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Abstract

In a variety of vertebrates, including turtle, many classical and contemporary studies of spinal cord
neuronal networks generating rhythmic motor behaviors emphasize a Reciprocal Model with
alternation of agonists and antagonists, alternation of excitatory and inhibitory postsynaptic
potentials, and reciprocal inhibition. Some studies of spinal cord neuronal networks, including
those in turtle during scratch motor rhythms, describe a Balanced Model with concurrent
excitatory and inhibitory postsynaptic potentials. The present report reviews turtle spinal cord
studies and concludes that there is support for a Combined Model with both alternating and
concurrent excitation and inhibition, i.e., characteristics of both the Reciprocal and the Balanced
Models, in the same spinal cord neuronal network for scratch reflex in turtle. Studies of spinal
cord neuronal networks for locomation in a variety of vertebrates also support a Combined Model.
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Introduction

Agonist-antagonist alternation is a fundamental feature of the motor neuron patterns
responsible for generating vertebrate rhythmic limb motor behaviors.1719 These
rhythmically alternating motor patterns are generated within the spinal cord by neuronal
networks, termed central pattern generators (CPGs), without movement-related sensory
inputs and without information from supraspinal structures.2~19 Hypotheses about the
organization of these CPGs incorporate reciprocal inhibition between agonist and antagonist
modules (also termed half-centers or unit-burst-generators) as one of the fundamental
mechanisms responsible for the generation of agonist-antagonist alternation.1=19 This
reciprocal inhibitory organization is also termed the Reciprocal Model.20

Concurrent excitation and inhibition is another important feature of neuronal networks.5~8:
10r 13- 20728 Some of the experimental support for this feature in spinal cord utilizes
intracellular recordings from turtle hindlimb motor neurons during fictive scratch motor
rhythms.7+ 20+ 26+ 27 During these rhythms, each motor neuron has an active phase during
which the neuron fires action potentials and a quiet phase during which the motor neuron
does not fire. For each motor neuron, there are concurrent excitatory and inhibitory synaptic
potentials: this co-activation is termed Balanced Excitation and Inhibition, that is, the
Balanced Model.20: 26: 27 The Reciprocal Model is contrasted with the Balanced Model in
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Fig. S1 of Berg, Alaburda, and Hounsgaard:20 one interpretation of this contrast is that these
two Models represent divergent points of view with features that do not coexist in the same
network.

The present review summarizes data obtained in studies of turtle scratch reflex7: 18: 29766
that support the point of view that features of the Reciprocal Model characterize turtle spinal
cord CPGs for scratch. The review further discusses studies that support the point of view
that features of the Balanced Model also characterize these turtle scratch CPGs.7: 20+ 261 27
The review concludes with the point of view that features of both the Reciprocal and the
Balanced Models are characteristics of the same neuronal network in the turtle spinal cord.
The Combined Model is the term for a network with features of both the Reciprocal Model
and the Balanced Model. The Combined Model is supported by experiments with turtle
scratch neuronal networks that demonstrate in the same network that there is: some
inhibition that alternates with excitation (Reciprocal Model); other inhibition that is
concurrent with excitation during the active phase of that motor neuron’s motor pool
(Balanced Model during Motor Pool’s Active Phase); and still other inhibition that is
concurrent with excitation during the quiet phase of that motor neuron’s motor pool
(Balanced Model during Motor Pool’s Quiet Phase).

Chance, Abbott, and Reyes23 and Abbott and Chance25 provide important perspectives in
support of a neuronal network characterized by a Combined Model. They use the term
“driving inputs” to describe a Reciprocal Model with excitation and inhibition acting in a
push-pull manner and the term “modulatory inputs” to describe a Balanced Model with
concurrent excitation and inhibition. They state “Sets of balanced inputs that have excitatory
and inhibitory rates rising and falling together comprise modulatory inputs, and those for
which excitation and inhibition vary in opposite directions act as driving inputs. This
arrangement has the advantage that individual excitatory inputs can rapidly switch between
driving and modulatory functions, depending upon whether they are varying in parallel with
or in opposition to changes in inhibition.”23 Additional data supporting a Combined Model
perspective that both alternating and concurrent excitation and inhibition are present in the
same neuronal network are described in studies of the CPGs for Aplysia feeding,28 lamprey
swimming,5 21 zebrafish swimming,19' 24 tadpole swimming,6 10 turtle scratching,7 and
rodent locomotion.8: 13

