require peripheral or
descending inputs in order to generate patterned rhythmic output, it still must be
shown that this rhythmic pattern is related to the motor behavior being studied. The
tacit assumption made when comparing motor rhythms produced by isolated nervous
systems to those observed in intact animals is that if the patterns are “similar,”
one can assume that the same premotor circuitry is being activated in both cases.
That this assumption is a reasonable one has been borne out in studies of central
pattern generators that have been described at the cellular and synaptic level (e.g.,

crustacean gastric mill: Turrigiano and Heinzel 1993; leech heartbeat: Calabrese



and Arbas 1989; Tritonia swimming: Getting and Dekin 1985b; other references in
Getting 1988). The central problem, which has been the focus of much controversy,
is to define what is meant by “similar,” since rhythmic patterns are almost always
altered when sensory feedback is eliminated. This debate is essentially equivalent
to the argument over the definition of a central pattern generator circuit (i.e., the
narrower the definition of the central pattern generator circuit, the more different its
output pattern is likely to be from the intact motor pattern). Now that it is generally
accepted that both central and sensory mechanisms are important in the production
of motor behaviors, it is equally clear that different systems rely to varying degrees
on one or the other mechanism. In systems which rely more on central than sensory
mechanisms to shape the basic motor output, the effects of deafferentation can be
expected to be minimal. In systems such as walking systems that rely heavily on
sensory feedback, the elimination of such feedback should lead to drastic alterations
of the motor output. In fact, a comparison of rhythms obtained in isolation to those
obtained in intact animals should provide important clues about which aspects of
the rhythmic behavior are most dependent on sensory versus central mechanisms.
The challenge then is to understand the contribution of each mechanism—central or

sensory—to the formation of the final motor output.

1.2 Terrestrial locomotion

The ability of metazoan animals to move distinguishes them from most other life
forms. In order to move, metazoans have evolved a variety of appendages adapted
to their natural habitat, such as legs, wings, and fins. Despite the huge variety of
locomotor strategies, it seems that the basic rhythmic movements that underlie most
forms of locomotion are under the control of central pattern generators. The best

studied locomotor CPGs are those which control flight in insects (Wilson 1961; re-



view: Robertson 1986) and swimming in a variety of animals, including vertebrates
(reviews: Grillner 1981; Arshavsky et al. 1993; Grillner et al. 1991) and invertebrates
(reviews: Arshavsky et al. 1993; Friesen 1989; Getting and Dekin 1985b). Less is
known about the central control of legged terrestrial locomotion. Terrestrial loco-
motion is more complex in some ways than locomotion in a uniform medium such
as air or water. A walking animal has to support its weight to maintain a distance
from the ground, above small obstacles that would impede its progress. In addi-
tion, walking animals have evolved multi-functional jointed appendages that must
be coordinated appropriately to ensure forward propulsion without loss of stability.
Since terrestrial environments are generally unpredictable and irregular, terrestrial
walkers have evolved a variety of sophisticated exteroceptive sensory organs to detect
environmental changes. A central locomotor program must therefore be flexible and
easily modified by peripheral feedback. Because of the greater reliance of walking on
sensory feedback, it has been more difficult to demonstrate the existence of central

motor programs for walking than for other rhythmic motor patterns.

Central pattern generators in terrestrial walkers

There are few clear demonstrations that walking is under the control of central pattern
generators. In most of these cases, evidence for the existence of a central pattern
generator is limited to the control of a single limb. Evidence that individual limb
pattern generators are centrally coupled in patterns appropriate for leg coordination
during walking is more scarce. In addition, unlike studies of central pattern generators
in molluscs and crustacea, the neural basis for central pattern generation in terrestrial
locomotion is largely unknown. In all of the systems which have been studied, the
large number of neurons involved often precludes analysis of the circuit at the cellular

and synaptic level.



