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Evidence for Specialized Rhythm-Generating Mechanisms in
the Adult Mammalian Spinal Cord

Alain Frigon and Jean-Pierre Gossard
Groupe de Recherche sur le Systeme Nerveux Central des Fonds de la Recherche en Santé du Québec, Département de Physiologie, Université de Montréal,
Montréal, Québec H3C3]7, Canada

Locomotion and scratch are characterized by alternation of flexion and extension phases within one hindlimb, which are mediated by
rhythm-generating circuitry within the spinal cord. By definition, the rhythm generator controls cycle period, phase durations, and phase
transitions. The aim was to determine whether rhythm-generating mechanisms for locomotion and scratch are similar in adult decere-
brate cats. The regulation of cycle period during fictive scratching was evaluated, as were the effects of specific sensory inputs on phase
durations and transitions during spontaneous fictive locomotion and pinna-evoked fictive scratching. Results show that cycle period
during fictive scratching varied predominantly with flexion phase duration, contrary to spontaneous fictive locomotion, where cycle
period varied with extension phase duration. Ankle dorsiflexion greatly increased extension phase duration and cycle period during
fictive locomotion but did not alter cycle period during scratching. Moreover, stimulating the plantaris (ankle extensor muscle) nerve
during flexion reset the locomotor rhythm to extension but not the scratch rhythm. Stimulating the plantaris nerve during extension
prolonged the extension phase and cycle period during fictive locomotion but not during fictive scratching. Stimulating the sartorius
nerve (hip flexor muscle) during early flexion reduced the flexion phase and cycle period during fictive locomotion, but considerably
prolonged the flexion phase and cycle period during fictive scratching. These data indicate that cycle period, phase durations, and phase
transitions are not regulated similarly during fictive locomotion and scratching, with or without sensory inputs, providing evidence for

specialized rhythm-generating mechanisms within the adult mammalian spinal cord.

Introduction

Central pattern generators (CPGs) within the spinal cord pro-
duce rhythmic hindlimb movements (for review, see Delcomyn,
1980; Grillner, 1981; Kiehn, 2006; McCrea and Rybak, 2008).
The functional organization of spinal CPGs is however un-
clear, particularly in mammals. In some CPG models, rhythm
generation is separated from pattern formation to account for
changes in neuronal activity that do not influence the “clock
function” of the rhythm (McCrea and Rybak, 2008). By defi-
nition, the rhythm generator controls cycle period (i.e., the
time between successive bursts of activity recorded in a given
nerve or muscle) and phase durations, while the pattern for-
mation module coordinates and distributes inputs to specific
motor pools. According to such a scheme, different rhythmic
motor behaviors could be mediated by a single rhythm gener-
ator (Berkinblit et al., 1978a,b; Gelfand et al., 1988; Perreault
etal., 1999). However, there could be different configurations
of the rhythm-generating circuitry, with specialized mecha-
nisms for different tasks.
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There is ample evidence that different rhythmic motor behav-
iors are produced by shared and specialized circuitry within the
spinal cord (Stein, 2005; Berkowitz, 2007, 2008; Li et al., 2007;
Liao and Fetcho, 2008; McLean et al., 2008; Frigon, 2009). If one
rhythm generator (i.e., one configuration of the rhythm-
generating circuitry) mediates multiple rhythmic motor behav-
iors, there should be similar control mechanisms from one task to
another. Alternatively, if different rhythmic movements have
specialized control mechanisms it would provide evidence for
distinct configurations of the rhythm-generating circuitry. Con-
sequently, systematically investigating similarities and differ-
ences from one task to another could provide important clues
regarding the functional organization and reorganization of
CPGs.