The Reciprocal Model in Turtle

Agonist-Antagonist Rhythmic Alternation During Normal Scratch

A fundamental feature of turtle normal hindlimb scratch is rhythmic alternation between
hip-flexor motor activity and quiescence:7: 30' 34» 40+ 47 48: 54 hip-extensor motor activity
occurs during hip flexor quiescence (Fig. 1A). Another feature of turtle normal scratch is
rhythmic alternation between knee-extensor motor activity and quiescence. These features
have been described during all 3 forms of scratch: rostral, pocket, and caudal.34 The most
studied form of turtle scratch is the rostral scratch in which knee-extensor motor activity
occurs during the latter portions of the hip-flexor motor neuron burst (Fig. 1A). In this form
of scratch, knee-flexor motor activity occurs during knee-extensor quiescence30' 56+ 57
(Fig. 2A) and the duration of knee-flexor motor activity is related to the duration of knee-
extensor quiescence.57 Thus turtle normal scratch motor patterns demonstrate both hip and
knee agonist-antagonist rhythmic alternations: these alternations are consistent with
Reciprocal Models for hip modules as well as for knee modules. Fig. 3A is a schematic of
some of the possible synaptic connections in the turtle rostral scratch CPG that includes
reciprocal relationships between flexor and extensor neurons related to hip motor outputs
and reciprocal relationships between flexor and extensor neurons related to knee motor
outputs.
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Studies with many neuronal networks have demonstrated that reciprocal inhibitory networks
are well suited to produce agonist-antagonist rhythmic alternation.4» 9+ 11+ 12+ 14718 67
The sketch in Fig. 3A shares reciprocal inhibitory features with sketches for mammalian
stepping CPGs presented by Grillner4: 11 in his unit-burst-generator hypothesis, by McCrea
and Rybak17 in their two-layer CPG model, and by Endo and Kiehn14 in their CPG model.
Agonist-antagonist rhythmic alternation when both agonists and antagonists are activated is
a prediction of these Reciprocal Models.

Agonist Quiescence Between Successive Agonist Bursts is Absent during Antagonist

Deletions

Motor pattern variations of rostral scratch provide considerable insights into the underlying
structure of the turtle scratch CPG. The most studied variation is hip-extensor deletion
rostral scratch.7: 18+ 29+ 31+ 40+ 47+ 48' 50: 54+ 57: 60> 66 During a hip-extensor deletion
rostral scratch, there is no activity in hip-extensor motor neurons and no quiescence between
successive bursts of hip-flexor motor neuron activity (Fig. 1B: 2B). During a hip-extensor
deletion rostral scratch, there is rhythmic alternation between knee-extensor and knee-flexor
activity (last 2 cycles with unfilled diamonds in Fig. 2B). Hip-extensor deletions occur in a
small percentage of rostral scratch cycles in preparations with a single complete transection
of the spinal cord, e.g., D3-end preparations (Fig. 1D).40' 47 Preparations with additional
removals of spinal circuitry (Fig. 1E) demonstrate higher percentages of hip-extensor
deletions in response to one-site stimulation (Fig. 1B).36' 40 47: 48: 50 A candidate
neuronal network with quiescence of hip-extensor interneurons and motor neurons during
hip-extensor deletions is sketched in Fig. 3B. The sketch emphasizes that knee-related flexor
and extensor neurons are still alternately active along with each burst of hip-flexor neurons
during a hip-extensor deletion. Data from hip-extensor deletion rostral scratch support the
following Reciprocal Model concepts: certain subcomponents of a neuronal network, e.g.,
knee-flexor module and knee-extensor module, demonstrate rhythmic alternation that is a
characteristic of many Reciprocal Models; other subcomponents of the same neuronal
network, e.g., hip-flexor module and hip-extensor module, demonstrate continuous hip-
flexor activity and no hip-extensor activity as predicted when one module in a Reciprocal
Model completely inhibits its antagonist module (Fig. 3B).