The best studied vertebrate central pattern generators for locomotion are those
of cats, turtles, tadpoles, dogfish, and lamprey (reviews: Grillner 1981; Grillner and
Wallén 1985). By far the largest body of work on walking in vertebrates comes from
studies on cats, in which the central origin of the control of individual limbs during
walking is well established (reviews: Grillner 1981; Grillner and Wallén 1985; Rossig-
nol et al. 1993). Motor rhythms have been shown to exist in deafferented, paralyzed
cats, provided that descending pathways from the brainstem are stimulated electri-
cally (Shik and Orlovsky 1976) or pharmacologically (Grillner and Zangger 1979;
Pearson and Rossignol 1991; Barbeau and Rossignol 1991). There is some evidence
as well that central mechanisms can coordinate the legs in the absence of peripheral
feedback (Grillner and Zangger 1979). However, very little is known about the cel-
lular basis of central pattern generation in vertebrates. In the spinal cord, a large
number of segmental interneurons that are part of or driven by the CPG are active
during fictive locomotion, but neither the specific input nor the projections of these
interneurons have been identified (reviews Grillner 1981; Grillner and Wallén 1985).
It is unlikely that a detailed understanding of central pattern generation in mammals
can be achieved with present techniques, given the complexity of mammalian neural
circuitry. For this reason, lower vertebrates such as lamprey and Xenopus embryos
are considered more favorable preparations in which to study vertebrate central pat-
tern generation. Invertebrate preparations, on the other hand, can be used to further
our understanding of issues specifically related to the neural control of terrestrial lo-
comotion. Since the same environmental constraints are imposed on all walkers, it is
possible that the same general classes of solutions to problems related to walking are

used both by invertebrate and vertebrate nervous systems.



Insect walking

Insect walking has fascinated neuroethologists for several centuries, and in recent years
has also captured the interest of engineers seeking to build legged mobile robots. In-
sects are in many ways ideal preparations for the study of terrestrial walking systems,
since they retain the ability to walk even after extensive lesions and limb amputa-
tions. The different parts of the leg and their sensory organs, which for the most part
are located in or below the chitinous cuticle, are easily accessible. The segmental
nature of the nervous system, with single ganglia controlling each pair of legs, allows
individual segments to be studied in partial or complete isolation. A large number
of behavioral studies on cockroaches, locusts, and stick insects have yielded a good
functional description of walking (reviews: Graham 1985; Cruse 1990).

On the neuronal level, much is known about the control of an individual leg.
In particular, the sensory-motor pathways underlying local reflexes of the legs are
starting to be well understood in the locust (Burrows 1992). Very little is known,
however, about the effects of central inputs on the different components of the local
neural circuits which have been described, since central and peripheral influences are
inextricably linked during walking (Wolf and Laurent 1994). The contributions of
different pools of premotor interneurons to the generation of motor rhythms are not
known. In addition, although qualitative descriptions of the mechanisms of interleg
coordination have existed for some time (review: Cruse 1990), little is known about
the relative contributions of central and sensory mechanisms to achieve this coor-
dination. In order to further our understanding of the neural control of walking, a
preparation is needed in which central mechanisms involved in walking can be studied
in the absence of sensory feedback.

There is currently no clear evidence in any insect that isolated nervous systems

can generate leg motor rhythms related to walking. This failure to demonstrate the



existence of a central pattern generator appears to be due in part to the absence
of spontaneous activity of motor rhythms in isolated insect nervous systems. When
rhythmic activity in motor neurons was reported, it was generally so irregular that
it was not clear whether this activity was related to walking. In stick insects, in
fact, leg motor rhythms recorded in deafferented preparations resembled rocking—a
behavior characterized by a rhythmic movement of the body from side-to-side—rather
than walking (Bassler and Wegner 1983). The most convincing evidence for a central
pattern generator was obtained in cockroaches (Pearson and Iles 1970, 1973; Pearson
1972), but the evidence for a walking CPG was ambiguous enough that Pearson
subsequently argued against it (Pearson 1985). It is surprising that, despite the
paucity of evidence supporting the central pattern generator hypothesis, the existence

of hemisegmental CPGs is generally accepted.

1.3 Overview of this thesis

Chapter 2

I first demonstrate that in the presence of the muscarinic agonist pilocarpine, leg
motor neurons in isolated thoracic ganglia of the locust express rhythmic activity
similar to that which occurs during walking in an intact animal. These results are
the first evidence obtained in an isolated insect nervous system that there are central
pattern generating networks in each hemiganglion which can rhythmically drive leg
motor neurons in a “walking-like” pattern. Differences between the “fictive” locomo-

tor thythm and walking are discussed.
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Chapter 3

I then show that there are differences between the fictive locomotor rhythms recorded
in the three thoracic ganglia that control the front, middle, and hind legs. Arguing
that the central pattern generating circuits underlying these three segmental rhythms
should be similar, I developed a simple model circuit whose output can be tuned to
any of the three segmental activity patterns by modifying a single synaptic weight.
This model was simulated on a computer, and an analog VLSI circuit implementation

was then built and tested in collaboration with Michael Wehr (Caltech).

