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Abstract
The turtle spinal cord contains a central pattern generator (CPG) that produces rhythmic hindlimb
motor patterns during a rostral scratch. This review describes evidence in support of the hypothesis
that the turtle rostral scratch CPG has a modular structure similar to that described in the Unit-Burst-
Generator hypothesis for cat locomotion by Grillner. During normal rostral scratch in turtle, activity
bursts rhythmically alternate with quiescence for each motor neuron pool; agonist activity
rhythmically alternates with antagonist activity at each degree of freedom, e.g., hip, knee; and a
transition from knee-flexor to knee-extensor motor neuron activity occurs midway during each hip-
flexor motor neuron burst. Hip-extensor deletions, knee-flexor deletions, and knee-extensor deletions
are motor-pattern variations of rostral scratch. During each of these variations, agonist activity is
rhythmic; antagonist activity and agonist quiescence are absent. Several classes of evidence during
both normal and variation motor patterns support a modular organization of the turtle rostral scratch
CPG: electroneurographic recordings from axons of motor neurons, intracellular recordings of
synaptic potentials in motor neurons, and extracellular unit recordings from spinal interneurons.
These data support the hypotheses that the knee-extensor module is different from the hip-extensor
module and that the knee-flexor module is different from the hip-flexor module. Potential
mechanisms for rhythmogenesis include reciprocal connections between agonist and antagonist
modules at each degree of freedom, and agonist module rhythmogenesis. Additional tests of the
modular hypothesis for turtle rostral scratch include unit recordings from knee-related interneurons
during normal rostral scratch, as well as during knee-related deletions.
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1. Modular organization of central pattern generators
Central pattern generators (CPGs) are neuronal networks that generate motor patterns without
movement-related sensory feedback (Grillner, 1981,2006;Kiehn, 2006;Stein et al., 1997). This
review discusses the modular organization of spinal cord CPGs that produce rhythmic motor
output. Multiple lines of evidence support several distinct concepts of spinal modular
organization (Tresch et al., 2002). My focus here is upon one particular point of view of spinal
module, the concept described by Grillner (1981,2006) in his Unit-Burst-Generator (UBG)
hypothesis for control of cat hindlimb stepping: each module or UBG is a set of interneurons
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and motor neurons that control agonist musculature for a specific direction of a degree of
freedom of body movement, e.g., hip flexion. The modular UBG concept has been very
important in studies of other motor systems (Buschges, 2005; Grillner, 2003,2006). In this
review, I discuss a modular UBG hypothesis of the organization of the spinal neuronal network
that generates the turtle rostral scratch (Robertson et al., 1985;Stein, 2005; Stein and Daniels-
McQueen, 2002,2003a,2004).

According to the UBG concept (Fig. 1A), each agonist module consists of agonist excitatory
interneurons (EINs), agonist inhibitory interneurons (IINs), and agonist motor neurons (MNs).
Agonist EINs excite other members of the agonist module as well neurons in certain modules
at other degrees of freedom. Agonist IINs inhibit members of the antagonist module at the
same degree of freedom as well as neurons in certain modules at other degrees of freedom.
There is a reciprocal inhibitory relationship between the agonist module and the antagonist
module at each degree of freedom; for example, a reciprocal inhibitory relationship between
the hip-flexor module and the hip-extensor module at the flexion-extension degree of freedom
at the hip. This reciprocal inhibitory relationship serves as one potential mechanism for rhythm
generation. Additional mechanisms for rhythm generation include the possibility that some
agonist modules may activate motor rhythms even when the neurons in the antagonist module
are quiet, i.e., some modules can be rhythmogenic and serve as burst generators.

Deletions are motor pattern variations that provide experimental support for the concepts that
rhythmic spinal CPGs have modular organization and some UBGs are rhythmogenic. This
review describes a set of turtle rostral scratch deletions, the long-studied hip-extensor deletion
(first introduced by Stein and Grossman, 1980) and the recently-described knee-related
deletions (Stein and Daniels-McQueen, 2004). Deletions observed during cat stepping and
scratching provide additional support for the modularity of spinal CPGs and the rhythmicity
of certain modules (Lafreniere-Roula and McCrea, 2005; Rybak et al., 2006; Turkin and
Hamm, 2004).