More recently, two distinct knee-related deletions of rostral scratch motor patterns have been
recognized.57 In a knee-flexor deletion, there is no activity in knee-flexor motor neurons
and no quiescence between successive bursts of knee-extensor motor neuron activity
(unfilled circle in Fig. 2B). In a knee-extensor deletion, there is no activity in knee-extensor
motor neurons and no quiescence between successive bursts of knee-flexor motor neuron
activity. In a deletion variation with no antagonist activity in a cycle, the Reciprocal Model
predicts an absence of agonist quiescence between two successive agonist bursts due to the
absence of reciprocal inhibition from the antagonist module during the deletion cycle. The
knee-related deletion results therefore provide additional support for the Reciprocal Model.

Reconstruction of Normal Agonist-Antagonist Alternation Occurs with Two-Site
Stimulation in Preparations that Show High Percentages of Hip-Extensor Deletions with
One-Site Stimulation

In most studies of turtle rostral scratch hip-extensor deletions, the experimenter does not
have direct control in a given episode over whether a variation is produced or whether a
normal motor pattern is produced. In contrast, a preparation with a complete D2-D3 spinal
cord transection just posterior to the second post-cervical segment with an additional
transverse D6-D7 hemisection one segment anterior to the hindlimb enlargement (Fig. 1E)
displays high percentages of hip-extensor deletions with one-site stimulation.47: 48 The side
of the hemisection is termed lesion-side; the side opposite the hemisection is termed intact-
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side. Intact-side one-site stimulation in the rostral scratch receptive field results mainly in
hip-extensor deletion rostral scratches in intact-side motor neurons (Fig. 1B, E).
Reconstruction of normal rostral scratch motor patterns in intact-side motor neurons occurs
with two-site bilateral stimulation of rostral scratch receptive fields (Fig. 1C, F). In this
preparation, intact-side stimulation favors rhythmic activation of intact-side hip-flexor
neurons and lesion-side stimulation favors activation of intact-side hip-extensor neurons and
inhibition of intact-side hip-flexor neurons. Bilateral stimulation activates intact-side hip-
flexor and hip-extensor neurons rhythmically in alternation. The rhythmic alternation
between hip-flexor and hip-extensor motor activities in this preparation in response to 2-site
stimulation is termed reconstruction.47: 48 There are several experimental situations in
which the presence of hip-extensor activity is associated with quiescence of hip-flexor
activity.47 This reconstruction of agonist-antagonist alternation when both hip-flexor and
hip-extensor neurons are activated is consistent with reciprocal inhibitory connections
between hip-flexor and hip-extensor interneurons as described by a Reciprocal Model (Fig.
3A).

Inhibitory Post-Synaptic Potentials During Motor Neuron Quiescence

Additional experimental support for a Reciprocal Model comes from intracellular recordings
from turtle motor neurons7: 31' 55+ 58 during rhythmic scratch motor patterns. Intracellular
recordings from a hip-flexor motor neuron (top trace marked VP-HP in Fig. 4A) and from a
hip-extensor motor neuron (top trace marked HR-KF in Fig. 4B) are shown along with
electoneurograms (ENGs) from three motor nerves: monoarticular knee-extensor (FT-KE),
hip-flexor (VP-HP), and hip-extensor (HR-KF). In the last 3 cycles of Fig. 4A, there is
rhythmic alternation between hip-flexor and hip-extensor motor activities characteristic of
normal rostral scratch. Note the large negative-going inhibitory post-synaptic potentials
(IPSPs) in the intracellular recording of the hip-flexor motor neuron during each burst of
extracellular hip-extensor motor neuron activity. These large IPSPs during normal rostral
scratch provide support for a Reciprocal Model (Fig. 3A).

In the first 2 cycles of Fig. 4A marked with filled triangles, there is a hip-extensor deletion
rostral scratch. Note the absence of the large IPSPs in the hip-flexor motor neuron associated
with the absence of hip-extensor motor activities. (See section below, however, on
“Concurrent Excitation and Inhibition in a Motor Neuron during Activity of its Motor Pool”
for a discussion that notes that some inhibition in the hip-flexor motor neuron still remains
in the first 2 cycles of Fig. 4A.) Similarly, intracellular recordings from a hip-extensor motor
neuron (Fig. 4B) display large excitatory post-synaptic potentials (EPSPs) during the
extracellular hip-extensor motor neuron activity in normal rostral scratch cycles; these
EPSPs are absent during rostral scratch cycles with a hip-extensor deletion shown with filled
triangles in Fig. 4B. The absence of the large IPSPs in hip-flexor motor neurons and the
absence of large EPSPs in hip-extensor motor neurons during hip-extensor deletion rostral
scratch provides further support for a Reciprocal Model (Fig. 3B).