Chapter 4

Finally, I present evidence in preparations consisting of isolated chains of thoracic
ganglia that the fictive locomotor rhythms generated by the three thoracic ganglia
are centrally coupled. I argue that interlimb coordination during walking is influenced
in part by the central coupling of hemisegmental central pattern generators. Other
roles for the central coupling, such as load compensation and the maintenance of

posture, are also discussed.
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Chapter 2

Locomotor Rhythms Evoked in

Locust Thoracic Ganglia

2.1

|

Summary and conclusions

When an isolated metathoracic ganglion of the locust was superfused with the
muscarinic cholinergic agonist pilocarpine, rhythmic activity was induced in leg
motor neurons. The frequency of this induced rhythm increased approximately
linearly from 0 to 0.2 Hz with concentrations of pilocarpine from 107> to 10~*M.
Rhythmic activity evoked by pilocarpine could be completely and reversibly
blocked by 3 x 107°M atropine, but was unaffected by 10=*M d-tubocurarine.

For each hemiganglion, the observed rhythm was characterized by two main
phases: a levator phase, during which the anterior coxal rotator, levators of
the trochanter, flexors of the tibia, and common inhibitory motor neurons were
active; and a depressor phase, during which depressors of the trochanter, exten-
sors of the tibia, and depressors of the tarsus were active. Activity in depressors

of the trochanter followed the activity of the levators of the trochanter with a
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short, constant interburst latency. Activity in the levator of the tarsus spanned

both phases.

. The levator phase was short compared to the period (0.5 to 2 sec, or 10% to 20%
of the period), and did not depend on the period. The interval between the end
of a levator burst and the beginning of the following one thus increased with
cycle period. The depressor phase was more variable and was usually shorter

than the interval between successive levator bursts.

. Motor neurons in a same pool often received common discrete synaptic po-
tentials (e.g., levators of trochanter or extensors of tibia), suggesting common
drive during the rhythm. Co-active motor neurons on opposite sides (such as
left trochanteral depressors and right trochanteral levators), however, did not
share obvious common PSPs. Depolarization of a pool of motor neurons dur-
ing its phase of activity was generally accompanied by hyperpolarization of its

antagonist(s) on the same side.

. Rhythmic activity was generally evoked in both hemiganglia of the metathoracic
ganglion, but the intrinsic frequencies of the rhythms on the left and right were
usually different. The activity of the levators of the trochanter on one side,
however, was strongly coupled to that of the depressors of the trochanter on the

other side.

. The locomotory rhythm was weakly coupled to the ventilatory rhythm, such
that trochanteral levator activity on either side never occurred during the phase

of spiracle opener activity, corresponding to inspiration.

. The rhythmic activity observed in vitro bears many similarities to patterns of
neural and myographic activity recorded during walking. The similarities and

differences are discussed.
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2.2 Introduction

During terrestrial locomotion, central commands and sensory feedback are integrated
in the central nervous system to generate appropriate limb movements (Rossignol et
al. 1988). In the locust, the sensory-motor pathways underlying local reflexes of the
legs are starting to be well understood (Burrows 1992). Sensory information about the
movement and position of a leg is integrated primarily by spiking local interneurons.
They in turn make synapses onto nonspiking local interneurons, which also receive
direct afferent input (Burrows et al. 1988; Laurent and Burrows 1988a) and organize
movements in sets of coordinated motor pool activations (Burrows and Siegler 1976;
Burrows 1980). Intersegmental interneurons are in turn responsible for controlling
the gain of local reflexes in phase with sensory activity in adjacent segments (Laurent
1987; Laurent and Burrows 1989a,b). Thus, local circuits controlling each leg can be
modulated by sensory information from other legs to ensure that reflex movements
are appropriate to the behavior of the animal. Very little is known, however, about
the effects of central inputs on the different components of these local circuits, since
central and peripheral influences are inextricably linked during walking behavior (Wolf
1992). To examine these influences separately, it would be desirable to develop a
deafferented preparation which produced patterned neural activity similar to that
recorded during walking. This was the object of the work reported here.