Recently, we showed that cycle period was regulated by pri-
marily varying the extension phase during spontaneous fictive
locomotion in decerebrate cats and during pharmacologically
evoked fictive locomotion in acute or chronic cats with complete
spinal transection (Frigon and Gossard, 2009). The first aim of
the present study was to evaluate the regulation of cycle period
during fictive scratch in the adult cat. The second aim was to
determine whether specific sensory inputs influence phase dura-
tions and transitions similarly during fictive locomotion and
scratching (i.e., thythm resetting). The ability of sensory inputs to
reset the rhythm is generally taken as evidence that signals are
directly accessing the rhythm-generating circuitry (Conway et
al., 1987; Gossard et al., 1994; Kriellaars et al., 1994; Hultborn et
al., 1998; McCrea, 1998; Pearson et al., 1998; Schomburg et al.,
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1998). In particular, inputs from hip and ankle muscle afferents
exert potent effects on the rhythm-generating circuitry during
fictive locomotion in adult cats (Conway et al., 1987; Guertin et
al., 1995; Perreault et al., 1995; Schomburg et al., 1998; Stecina et
al., 2005; Frigon et al., 2010), but the effects of these inputs during
fictive scratch have received little attention (Baev et al., 1991;
Perreault et al., 1999). A difference in the regulation of cycle
period and in the ability to reset the cycle during fictive locomo-
tion and scratch would provide evidence that both rhythms have
specialized control mechanisms.

Materials and Methods

General procedure and ethical information. All procedures were in accor-
dance with the Guide for Care and Use of Experimental Animals (Can-
ada) and approved by the Ethics Committee of the Université de
Montréal. All animals were obtained from a designated breeding estab-
lishment for scientific research. Before the experiments, animals were
housed and fed within designated areas, which are monitored daily by
veterinarians and trained personnel. Some of the data presented in the
current study are derived from experiments performed within the last 15
years for answering other scientific questions, which is part of our effort
to maximize the scientific output of every animal experiment. A total of
32 cats were used to compile the present dataset.

Before surgery, cats were injected with an analgesic (Anafen 2 mg/kg,
s.c.) and premedicated (Atravet 0.1 mg/kg, glycopyrrolate 0.01 mg/kg,
ketamine 5-10 mg/kg, i.m.). Cats were then anesthetized with a mask
using a mixture of oxygen (~50%), nitrous oxide (~50%) and isoflurane
(2-4%, Abbott Laboratories). Once the animal was deeply anesthetized
(10-15 min), a tracheotomy was performed and cats were intubated to
provide the anesthesia. The right common carotid artery was cannulated
to monitor blood pressure and the right jugular and cephalic veins were
cannulated for fluid administration. The level of anesthesia was con-
firmed by monitoring blood pressure, applying pressure to the paw to
detect limb withdrawal, and by verifying the size and reactivity of the
pupils.

Following a craniotomy, the cortex was removed and all tissue rostral
to the colliculi and mammillary bodies was removed (i.e., a precollicular/
premammillary decerebration). At this point, animals are considered to
have complete lack of sentience. Anesthesia was discontinued and ani-
mals were paralyzed with an injection (1 mg/kg) of pancuronium bro-
mide (Sandoz Canada Inc.) through the right jugular or cephalic veins.
Paralysis is required to remove movement-related sensory feedback to
study the centrally generated motor patterns (i.e., “fictive” locomotion or
scratching) and the effects of specific sensory inputs. Immediately after
this injection, the animals were artificially ventilated for the duration of
the experiment. An identical injection of pancuronium bromide was
administered every 45 min until the end of the experiment. A lethal
injection of pentobarbital anesthetic was administered at the end of the
experiment through the right jugular or cephalic veins.

Recordings and stimulation. A spontaneous fictive locomotor rhythm is
frequently observed (>50%) after a precollicular/premammillary decer-
ebration. Manually stimulating the neck region and pinna or short trains
of electrical stimuli to the sciatic nerve were sometimes used to initiate
episodes of fictive locomotion, which could last for several minutes, and
hours in some cases. To evoke fictive scratch a laminectomy was made at
C1-C2 and after removing the dura, a small cotton ball soaked in
D-tubocurarine (0.1%j Sigma) was applied topically (Feldberg and Fleis-
chhauer, 1960). Episodes of fictive scratching occurred spontaneously or
were induced by manual stimulation of the left pinna (Deliagina et al.,
1975; Coté and Gossard, 2003). The position of the cat within the stereo-
taxic frame was the same in all experiments, which is important because
the joint positions of the recorded hindlimb influences cycle and phase
durations during fictive locomotion (Pearson and Rossignol, 1991) and
scratching (Berkinblit et al., 1978b).