Robertson and Stein7 provided additional evidence for the presence of IPSPs in hip-flexor
motor neurons during the phase of the cycle in which hip-flexor motor neurons are quiet. In
their Fig. 3:7 they demonstrate a reversal of the IPSPs by DC hyperpolarization of the motor
neuron. In their Fig. 4A:7 they demonstrate a high conductance during the quiet phase of the
motor neuron’s cycle. This high-conductance state during the quiet phase of motor neuron
rhythmic activity is also described by Alaburda et al.58 in their Figs. 1C and 2A. In
addition, their Fig. 458 describes reduced excitability of the motor neuron during its quiet
phase of the scratch cycle in response to depolarizing current pulses: this reduced
excitability is consistent with inhibition due to IPSPs during this phase of the cycle. In Fig.
4B of Robertson and Stein,7 chloride injection into the motor neuron is used to demonstrate
a depolarizing IPSP during the quiet phase of the motor neuron. Fig. 5 here is a summary
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sketch of the synaptic potentials recorded from motor neurons during turtle rostral scratch.7
There is a portion of the scratch cycle in which the motor neuron receives inhibition
(designated “I”") and the motor neuron is not firing. These experimental results are consistent
with a Reciprocal Model in which turtle motor neurons receive significant IPSPs during
their quiescent phase of the scratch cycle.

Antagonist Single-Unit Interneuron Activity During Normal and Deletion Rostral Scratch

Intracellular

In the Reciprocal Model, hip-extensor motor neurons and interneurons are active during the
quiet phase of hip-flexor motor activity (Fig. 3A). A prediction of the Reciprocal Model is
that hip-extensor interneurons will be quiet during hip-extensor deletion rostral scratch (Fig.
3B). The lack of IPSPs in hip-flexor motor neurons and the lack of EPSPs in hip-extensor
motor neurons described in the prior section provide evidence in support of this prediction.

This prediction is tested further using single-unit extracellular axonal recordings from
propriospinal interneurons with descending axons during normal rostral scratch and during
hip-extensor deletion rostral scratch.54 Interneurons that fire during hip-flexor quiescence
and/or hip-extensor activity during normal rostral scratch cycles are termed “hip-extensor
interneurons.” Fig. 6A is an example of an hip-extensor interneuron active during hip-flexor
quiescence of normal rostral scratch (last 5 cycles in Fig. 6A) and quiet during a hip-
extensor deletion (cycle ending with filled diamond in Fig. 6A). Recordings54 from 18 hip-
extensor interneurons produced a total of 9465 action potentials during 767 cycles of normal
rostral scratch and a total of 24 action potentials during 167 cycles of hip-extensor deletion
rostral scratch. These hip-extensor interneurons are mainly quiet during hip-extensor
deletion rostral scratch: this provides further support for the Reciprocal Model hypothesis
that neurons in the hip-extensor module (or unit-burst-generator or half-center) are mainly
quiet during hip-extensor deletion rostral scratch (Fig. 3B).

ON-units are interneurons whose start-phases are positively correlated with the start-phases
of knee-extensor motor neuron activity during normal rostral scratch.56 ON-units are
candidate members of a knee-extensor module. OFF-units are interneurons whose end-
phases are positively correlated with the start-phases of knee-extensor motor activity during
normal rostral scratch.56 OFF-units are candidate members of a knee-flexor module. Both
ON-units and OFF-units fire in bursts during hip-extensor deletions.56 ON-units are usually
quiet during knee-extensor deletions and OFF-units are usually quiet during knee-flexor
deletions.66 These data provide support for the Reciprocal Model hypotheses that: ON-units
are members of the knee-extensor module; OFF-units are members of the knee-flexor
module; and that there is reciprocal inhibition between the knee-extensor module and the
knee-flexor module (Fig. 3).