Central pattern generators (CPGs) have been shown to generate rhythmic motor
patterns in many vertebrate and invertebrate preparations (Delcomyn 1980). While
some rhythmic motor patterns are spontaneously active in isolated nervous systems
(Helisoma feeding: Kater and Rowell 1973; crayfish swimmeret beating: Ikeda and
Wiersma 1964; leech heartbeat: Thompson and Stent 1976; rat breathing: Suzue
1984; cockroach ventilation: Myers and Retzlaff 1963; lobster stomatogastric pyloric

and gastric rhythms: Selverston et al. 1976), others require external stimulation
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such as the application of pharmacological agents (cat walking: Grillner and Zang-
ger 1979; crayfish walking: Chrachri and Clarac 1990; locust flight: Stevenson and
Kutsch 1987, lamprey swimming: Poon 1980; Xenopus swimming: Dale and Roberts
1984). Such pharmacologically-induced rhythms are often very similar to the motor
rhythms recorded in vivo or in spontaneously active preparations. Although longer cy-
cle periods and small differences in the structure of a pattern are sometimes observed
(Grillner and Zangger 1979; Chrachri and Clarac 1990; Stevenson and Kutsch 1987),
such differences are not necessarily a direct effect of using a drug to induce rhythmic
activity, as similar observations have been made in deafferented preparations where
rhythmic activity was induced without using pharmacological agents (Stevenson and
Kutsch 1987). Although the existence of a central pattern generator for walking in
insects has been suggested (Pearson and Iles 1970), no detailed study of such circuits
has been carried out, since spontaneous rhythmic activity of the leg motor neurons
is rarely observed in isolated ganglia or deafferented insects. We describe here a new
preparation in which rhythmic activity in leg motor neurons can be induced in an
isolated thoracic ganglion of the locust under the action of the muscarinic agonist pilo-
carpine. This preparation could be used to study the influence of centrally generated
patterns of neural activity on the neural pathways underlying local reflexes. Certain

of these results have been presented in abstract form (Ryckebusch and Laurent 1991).

2.3 Methods

Experiments were performed on adult locusts Schistocerca americana of either sex,
from our crowded laboratory colony. The results presented here were gathered from
118 different experiments.

The preparation. Most experiments were performed in an in vitro thoracic prepa-

ration (for details see Laurent 1990). Briefly, the meso- and metathoracic ganglia were
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removed from the thorax of the animal with the surrounding tracheal supply and air
sacs undisturbed, and were pinned down in a chamber lined with Sylgard 184 (Dow
Corning Co., Midland, MI). Leg motor nerves were carefully stripped of their sur-
rounding connective tissue with a small hooked pin. The preparation was superfused
with locust saline (mM: NaCl: 140; KCl1: 5; CaCl,: 5; NaHCOj3: 4; MgCl,: 1; HEPES:
6.3; pH 7.0) supplemented with 2.5% (wt/vol) sucrose. Air was supplied to the gan-
glia by teasing open the tracheae at the surface of the saline. Stock solutions of 1072M
pilocarpine hydrochloride, atropine sulfate, and d-tubocurarine chloride (Sigma) were
prepared in advance, and were added to the saline to final bath concentrations of 10~°
to 107*M. To perform intracellular recordings, the ventral surface of the metathoracic
ganglion was treated with 1% (wt/vol) protease (Sigma, Type XIV) for 30 sec, and
then was washed thoroughly. In most experiments, the connectives between meso-
and metathoracic ganglia were cut at the beginning of an experiment. The prepara-
tion remained healthy for at least 4 or 5 hours at a room temperature of 20 to 26°C.
Tarsal motor neurons were studied in a similar preparation, except that the ganglion
was left in the thorax of the animal. The leg was extended and immobilized, and
a window was cut in the ventral surface of the distal end of the tibia to expose the
tarsal muscles and nerves. In some of these experiments, the main leg nerve (N5B)
was cut at mid-tibia.

Electrophysiology. The electrical activity of different leg motor nerves was mon-
itored extracellularly using polyethylene suction electrodes. En passant recordings
were made with differential steel hook electrodes. Simultaneous intracellular record-
ings were made from the soma of leg motor neurons, identified using the following
criteria: (1) one-to-one correlation between intracellularly recorded action potentials
and spikes recorded in one or several of the nerves; (2) position of the soma in the
ganglion (Burrows and Hoyle 1973; Tyrer and Gregory 1982; Siegler and Pousman

1990a,b); (3) characteristic pattern of PSPs. (For example, flexor tibiae motor neu-
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rons could be recognized by EPSPs evoked centrally by spikes in the fast extensor
tibiae (FETi) motor neuron (Burrows et al. 1989).) In some cases we identified mo-
tor neurons by correlating intracellularly recorded junction potentials (JPs) in the
muscle with spikes recorded en passant from a motor nerve. Intracellular recordings
were made with 50-90 MQ glass microelectrodes filled with 3M potassium acetate.
Data were recorded on an eight-channel Digital Audio Tape recorder sampled at 5
kHz (Sony/Biologic), and were displayed on a Gould TA4000 chart recorder.