To monitor fictive scratching or locomotion, the electroneurography
(ENG) of selected nerves of the left hindlimb was performed by dissect-
ing and mounting the following nerves on bipolar silver-chloride hook
electrodes: posterior biceps-semitendinosus (PBSt), semimembranosus-
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anterior biceps (SmAB), lateral gastrocnemius-soleus (LGS), medial gas-
trocnemius (MG), plantaris (P1), flexor hallucis longus/flexor digitorum
longus (FDHL), tibialis anterior (TA), extensor digitorum longus (EDL),
and sciatic nerve (uncut). The superficial peroneal (SP) nerve was also
mounted uncut. In some experiments, the sartorius (Sart) nerve was
placed in a cuff electrode. In a few experiments some peripheral nerves,
such as MG and LGS, were left uncut to investigate the effects of a slight
dorsiflexion of the ankle during episodes of fictive scratch or locomotion.
Electroneurography was bandpass filtered (10 Hz-10 kHz) and ampli-
fied. Episodes of fictive scratch and locomotion were digitized on-line
with interactive custom-made software (Spinal Cord Research Center,
University of Manitoba, Winnipeg, MB, Canada) or off-line from re-
cordings on videotape (15 channels; Vetter 4000A). Data were analyzed
using the same custom-made software.

After alaminectomy exposing spinal segments L5-S1, the animals were
transferred to a stereotaxic frame and skin flaps surrounding the spinal
cord and the hindlimb nerves were used to construct paraffin oil pools.
The cord dorsum potential (CDP) was recorded with a silver chloride ball
electrode and stimulation intensity was expressed as multiples of the
threshold (T) for the most excitable fibers in the nerve determined by the
first negative deflection of the CDP. During some episodes of fictive
scratching or locomotion, Pl, LGS, or Sart nerves were stimulated using
isolated units (World Precision Instruments) driven by a Master 8 stimulator
(A.M.P.L.) with trains of 25, 50, or 100 pulses at 200 Hz at 1.8T, 2T, or 5T.

Data analysis. Overall, 130 episodes of fictive scratching (n = 62) and
locomotion (n = 68) were analyzed in 32 cats. These consisted of 28
episodes of scratching in 15 cats, 11 episodes of scratching before and
during dorsiflexion in 4 cats, 23 episodes of fictive scratching with nerve
stimulation in 5 cats, 13 episodes of fictive locomotion before and during
dorsiflexion in 4 cats, and 55 episodes of fictive locomotion with nerve
stimulation in 14 cats. Some of the data with nerve stimulation during
fictive locomotion was recently presented in a different format for a study
concentrating on the effects of stimulating hip afferents during sponta-
neous fictive locomotion (Frigon et al., 2010).

The duration of the flexion and extension phase was inferred by mea-
suring the duration of the flexor and extensor bursts, respectively. Burst
duration was calculated as the time between burst onset and termination
from the raw ENG waveforms, whereas cycle period was defined as the
time between successive flexor (CPy; ) and extensor (CPpyy) burst
onsets in a given nerve (Fig. 1 B, C). During fictive scratching, the exten-
sion phase is very brief and does not cover most of the interval between
TA bursts. As a result, the interval between TA bursts was also calculated
to determine whether this interval varied with cycle period. The flexor
burst interval was calculated from TA burst offset to TA burst onset (Fig.
1C). Regression lines were fitted to scatter plots of phase duration relative
to its corresponding cycle period (e.g., flexion phase duration plotted
against CPp py). Coefficients of linear regression (r, the slope of the
relationship) were calculated using SigmaPlot 10.0 (Systat Software). The
ENG with the best signal-to-noise ratio was used to measure phases and
cycle periods. The ENG from LGS, SmAB, MG, or P1, which have approx-
imately the same onsets and offsets during fictive locomotion or scratch
(Deliagina et al., 1981; Grillner, 1981; Rossignol, 1996), were used for
extension whereas ENG from TA was used for flexion.