Interneuronal Recordings During Normal Scratch

Additional support for the Reciprocal Model has been obtained with direct intracellular
recordings during fictive scratch from turtle interneurons.58: 59: 61 62: 64 Berkowitz59: 61
62' 64 recorded from interneurons during each of the 3 forms of scratch and characterized
the morphology of each of the interneurons. He used averaging techniques to characterize
the average membrane potential of each interneuron during each phase of the scratch cycle.
The membrane voltage during each interneuron’s quiet phase displayed a significant trough.
He also recorded intracellularly from turtle interneurons during fictive swim as well as
during each of the 3 forms of fictive scratch.64 Most interestingly, he found that the phase
of minimum of the membrane voltage during swim was strongly correlated with the phase of
its minimum during scratch. This differed from measurements obtained with respect to the
phases of maximum voltage during swim compared with scratch. Berkowitz64 suggested
that this indicated the importance of reciprocal inhibition in interneurons not only during
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rhythmic scratch but also during rhythmic swim motor patterns. These data provide
additional support for the Reciprocal Model hypothesis.

Reciprocal Model Conclusions

Evidence described above support Reciprocal Model concepts that agonist-antagonist
alternation, alternation of excitatory and inhibitory postsynaptic potentials, and reciprocal
inhibition are fundamental features of the spinal CPG for scratch in turtle spinal cord.7: 18
29766 Turtle scratch CPGs therefore share Reciprocal Model characteristics that are well
established in other vertebrate CPGs.176+ 8717+ 19

The next section summarizes support for the Balanced Model of Concurrent Excitation and
Inhibition in these same turtle scratch CPGs. Some of the evidence for the Balanced Model
is obtained in the same turtle experimental preparation that also provides support for the
Reciprocal Model.7 The positive evidence for the Reciprocal Model presented in the above
sections is therefore compatible with the positive evidence for the Balanced Model
presented in the following sections.

The Balanced Model in Turtle

This section describes evidence for concurrent excitation and inhibition in turtle motor
neurons during scratch motor rhythms in the work of Robertson and Stein7 and Berg et al.20
This evidence is gathered from adult turtles with intracellular recordings from motor
neurons during scratch motor rhythms produced in response to natural mechanical
stimulation of cutaneous sensory neurons.

Concurrent Excitation and Inhibition in a Motor Neuron during Activity of its Motor Pool

There is a distinct recruitment order68 observed in the extracellular recordings from the
axons of the nerve innervating the hip-flexor muscle during each burst of a rostral scratch
motor rhythm (third trace in Fig. 4A, labelled VP-HP). Axons with the smallest extracellular
action potentials are recruited first, then those with medium-sized action potentials are
recruited at intermediate phases, and finally those with the largest-sized action potentials are
recruited during the highest amplitude part of the ENG burst. De-recruitment occurs in
reverse order.

Robertson and Stein7 characterized the synaptic drive in medium-recruited hip-flexor motor
neurons during rostral scratch (Fig. 4A). Using a variety of techniques, they established that
medium-recruited hip-flexor motor neurons received concurrent excitation and inhibition
during the early portion of the hip-flexor nerve burst when only small early-recruited hip-
flexor motor axons are firing. This concurrent excitation and inhibition is present during
normal rostral scratch (last 3 cycles of Fig. 4A) and also during hip-extensor deletion rostral
scratch (first 2 cycles of Fig. 4A: note that reciprocal inhibition is absent during these cycles
of hip-extensor deletion rostral scratch). The inhibition that is concurrent with excitation
during normal rostral scratch is sensitive to strychnine.43 This supports the Balanced Model.