The UBG hypothesis shares with the Half-Center hypothesis (Jankowska et al., 1967;
Lundberg, 1981) the feature of reciprocal inhibition between agonist and antagonist modules.
In the Half-Center hypothesis, however, all flexor neurons at hip, knee, and ankle belong to
the same flexor half-center, and all extensor neurons at those degrees of freedom belong to the
same extensor half-center. Furthermore, the Half-Center hypothesis predicts that there cannot
be rhythmic activity of an agonist without alternating rhythmic activity of its antagonist. The
Half-Center hypothesis fails to explain several characteristics of some spinal motor rhythms
(Lafreniere-Roula and McCrea, 2005; Stein, 2005; Stein and Smith, 1997): it cannot explain
motor patterns with mixed synergies such as the rostral scratch in turtle and the paw shake in
cat; and it cannot explain motor-pattern deletions such as the hip-extensor deletion variation
of rostral scratch in turtle and locomotion motor-pattern deletions in cat. The focus here is upon
evidence from turtle rostral scratch that supports the Unit-Burst-Generator concepts that (1)
the knee-extensor module is different from the hip-extensor module, and (2) the knee-flexor
module is different from the hip-flexor module.

2. The hip-extensor deletion variation of turtle rostral scratch
The normal motor pattern for turtle rostral scratch (Fig. 2A) includes rhythmic alternation
between bursts of hip-flexor and hip-extensor motor neuron activity; hip-extensor activity
occurs during hip-flexor quiescence (Robertson et al., 1985;Stein, 2005;Stein and Daniels-
McQueen, 2002). Normal cycles of rostral scratch also include rhythmic alternation between
bursts of knee-flexor and knee-extensor motor neuron activity (Fig. 3A); knee-flexor activity
occurs during knee-extensor quiescence (Stein and Daniels-McQueen, 2003a,2004). Rostral
scratch in turtle is an example of a mixed synergy (Stein and Smith, 1997): extensor motor
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neuron activity at one degree of freedom occurs during flexor motor neuron activity of another
degree of freedom. During a normal rostral scratch cycle, knee-extensor motor neuron activity
begins during the latter portion of each hip-flexor motor neuron burst, and knee-flexor motor
neuron activity begins during each hip-extensor motor neuron burst (Robertson et al., 1985;
Stein and Daniels-McQueen, 2003a,2004).

During a cycle of the hip-extensor deletion motor pattern variation of rostral scratch (end of
cycle marked with filled diamond in Fig. 2B), previously termed B-phase deletion (Stein and
Grossman, 1980) and HR-KF deletion (Robertson and Stein 1988), there is no hip-extensor
motor neuron activity and no quiescence between successive hip-flexor motor neuron bursts
(Stein et al., 1995,1998;Stein and Daniels-McQueen, 2002). In addition, knee-extensor motor
neuron quiescence occurs during the initial portion of each hip-flexor motor neuron burst, and
knee-extensor motor neuron activity occurs during the latter portion of each hip-flexor motor
neuron burst. This pattern of knee-extensor quiescence and activity also occurs in a normal
rostral scratch during each hip-flexor motor neuron burst. Stein and Daniels-McQueen
(2004) observed rhythmic alternation of knee-flexor and knee-extensor activity during some
hip-extensor deletions: knee-flexor motor neuron activity occurred during knee-extensor motor
neuron quiescence (marked with unfilled diamonds in Fig 3B). This establishes that rhythmic
bursts of agonist activity without antagonist activity can occur at one degree of freedom while
rhythmic alternation between agonist and antagonist can occur at another degree of freedom
(Fig. 1B). This result supports the hypothesis that the hip-flexor module is rhythmogenic, i.e.,
the hip-flexor UBG is a “burst generator” that can produce a rhythm even when the antagonist
hip-extensor UBG is not active.

Our observations of motor patterns during hip-extensor deletion variations of rostral scratch
support the concept that the neurons in the knee-extensor module are members of a different
population than the neurons in the hip-extensor module (Fig. 1B). This concept is a key
component of Grillner’s Unit-Burst-Generator hypothesis and the modular hypothesis for turtle
rostral scratch. This concept conflicts with the assumption of the Half-Center hypothesis that
all hindlimb extensor neurons have similar activity patterns and belong to the same extensor
half-center.

3. Hip-extensor interneurons are quiet during the hip-extensor deletion
variation of turtle rostral scratch

Two classes of evidence support the concept that the interneurons of the hip-extensor module
are quiet when hip-extensor motor neurons are quiet during the hip-extensor deletion variation
of rostral scratch (Fig. 1B): 1) intracellular recordings of synaptic potentials in hip-extensor
and in hip-flexor motor neurons; and 2) extracellular unit recordings from priopriospinal
interneurons with descending axons (Fig. 4). In contrast, knee-extensor motor neurons (Figs.
2B, 3B, 4A) and candidate interneuronal members of the knee-extensor module (“ON-units,”
see Section 5 below) are rhythmically active during hip-extensor deletions.