Anatomy and nomenclature. The muscles are numbered according to Snodgrass
(1929). Muscle names are those given by Snodgrass (1929), except where a variant
is now more commonly used in the literature. The nerves are numbered according to
Bréaunig (1982). Motor neurons are designated by commonly used abbreviations or
by the name of the muscle group that they innervate. Detailed descriptions of the
innervation of the leg musculature can be found in Campbell (1961), Braunig (1982),
and Siegler and Pousman (1990a). Their results for leg nerves and muscles relevant
to this paper are summarized in Table 1.

Analysis. Data were analyzed off-line on a Macintosh II microcomputer, after
digitization at 2 to 8 kHz with a National Instruments NBMIO16L AD/DA interface.
The software packages used for data analysis were Spike Studio (Eli Meir, Cornell
University), MatLab (The MathWorks), and Kaleidagraph (Abelbeck Software). We
analyzed continuous recordings which varied from 2 to 20 minutes in duration, chosen
on the basis of overall regularity.

The activity of a motor neuron refers to the production of action potentials, as
recorded extracellularly from the motor nerves or intracellularly from the soma of
motor neurons. Most muscles are innervated by both slow and fast motor neurons,
which could usually be distinguished on the basis of their different spike thresholds,
as well as of the relative sizes of the extracellularly recorded spikes. Slow motor

neurons often had smaller amplitude spikes when recorded extracellularly, had a lower
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Table 1. Nomenclature and known innervation of leg muscles

Muscle” Function Nerve Excitatory MN Inhibitory MN
M121 anterior rotator coxa 3C, 9= i
M131 levator trochanteris 3B i CL“
M132 levator trochanteris 4A 65 OhL*
M133a  depressor trochanteris 5A 25 OL*

M133b/c depressor trochanteris 3C3 3°
M133d  depressor trochanteris  3Csa 35 L
M136 flexor tibiae 5B, 92 CIy 3¢
M135 extensor tibiae 3B, 5B, Pl i A
M137 levator tarsus 5Bsa I Cly 3¢
M138 depressor tarsus 5Bja B Cl; 3¢

ASnodgrass 1929
BBraunig 1982

CHale and Burrows 1985
D Phillips 1981

EBurrows and Hoyle 1973

FSiegler 1982
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Abbreviations
ant rot coxa anterior rotator coxa
CI common inhibitor
dep depressor
Df fast depressor trochanteris
dmn dorsal median nerve
Ds slow depressor trochanteris
EJP excitatory junction potential
FETi fast extensor tibiae
IJP inhibitory junction potential
L left
lev levator
PSP post-synaptic potential
tar tarsus
troch trochanter
R right
SETi slow extensor tibiae

threshold, and were often active during much of the cycle. Activity of some of the
motor pools consisted of “bursts” of activity in the fast motor neurons and modulated
tonic activity in slow motor neurons. In that case, the onset and end of a burst were
defined by the larger amplitude spikes. This choice was generally unambiguous. For
some motor neurons whose activity often consisted of few spikes (e.g., SETi), the
beginning and end of a burst were more difficult to define, as is reflected in the broad
distribution of burst onsets in the phase histograms (see below). Although we chose
to analyze our most regular patterns, we used all the bursts within a segment of data
in our analysis, even if their timing in the cycle did not conform to expectations.
The centrally generated rhythm observed in the present experiments was char-
acterized by two main phases, hereafter referred to as the levator and depressor
phases, corresponding to the activities of levators and depressors of the trochanter.

The onset of a burst of activity in trochanteral levators was chosen as the reference
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for the rhythmic activity. This is equivalent to using the tibial flexor bursts, since
levators and flexors were active in phase (see Results). Activity of trochanteral leva-
tors could easily be recorded extracellularly from nerves 3B or 4A. Since no difference
was found between the activity patterns of trochanteral levators recorded from these
two nerves, we used both groups interchangeably as a reference. In addition, levator
bursts had well-defined onsets and offsets, which was not necessarily the case for the
motor neurons active during other phases of the rhythm. A period is defined as the
interval from the onset of a levator burst to the onset of the next levator burst. All
phases were computed from —0.5 to 0.5, where 0 is the onset of a levator burst, and

the period is normalized to 1.