Concurrent excitation and inhibition in hip-flexor motor neurons (VP-HP) during normal
rostral scratch is diagrammed as “E + 1” in Fig. 5. Balanced excitation and inhibition may be
a major contributor to the generation of motor neuron recruitment order: it may prevent
medium- and late-recruited motor neurons from firing at the early phases of its motor pool’s
activity. Importantly, positive data supporting both a Balanced Model and a Reciprocal
Model are obtained during the same episode of rostral scratch.
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Concurrent Excitation and Inhibition in a Motor Neuron During Quiescence of its Motor

Pool

The monoarticular knee-extensor (FT-KE) nerve fires during the latter portion of the hip-
flexor motor burst during normal rostral scratch. Intracellular recordings from monoarticular
knee-extensor motor neurons during normal rostral scratch reveal concurrent excitation and
inhibition during the early portion of the hip-flexor burst when the monoarticular knee-
extensor motor pool is quiet.7 This is diagrammed as “I + E” for monoarticular knee-
extensor motor neurons (FT-KE) during rostral scratch (Fig. 5). Thus balanced excitation
and inhibition prevents knee-extensor motor neurons from firing during an inappropriate
phase of the rostral scratch motor pattern. This may be especially important since a major
difference between the motor pattern for rostral scratch and the motor patterns for other
forms of scratch is the timing of knee-extensor motor neurons in the cycle of hip motor
neuron activity. These observations support the Balanced Model and suggest that balanced
excitation and inhibition may be an important contributor to the selection and production of
the appropriate motor pattern for each form of scratch.

Knee-extensor motor neurons are inhibited during flexion reflex produced by a brief
mechanical stimulus to the dorsum of the foot.7 The hip-flexor ENG serves as a monitor of
flexion reflex. There are strong chloride-dependent IPSPs in knee-extensor motor neurons
during flexion reflex.7 The voltage trajectories of these IPSPs provide an index of the
relative position of the chloride equilibrium potential relative to the resting membrane
potential. Robertson and Stein7 presented synaptic potentials of knee-extensor motor
neurons during both rostral scratch and flexion reflex in their Fig. 7A7 in 3 different
situations: the chloride equilibrium potential was more negative than, equal to, and more
positive than the resting potential. Based on these recordings, they concluded that, during
rostral scratch, there was balanced excitation and inhibition (with inhibition dominating)
during the early portion of the hip-flexor burst and reciprocal inhibition during the hip-
extensor burst. These observations provide data that support both a Balanced Model and a
Reciprocal Model in the same episode of rostral scratch.

Concurrent excitation and inhibition in knee-extensor motor neurons is present in the early
portion of the hip-flexor burst during a hip-extensor deletion rostral scratch (Fig. 6A of ref.
7). This balanced excitation and inhibition in the knee-extensor motor neuron is present even
though the reciprocal inhibition normally present during the hip-extensor phase of a normal
rostral scratch is absent during the hip-extensor deletion. This observation invites future
work to examine the potential sources of inhibitory drives in motor neurons during Balanced
Excitation and Inhibition and during Reciprocal Inhibition. An interesting hypothesis is that
there may be one population of interneurons responsible for the inhibition characterized by
the Balanced Model and a different population of interneurons responsible for the inhibition
characterized by the Reciprocal Model.

Concurrent Excitation and Inhibition during Action Potential Firing in Motor Neurons
during Scratch

Berg et al.20 measure the total excitatory conductance and the total inhibitory conductance
in turtle motor neurons during scratch motor rhythms.69 This technique allows the
evaluation of how much inhibitory conductance is present when there is a sufficient
excitatory conductance to drive action potential firing during the scratch motor pattern.
Interestingly, the peak of excitatory conductance occurs in-phase with the peak of inhibitory
conductance. Additional support for their conclusion of concurrent excitation and inhibition
is obtained by blocking inhibitory glycinergic receptors with strychnine and observing an
increased depolarization during the motor neuron’s on-phase and a decreased variability of
successive interspike intervals. These observations20 support the Balanced Model, establish
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that concurrent excitation and inhibition occur in turtle motor neurons in a much larger
portion of the scratch cycle than described previously, and considerably extend the prior
work.7

The observations of Berg et al.20 are obtained from motor neuron cell bodies in the D10
spinal segment, the third segment of the 5-segment turtle hindlimb enlargement.70
Peripheral axons of D10 spinal segment motor neurons run mainly in the hip-extensor nerve
or the sciatic nerve. Berg et al.20 do not type-identify the specific muscle that each recorded
motor neuron cell body innervates. Different motor neuron types have different patterns of
synaptic inputs for rostral scratch (Fig. 5). Differences between these patterns are more
pronounced when other forms of scratch, e.g., pocket and caudal, are also examined (see
Figs. 1, 6-8 of ref.7). Future experiments that characterize concurrent excitation and
inhibition69 in type-identified motor neurons during each of several forms of scratch will
add additional information to our knowledge of turtle spinal cord neuronal networks.