3.1. Synaptic potentials in hip motor neurons
During hip-extensor motor neuron activity in a normal cycle of rostral scratch, EPSPs activate
action potentials in hip-extensor motor neurons and corresponding IPSPs inhibit action
potentials in hip-flexor motor neurons (Robertson and Stein, 1988). During the hip-extensor
deletion variation of turtle rostral scratch, there are no EPSPs in hip-extensor motor neurons
and no corresponding IPSPs in hip-flexor motor neurons (Robertson and Stein, 1988). These
motor neuron intracellular recordings support the hypothesis that there is a population of spinal
interneurons active during the hip-extensor phase of normal rostral scratching that are quiet
during the hip-extensor deletion variation of rostral scratching. Moreover, these data support
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the hypothesis that there is linkage between excitation of hip-extensor motor neurons and
inhibition of hip-flexor motor neurons (Fig. 1A).

3.2. Unit recordings from spinal interneurons
Stein and Daniels-McQueen (2002) recorded single-unit extracellular action potentials from
rhythmic spinal interneurons during normal cycles of rostral scratch and during cycles of the
hip-extensor deletion variation of rostral scratch. They characterized the start-phase and end-
phase of each unit’s burst during normal rostral scratch (Stein and Daniels-McQueen, 2002).
Units that fire only during hip-flexor quiescence of normal rostral scratch are termed 0%-
overlap interneurons since their burst has no overlap with hip-flexor motor neuron activity
(Fig. 4). 0%-overlap interneurons are 1) active during hip-extensor motor neuron activity of
normal rostral scratch (last 5 cycles in Fig. 4A) and 2) quiet during the hip-extensor deletion
variation of rostral scratch (end of cycle marked with filled diamond in Fig. 4A).

These data are consistent with the hypothesis that 0%-overlap interneurons are hip-extensor
interneurons and members of the hip-extensor module. From this point of view, the
interneurons and the motor neurons in the hip-extensor module 1) are all active during the hip-
extensor phase of normal rostral scratching (Figs. 1A, 2A; last 5 cycles in Fig. 4A) and 2) are
all quiet during hip-extensor deletions, i.e., they act in concert as a module (marked with light
blue in Fig. 1B; marked with filled diamonds in Figs. 2B, 4A).

4. The knee-flexor deletion and the knee-extensor deletion variations of turtle
rostral scratch

During normal rostral scratch (Figs. 2A, 3A, 5A), knee-extensor motor neurons are active
during the latter portion of each hip-flexor motor neuron burst (Robertson et al., 1985;Stein,
2005) and knee-flexor motor neurons (Fig. 3A) are active during knee-extensor quiescence
(Stein and Daniels-McQueen, 2003a,2004). Stein and Daniels-McQueen (2004) observed three
distinct types of knee motor neuron activities during rostral scratch variations in which hip-
extensor motor neurons were quiet. They observed some hip-extensor deletions with knee
flexor-extensor alternation (marked with open diamonds in Fig. 3B). They also observed other
cycles in which there were knee motor-pattern variations along with deletions of hip-extensor
activity.

During a knee-flexor deletion, there is no quiet period between successive knee-extensor motor
neuron bursts and no knee-flexor motor neuron activity (marked with open circle in Fig 3B).
This result supports the hypothesis that the knee-extensor module is rhythmogenic, i.e., the
knee-extensor UBG is a “burst generator” that can produce a rhythm even when the antagonist
knee-flexor UBG is not active.

During a knee-extensor deletion, there is no quiet period between successive knee-flexor motor
neuron bursts and no knee-extensor motor neuron activity. This result supports the hypothesis
that the knee-flexor module is rhythmogenic, i.e., the knee-flexor UBG is a “burst generator”
that can produce a rhythm even when the antagonist knee-extensor UBG is not active.

5. Candidate knee-flexor interneurons and knee-extensor interneurons
during turtle rostral scratch

Stein and Daniels-McQueen (2003a) developed criteria to identify spinal interneurons recorded
during normal cycles of rostral scratch that are candidate members of the knee-related modules.
The knee-flexor motor neuron burst ends and the knee-extensor motor neuron burst starts
midway through the hip-flexor motor neuron burst (Fig. 3A). There is a strong positive
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correlation between knee-flexor motor neuron end-phases and knee-extensor motor neuron
start-phases. Thus a critical transition of knee motor activity occurs during the hip-flexor motor
neuron burst of normal rostral scratch.