2.4 Results

Pilocarpine induces rhythmic activity

Spontaneous activity in leg motor neurons in an isolated metathoracic ganglion bathed
in physiological saline rarely occurred in bursts, although rhythmic bursting often
developed spontaneously after 1 to 2 hours in vitro. When spontaneous rhythmic
activity was observed, the period between bursts was generally very long (30 sec-
onds to several minutes) and variable. In normal saline, some slow motor neurons
were tonically active and the fast motor neurons were silent. Bath application of
the muscarinic agonist pilocarpine, however, reliably induced bursts of activity in
leg motor neurons after several minutes. Figure 1 shows simultaneous extra- and
intracellular recordings from leg motor neurons during rhythmic activity evoked by
2 x 107°M pilocarpine. The top four traces are extracellular recordings from nerves
L3B (trochanteral levators, SETi), L5A (trochanteral depressors, CI;), L3C; (coxal

anterior rotators) and R3C;. Intracellular recordings are both from trochanteral lev-
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ator motor neurons on the left. The trochanteral levators were active in phase with
the anterior coxal rotators, and preceded activity in the trochanteral depressors and
tibial extensors (Fig. 1, first three traces). Both sides of the ganglion were generally
rhythmically active, but often at different intrinsic frequencies (Fig. 1, fourth trace,
and see below).

When leg motor neurons in a preparation consisting of both meso- and metatho-
racic ganglia bathed in low concentrations of pilocarpine (see below) showed only
tonic activity, those in the metathoracic ganglion usually began to fire rhythmically
(i.e., in bursts) within a few seconds of cutting the connectives between the two
ganglia. If a rhythm was already established in the metathoracic ganglion, cutting
the connectives between meso- and metathoracic ganglia induced a faster, more reg-
ular rhythm. Similarly, if the connectives between all three thoracic ganglia were
intact, cutting the connectives between the pro- and mesothoracic ganglia induced a
rhythm in the previously silent metathoracic ganglion. Cutting the connectives be-
tween meso- and metathoracic ganglia further increased the frequency of the metatho-
racic thythm. Figure 2A shows an extracellular recording from metathoracic nerve
R3B (trochanteral levators, SETi) in a preparation consisting of pro-, meso-, and
metathoracic ganglia bathed in 5 x 10=°M pilocarpine. In the top trace, the connec-
tives between pro- and mesothoracic ganglia were cut at the time indicated by the
vertical arrow. Connectives between meso- and metathoracic ganglia were intact. In
the bottom trace, connectives between meso- and metathoracic ganglia were cut at
the time indicated by the vertical arrow. The top and bottom traces were separated
in time by about 8 minutes. Figure 2B shows the frequency of metathoracic levator
bursts shown in A as a function of time after section of the thoracic connectives. We
can see that (1) the effect of sectioning the connectives was immediate, and (2) a
stable frequency (always higher than the frequency preceding the cut) was reached

only one to three minutes after the section.
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Figure 1. Simultaneous extra- and intracellular recordings from leg motor neurons
during rhythmic activity evoked by pilocarpine (2 x 107°M). Extracellular recordings
are from nerves L3B (trochanteral levators, SETi), L5A (trochanteral depressors,
CI,), L3C; (coxal ant. rotators) and R3C;. Intracellular recordings are both from
trochanteral levator motor neurons (L lev troch) on the left. (Scale bars: 20mV, 4
sec). The inset is a magnified section of the intracellular recordings showing correlated
PSPs in both traces (Scale bars: 5mV, 200 msec). Asterisk indicates coupling between
left depressors and the right fast coxal rotator (right levator phase). Dark bars above
the recording from L3B indicate the limits of trochanteral levator bursts as defined
for the purposes of analysis (see Methods).

In a typical preparation, concentrations of ca. 107>M pilocarpine induced spo-
radic bursting activity similar to that observed in some preparations in normal saline.
The burst frequency increased approximately linearly with pilocarpine concentration,
saturating at 0.1 to 0.2 Hz at 107*M (Fig. 3A). Increasing the concentration further
led to irregular burst durations and interburst intervals and to disruptions in the
phase relationships between motor neurons. The average duration of levator bursts
also increased with the concentration of pilocarpine (Fig. 3B), due in part to the
recruitment of fast motor neurons that were silent at lower concentrations. Since the
period decreased and the levator burst duration increased as the concentration of pi-
locarpine was raised, the trochanteral levators were active during a greater proportion
of the cycle. Consequently, increasing the concentration of pilocarpine changed the
phase relationships among different pools of motor neurons. The latency between the
end of a levator burst and the beginning of trochanteral depressor and tibial extensor
activity, however, was not affected (Figs. 7C and 8B).