Balanced Model Conclusions

Concurrent excitation and inhibition and support for the Balanced Model occur in turtle
motor neurons during scratch motor patterns.7: 20 Observations of concurrent excitation and
inhibition are obtained in the same preparations that also demonstrate alternation of agonists
and antagonists, alternation of excitatory and inhibitory potentials, and reciprocal inhibition.
7 Thus turtle scratch motor circuitry exhibits aspects of both the Reciprocal and the
Balanced Models, i.e., the Combined Model.

Considerable work is now needed in turtles to characterize fully the extent of both
concurrent and alternating excitation and inhibition. In particular, it will be important to see
additional work in preparations that display: (1) strong agonist-antagonist rhythmic
alternation, e.g., normal rostral scratch, and (2) antagonist deletion variations, e.g., hip-
extensor deletion variations of rostral scratch. Such work can evaluate the relative
contributions of both the Reciprocal Model and the Balanced Model under each of these
conditions. We are only starting to appreciate the true complexity of the turtle spinal cord
CPGs that generate these complex behaviors.

The Combined Model

Summary

This review describes evidence and concludes that the CPG neuronal circuitry that generates
scratch motor patterns in turtle spinal cord has Combined Model features, that is, the same
spinal circuit has features of both the Reciprocal Model (inhibition that alternates with
excitation) and the Balanced Model (inhibition that is concurrent with excitation).7

The evidence described here for the Combined Model for the turtle scratch CPG adds to the
considerable evidence for Combined Model circuitry with both Reciprocal and Balanced
Model features in many vertebrate locomotion CPGs, e.g., lamprey,5' 21 zebrafish,19: 24
tadpole,6' 10 and rodent.8' 13 Thus concurrent and alternating excitation and inhibition are
fundamental features of the spinal cord neuronal networks responsible for the production of
rhythmic vertebrate behaviors.

The turtle spinal cord CPG that produces the motor patterns for scratch reflex is an excellent
model system for the study of the mechanisms for spinal cord motor control. It displays
many of the fundamental principles of organization of other vertebrate spinal CPGs. It offers
the technical advantage that responses of an adult nervous system can be obtained with
natural cutaneous stimulation: robust rhythms with complex coordination patterns are
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produced without the need for stimulation with electrical impulses or bath application of
neuroactive agents. The network driving the scratch rhythms can be studied in a wide variety

of

preparations: (1) in vivo preparations with moving limbs;29+ 30+ 34+ 44+ 45: 51+ 52: 60 (2)

in vivo preparations without movement-related sensory input;7: 29 34 361 38' 39 54+ 60
61 and (3) in vitro preparations without muscles.20: 26 27 32 41, 49 55: 58 Considerable
work is now required by future experimentalists to reveal all the molecular, synaptic,
cellular, and systems mechanisms in the spinal cord responsible for orchestrating the elegant
coordinated movements of the turtle hindlimb when it successfully rubs against a site on the
turtle body surface that has received a gentle mechanical stimulus.
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Rostral scratch motor neuron activity patterns in the spinal immobilized turtle.
Electroneurographic (ENG) recordings from the right biarticular knee-extensor nerve (top
trace), the right hip-flexor nerve (middle trace), and the right hip-extensor nerve (bottom
trace). (A) Right rostral scratch stimulation (STIM) in the D3-end preparation elicits normal
rostral scratch with rhythmic right hip-flexor and hip-extensor alternation. (B) Right rostral

scratch stimulation in the D3-end with left D6—D7 hemisection preparation elicits hip-
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extensor deletion rostral scratch with right hip-flexor rhythms. (C) Bilateral stimulation of
mirror-image rostral scratch sites in the D3-end with left D6-D7 hemisection preparation
elicits reconstructed normal rostral scratch with rhythmic right hip-flexor and hip-extensor

alternation. (D) Sketch of the spinal cord in the D3-end preparation with a complete

transection between the second and third postcervical spinal segments (D2-D3). (E and F)
Sketches of the spinal cord in the D3-end with left D6-D7 hemisection preparation. All
ENG recordings (REC) are from nerves on the right side. From48 and used with permission

of and copyright 1998 by the New York Academy of Sciences and Wiley-Blackwell.
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Figure 2.