They analyzed spinal interneurons with end-phases close to this critical transition (Fig. 5). For
some interneurons, termed OFF-units, there is a strong positive correlation between the unit’s
end-phases and knee-extensor motor neuron start-phases. OFF-units are candidate members
of the knee-flexor module. They also analyzed other spinal interneurons with start-phases close
to this critical transition. For some interneurons, termed ON-units, there is a strong positive
correlation between the unit’s start-phases and knee-extensor motor neuron start-phases. ON-
units are candidate members of the knee-extensor module.

5.1. OFF-units and ON-units fire in bursts during hip-extensor deletions
OFF-units end midway through the hip-flexor burst of a normal rostral scratch. These units
fired in bursts during hip-extensor deletions (Stein and Daniels-McQueen, 2003a). ON-units
start midway through the hip-flexor burst. These units mainly fired in bursts during hip-
extensor deletions (Stein and Daniels-McQueen, 2003a). OFF-units and ON-units have
intermediate levels of overlap with hip-flexor motor neuron bursts. Stein and Daniels-
McQueen (2002) found that most units with intermediate levels of overlap fired in bursts during
hip-extensor deletions.

Both OFF-units (candidate members of the knee-flexor module) and ON-units (candidate
members of the knee-extensor module) continue to be active during hip-extensor deletions, in
contrast to 0%-overlap units (candidate members of the hip-extensor module) which are quiet
during hip-extensor deletions (Stein and Daniels-McQueen, 2002,2003a). This provides strong
support for the UBG concept applied to turtle rostral scratch (Fig. 1B). The Half-Center
hypothesis fails to explain the rhythmic activity of knee-extensor interneurons and the
quiescence of hip-extensor interneurons during hip-extensor deletions.

5.2. Tests of the hypotheses that knee-flexor interneurons are quiet during knee-flexor
deletions and that knee-extensor interneurons are quiet during knee-extensor deletions

Stein and Daniels-McQueen (2004) predicted that OFF-units, candidate members of the knee-
flexor module, will be quiet during knee-flexor deletions. They also predicted that ON-units,
candidate members of the knee-extensor module, will be quiet during knee-extensor deletions.
We are currently testing these predictions in our laboratory.

6. Modular organization of turtle spinal cord central pattern generators
Grillner (1981) states in his Unit-Burst-Generator hypothesis that each UBG “can burst by
itself or produce tonic output.” It is an experimental question to determine the rhythmicity of
each module. Work with the hip-extensor deletion of rostral scratch demonstrated that the
interneurons and motor neurons in the hip-flexor module are rhythmic even when the
interneurons and motor neurons in the hip-extensor module are quiet (Stein and Daniels-
McQueen, 2002). Work in progress is examining the rhythmicity of knee-related interneurons
in knee modules during knee-related deletions.