The muscarinic antagonist atropine was added to the saline once the rhythmic
activity induced by pilocarpine had been well established (Fig. 4A,B). In the presence
of both atropine ([10~*M]) and pilocarpine ([3 x 107°M]), rthythmic activity of motor
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Figure 2. Cutting the intersegmental connectives increases the frequency of the
metathoracic thythm. A. Recordings are from metathoracic nerve R3B (trochanteral
levators, SETi). Top trace: connectives between pro- and mesothoracic ganglia were
cut at the time indicated by the vertical arrow. Bottom trace: connectives between
meso- and metathoracic ganglia were cut at the time indicated by the vertical arrow.
The top and bottom traces are separated in time by about 8 minutes. Pilocarpine
5 x 107°M. (Scale bar: 10 sec.) B. Frequency of metathoracic levator bursts shown in
A as a function of time after section of thoracic connectives. Arrows indicate times
at which connectives were cut. Connectives between pro- and mesothoracic ganglia
were cut at time 0. Connectives between meso- and metathoracic ganglia were cut
about 8 minutes later. Note that the ordinate is in log units.

neurons ceased or diminished considerably, and Ds became tonically active (Fig. 4C).
The neural activity then resembled that observed in the ganglion in saline (compare
Figs. 4A and 4C). Superfusing the ganglion with pilocarpine alone then restored the
rhythmic activity to previous levels (compare Figs. 4B and 4D). Adding the nicotinic
antagonist d-tubocurarine to the bath in concentrations as high as 107*M had no

noticeable effect on the rhythmic activity.

Description of the rhythm

Two groups of motor neurons could be distinguished by their patterns of discharge
during rhythmic activity. The first group, which includes levators of the trochanter
and flexors of the tibia, was characterized by short bursts of relatively constant du-
ration. The activity of the second group, which includes depressors of the trochanter
and extensors of the tibia, was of variable duration and often included a tonic com-
ponent. The activity of this second group was strongly influenced by contralateral
rhythmic activity. The patterns of discharge of the different motor pools will be de-

scribed successively. For each group, we determined the phase of onset of activity
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Figure 3. Dose-response curves. A. Levator burst frequency (inverse of interburst
interval) as a function of bath concentration of pilocarpine. Filled and open circles
are data from two different experiments. Each data point represents an average fre-
quency computed over 4 to 60 cycles. Standard deviations were usually very large,
particularly at lower concentrations, since these data were averaged over the small-
est numbers of cycles, and error bars were thus omitted for clarity. Solid line fitted
by eye. Equation: Ae~® /B, A = 0.165; B = 6 x 10~° where z is concentration.
Inset: Recordings from nerve 4A (trochanteral levators) for three different concentra-
tions of pilocarpine. (Scale bar: 10 sec.) B. Levator burst duration as a function of
concentration of pilocarpine. Circles and squares are data from two different experi-
ments. Filled and open symbols are data from left and right hemiganglia respectively.
Standard deviations were usually very large, particularly at higher concentrations of

pilocarpine, and error bars were omitted for clarity.

of the different motor neurons in the cycle (cf. Methods), the latency between burst
onsets, and the duration of bursts of activity. Subthreshold changes in membrane

potential were determined from intracellular recordings.

Levators of the trochanter

The activity of the levators of the trochanter consisted of short bursts of spikes from
up to seven motor neurons. For a fixed set of experimental conditions, large vari-
ations were observed in the period of the rhythmic activity from one cycle to the
next (Figs. 5A,B), but the mean period did not change systematically with time
(Fig. 5B). The ratio of levator burst duration to period ranged from 0.01, for the
slowest rhythms, to 0.30. Typical values were 0.1 to 0.2. Although burst durations
varied considerably during the course of a single experiment, or across different ex-
periments, there was no correlation between the duration of the levator burst and the

length of the period during which this burst occurred (Fig. 5C), for a fized concen-
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Figure 4. Atropine blocks the pilocarpine-induced rhythm. A. Extracellular record-
ings from motor nerves of an isolated metathoracic ganglion in saline. From top to
bottom: metathoracic nerves L3B (trochanteral levators, SETi), L5A (trochanteral
depressors, Cl;), R3B, and R5A (panels A through D). The tonically active neuron
in L5A and R5A are the left and right trochanteral depressor Ds. (Scale bar: 5 sec.)
B. Rhythmic activity in the same leg nerves as in A, after addition of 3 x 107°M
pilocarpine. Note that, in this preparation, the activity of trochanteral depressors
Ds and Df is strongly coupled to the contralateral levator activity. The firing fre-
quency of Ds increases during contralateral levator bursts. C. Recordings from the
same preparation 30 minutes after addition of 107*M atropine sulfate to the bath.
Pilocarpine concentration is still 3 x 107>M. D. Recovery, 1 hour after washing with
3 x 10~°M pilocarpine alone.