Rostral scratch motor neuron activity patterns in response to stimulation of a site in the right
rostral scratch receptive field in a D3-end preparation. ENG recordings from the right knee-
flexor nerve, the right biarticular knee-extensor nerve, the right monoarticular knee-extensor
nerve, and the right hip-flexor nerve. (A) Normal rostral scratch. Knee-flexor activity
marked with unfilled rectangles; biarticular knee-extensor quiescence marked with gray-
filled rectangles. (B) Rostral scratch with hip-extensor deletions. Hip-extensor deletions
marked with unfilled triangles; knee-flexor deletion marked with unfilled circle; rhythmic
knee-flexor bursts during knee-extensor quiescence marked with unfilled diamonds. From57
and used with permission of and copyright 2004 by the American Physiological Society.
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Figure 3.

Schematic of a hypothesis describing 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. EINSs: excitatory
interneurons; 1INs: 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. Active neurons shown in black; quiet neurons
shown in light gray. (A) During normal rostral scratch, all hip and knee UBGs are
rhythmically active. (B) During hip-extensor deletion variation of rostral scratch, the hip-

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stein

Page 16

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. From18 and used with
permission of and copyright 2008 by Elsevier B.V.
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Figure 4.
Comparison of voltage trajectories recorded intracellularly from hip-flexor (VP-HP) motor

neuron (top trace in A) and hip-extensor (HR-KF) motor neuron (top trace in B) during
normal rostral scratch and during hip-extensor deletion rostral scratch. In (A) and (B) ENG
recordings from monoarticular knee-extensor nerve (FT-KE; second trace), hip-flexor nerve
(VP-HP; third trace) and hip-extensor nerve (HR-KF; bottom trace). (A) Hip-extensor motor
neuron activity is deleted in first two cycles (marked with filled triangles). Hip-flexor motor
neuron intracellular recording shows corresponding deletion of hyperpolarization normally
associated with hip-extensor activity (compare with last three cycles showing hip-extensor
nerve activity). (B) Hip-extensor nerve activity is deleted in the first and third cycles
(marked with filled triangles) and is associated with a complete absence of depolarization in
the hip-extensor motor neuron intracellular recording (compare with cycles with hip-
extensor nerve activity). Calibrations: 1 s, 20 mV. From7 and used with permission of and
copyright 1988 by The Physiological Society and Wiley-Blackwell.
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Figure 5.

Diagram comparing intracellularly recorded voltage changes in monoarticular knee-extensor
(FT-KE), hip-flexor (VP-HP), and hip-extensor (HR-KF) motor neurons during rostral
scratch. ENG motor patterns depicting timing of corresponding motor pools shown at the
bottom. Firing threshold shown as dotted line. I (IPSPs) and E (EPSPSs) indicate synaptic
inputs to motor neurons derived from data.7 Note there is at least one phase of reciprocal
inhibition for each motor neuron and at least one phase of balanced inhibition for knee-
extensor and hip-flexor motor neuron. The phase of balanced inhibition for the hip-extensor
motor neuron is based upon preliminary observations. From7 and used with permission of
and copyright 1988 by The Physiological Society and Wiley-Blackwell.
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Figure 6.

Extracellular unit recording of hip-extensor interneuron with 0% overlap with the hip-flexor
burst was active in a burst during hip-flexor quiescence of normal rostral scratch and was
quiet during rostral scratch with a hip-extensor deletion. (A) ENG recordings of the
biarticular knee-extensor motor nerve (top trace); ENG recordings of the hip-flexor motor
nerve (second trace); instantaneous frequency of unit (third trace); and interneuron unit
activity (bottom trace). The first cycle is an example of rostral scratch with a hip-extensor
deletion (end of cycle marked with filled diamond). The other cycles are examples of normal
rostral scratch. (B) Start and end of bar represent mean ON-phase and mean OFF-phase,
respectively, of unit firing during normal rostral scratch. Bar is unfilled to represent unit
quiescence during hip-extensor deletion rostral scratch. From54 and used with permission of
and copyright 2002 by the Society for Neuroscience.
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