This review summarizes evidence in turtle rostral scratch that (1) the knee-extensor module is
different from the hip-extensor module, and (2) the knee-flexor module is different from the
hip-flexor module. Turtle spinal cord can produce a variety of different motor rhythms
(Berkowitz, 2002,2005;Berkowitz et al., 2006;Earhart and Stein, 2000;Juranek and Currie,
2000;Stein, 2005). It is a question for future work to characterize the extent to which the
modular structure of the turtle rostral scratch CPG is also a characteristic of CPGs for other
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motor rhythms, e.g., pocket scratch, caudal scratch, forward swim, backward swim, and
forward step.
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Figure 1.
Schematic of a portion of the spinal neuronal network responsible for the production of the
turtle rostral scratch as described in the modular unit-burst-generator (UBG) hypothesis. Only
ipsilateral hip and knee UBGs are shown; only a subset of the possible synaptic connections
are included in the sketch. EINs: excitatory interneurons; IINs: inhibitory interneurons; MNs:
motor neurons. Reciprocal inhibition between agonist and antagonist UBGs at each degree of
freedom is a fundamental characteristic of organization of this network. Proposed connections
from hip modules to knee modules include mixed-synergy synaptic drives, e.g., hip-extensor
EIN excitation of neurons in the knee-flexor module. Active neurons shown in black; quiet
neurons shown in light blue. A: During the normal rostral scratch, all hip and knee UBGs are
rhythmically active. B: During the hip-extensor deletion variation of rostral scratch, the hip-
flexor, the knee-flexor, and the knee-extensor UBGs are rhythmically active. Neurons in the
hip-extensor UBG are quiet. This schematic emphasizes that neurons in the hip-flexor UBG
are rhythmic even when neurons in the hip-extensor UBG are quiet. This figure is a
modification of an earlier version presented in a poster by Stein and Daniels-McQueen,
2003b.
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Figure 2.
ENG recordings from the biarticular knee-extensor, the hip-flexor, and the hip-extensor motor
nerves during fictive rostral scratch in the turtle. A: Normal rostral scratch with rhythmic
alternation between hip-flexor activity and quiescence. Hip-extensor activity occurs during
hip-flexor quiescence. Knee-extensor activity occurs during the latter portion of hip-flexor
activity. B: One cycle of a hip-extensor deletion with the end of the cycle marked with filled
diamond. At the filled diamond, there is no hip-extensor activity, and no quiescent period
between the end of the hip-flexor burst and the start of the next hip-flexor burst. The other
cycles in B are examples of normal rostral scratch. From Stein and Daniels-McQueen, J
Neuroscience 22: 6800-6809, 2002; used with permission of and copyright 2002 by the Society
for Neuroscience.
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Figure 3.
ENG recordings from the knee-flexor, the biarticular knee-extensor, the monoarticular knee-
extensor, and the hip-flexor motor nerves during fictive rostral scratch in the turtle. A: Normal
rostral scratch with rhythmic alternation between knee-extensor activity and quiescence. Knee-
flexor activity (marked with unfilled rectangles) occurs during knee-extensor quiescence
(biarticular knee-extensor quiescence marked with gray-filled rectangles). The transition from
knee-flexor activity to knee-extensor activity occurs during hip-flexor activity. B: Unfilled
triangles mark hip-extensor deletion variations of rostral scratch. Unfilled circle marks a knee-
flexor deletion. During the knee-flexor deletion, there is no quiescent period between the end
of one knee-extensor burst and the start of the next knee-extensor burst. Unfilled diamonds
mark knee flexor-extensor alternation: knee-flexor activity occurs during knee-extensor
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quiescence. From Stein and Daniels-McQueen, J Neurophysiol, 91: 2380-2384, 2004; used
with permission of and copyright 2004 by the American Physiological Society.
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Figure 4.
Hip-extensor interneuron characterized by its 0% overlap with the hip-flexor burst during
fictive rostral scratch in the turtle. The hip-extensor interneuron is active in a burst during the
hip-flexor quiesence of normal rostral scratch, and is quiet during the hip-extensor deletion
variation of rostral scratch. A: ENG recordings of the biarticular knee-extensor and the hip-
flexor motor nerves (top two traces), unit instantaneous frequency (third trace), extracellular
single-unit interneuronal recording (bottom trace). The first cycle is an example of a hip-
extensor deletion (marked with filled diamond at end of cycle): the unit is not active in this
cycle. The other 5 cycles are examples of normal rostral scratch: the unit fires during hip-flexor
quiescence. B: Unit phase during normal cycles of rostral scratch. The start-phase and the end-
phase of the unit’s burst occur during hip-flexor quiescence. Note that hip-extensor motor
neurons are also active during hip-flexor quiescence (Fig. 2A). From Stein and Daniels-
McQueen, J Neuroscience 22: 6800-6809, 2002; used with permission of and copyright 2002
by the Society for Neuroscience.
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Figure 5.
A: Simultaneous recording of 2 interneurons, an ON-unit and an OFF-unit, during 3 cycles of
normal fictive rostral scratch in the turtle. Extracellular single-unit interneuronal recordings in
the top trace; vertical lines in second trace represent timing of action potentials of the OFF-
unit, the second-largest unit in the top trace; vertical lines in the third trace represent timing of
action potentials of the ON-unit, the largest unit in the top trace; fourth, fifth, and sixth traces
are ENG recordings from the biarticular knee-extensor, the monoarticular knee-extensor, and
the hip-flexor motor nerves, respectively. The end of OFF-unit burst (marked with unfilled
diamond) occurs near the start of ON-unit burst (marked with filled diamond) and near the start
of knee-extensor bursts (marked with filled triangles). B: Plot of OFF-unit end-phase as a
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function of ON-unit start-phase. OFF-units are candidate members of the knee-flexor UBG;
ON-units are candidate members of the knee-extensor UBG. From Stein and Daniels-
McQueen, J Neurophysiol 90: 3585-3593, 2003a; used with permission of and copyright 2003
by the American Physiological Society.
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