tration of pilocarpine.!

Intracellular recordings from levator motor neurons suggested that the activity
during a burst was terminated by inhibitory inputs, as the membrane potential after
a burst was generally more negative than was that preceding it (Fig. 1, bottom two
traces). This inhibition coincided with activity of depressors of the trochanter (Fig. 1,
second trace). Hyperpolarizing a levator motor neuron during a burst decreased
its peak firing frequency, but did not disrupt the extracellularly recorded rhythm
or the activity of other motor neurons. Recording intracellularly from two levator
motor neurons simultaneously revealed similar patterns of PSPs, indicating common

synaptic drive (Fig. 1, inset).

1This result does not contradict Fig. 3B, which shows that the average duration of levator bursts
depended on the concentration of pilocarpine (and thus, on the average cycle period). This is because
different numbers of motor neurons were active at different concentrations of pilocarpine, giving rise
to variations in the burst durations, whereas a fixed number of motor neurons participated in a
burst at any given concentration of pilocarpine.
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Figure 5. Activity in the levators of the trochanter and cycle period. A. Frequency
histogram showing the distribution of periods from a 23-minute continuous extracel-
lular recording (324 cycles) of activity from nerve 3B (levators trochanteris, SET1).
B. The variability of the period with time. Note that the average period remains
more or less constant. C. The burst duration of trochanteral levators as a function of
the cycle period. Note that the burst duration does not depend on the cycle period.
Data from all graphs were computed from the same recording.

Flexors of the tibia

The tibial flexor motor neurons were active in phase with the levators of the trochanter
(Figs. 6 and 8A), and the duration of their bursts was independent of the period.
Flexor motor neurons were inhibited during activity of the extensors of the tibia, and
the background of depolarizing PSPs seen between bursts disappeared during this
inhibition (Fig. 8A).

Anterior rotators of the coxa

Both the slow and fast anterior coxal rotator motor neurons were active in phase
with the ipsilateral levators of the trochanter (Fig. 1). The onset of activity in the
fast anterior rotator often occurred slightly after the onset of a levator burst. The
slow motor neuron was frequently active during much of the cycle. This pattern of
activity is shown in Fig. 1, which contains extracellular recordings from nerve 3C; on
both sides of the ganglion. Whereas the slow rotator on the left side of the ganglion
produced short bursts in phase with the ipsilateral trochanteral levators and the fast
rotator, the slow rotator on the right side was active tonically, and its firing frequency

was modulated in phase with the rthythmic activity of the right side of the ganglion.
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Depressors of the trochanter

All depressor trochanteris motor neurons were active during the same phase, although

their spiking thresholds differed substantially.

M133a: In inactive preparations (no pilocarpine), Df was silent and Ds was tonically
active (Fig. 4A). At low levels of activity, the tonic firing of Ds was interrupted during
the bursts of trochanteral levator activity, followed by a transient increase in firing
frequency (Fig. TA, first trace). Variations of the instantaneous firing frequency of Ds
were mirrored by those of the membrane potential of Df, which was hyperpolarized
during a levator burst, and depolarized immediately after it (Fig. TA, first and second
traces). As the level of activity increased, the tonic firing of Ds ceased, and short,
clearly defined bursts of spikes emerged. Df spikes were often observed when Ds
reached its peak instantaneous firing frequency (Figs. 1, second trace and 7B, fourth
trace). Depressor activity followed a levator burst after a short latency? (median 200
msec), such that activity in the two antagonistic groups did not overlap (Fig. 7C).
A second depressor burst was sometimes observed during the latter half of a cycle
(Figs. 1, second trace, and 7D, asterisks). This second burst generally coincided with
a levator burst on the contralateral side (see below) and always ended before the

onset of the ipsilateral levator burst.

M133b/c and M133d: At 10~°M to 10~*M pilocarpine, little spike activ