Statistical analysis. All statistical tests were done using statistical soft-
ware (SPSS 15.0). A simple linear regression was performed between
phase duration (i.e., dependent variable) and cycle period (i.e., indepen-
dent variable) and an F test was used to determine whether the regression
was significant. In some instances, a multiple linear regression was per-
formed to determine significant differences between the slopes of the
flexion (rpppx)> extension (rgxr), or flexion-interval (rgpx.nr) Phase
duration/cycle period regression lines. The dependent variable (phase
duration) was compared against three independent variables [cycle pe-
riod, phase (flexion or extension), and cycle period X phase]. The regres-
sion coefficient for cycle period X phase determines whether rg; g0 x>
and 7y px o Significantly differ during an episode. This analysis was
performed because cycle period can covary (or remain invariant) with
the flexion and extension phases concomitantly.

To determine whether locomotor or scratch episodes were extensor-
or flexor-dominated 3 criteria were used: (1) a slope >0.5 or more neg-
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used to determine significant differences be-
fore and during ankle dorsiflexion for the same
parameters during fictive locomotion and
scratching. The flexion-interval phase was only
calculated during fictive scratching. Paired
t tests were also performed to determine
whether nerve stimulation significantly altered
phase durations and cycle period during fictive
locomotion and scratching in 4 subdivisions of
the cycle, termed “epochs of stimulation.”
These epochs consisted of early (EF), mid-
(MF), and late (LF) flexion, and of the exten-
sion (EXT) or flexion-interval (FLEX-INT)
phases during fictive locomotion and scratch-
ing, respectively. The flexion-interval phase
during fictive scratching is analogous to the ex-
tension phase of fictive locomotion. Six epochs
were previously used during spontaneous fic-
tive locomotion, dividing the extension phase
into early, mid-, and late components (Frigon
etal,, 2010), but because the extension phase is
so short during fictive scratching all stimula-
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tion falling during the extension (i.e., locomo-
tion) or flexion-interval (i.e., scratching) phase
were grouped together to make direct compar-
isons between the two rhythms. With stimula-
tion during EF, MF, or LF the duration of the
flexion phase that fell within (F1) and followed
(F2) the stimulation were measured and com-
pared with control flexion phases. With stimu-
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Figure 1.

ative than —0.5, (2) a significant regression, and (3) a significant differ-
ence between 7y py, ex and 7 px et if two or more of the slopes were
>0.5. For example, an extensor-dominated episode has a rg >0.5 (or
more negative than —0.5), the regression is significant, and ry y and
reexont 4o not exceed 0.5. An episode that covaries has two slopes or
more that are >0.5 (or more negative than —0.5) and two or more slopes
that are not significantly different from each other. An episode that does
not vary has all slopes smaller than 0.5 or less negative than —0.5, and/or
regressions that are not significant.

Group data analysis consisted of two analyses. Unpaired t tests were
used to determine significant differences between flexor-dominated and
non-flexor-dominated fictive scratching episodes for the following pa-
rameters: CPp py, flexion phase duration, extension phase duration,
flexion-interval phase duration, rp; px> "px TrLex vt and the percent-
age time occupied by the flexion, extension, and flexor-interval phase
durations relative to their corresponding cycle period. Paired ¢ tests were

Regulation of cycle period during a switch from spontaneous fictive locomotion to fictive scratching in the same cat.
A, ENG from extensor (LGS) and flexor (TA) nerves during spontaneous fictive locomotion followed by pinna stimulation and fictive
scratching in one cat. B, €, Measurements during fictive locomotion (B) and scratching (C). D, E, Scatter plots and regression lines
for flexion (black circles), extension (gray diamonds), and flexion-interval (white triangles) phase durations expressed relative to
the corresponding cycle period during spontaneous fictive locomotion (D) and pinna-evoked fictive scratching (E) for the episode
illustrated in A. The dotted line has a slope of 0.5 and passes through the origin and is used as a reference line.

Cycle period (ms)

Results

Regulation of cycle period during
fictive scratching

During normal walking, cycle period is
regulated by changing the duration of the
extension phase (i.e., stance), while the
flexion phase (i.e., swing) remains relatively
invariant (Goslow et al., 1973; Grillner et al.,
1979; Halbertsma, 1983). The same pattern is typically found
during fictive locomotion in cats (Frigon and Gossard, 2009),
except with electrical stimulation of the mesencephalic locomo-
tor region (MLR) (Yakovenko et al., 2005). During normal
scratching in intact cats, however, cycle period seemingly varies
with the flexion phase (i.e., flexor-dominated) (Kuhta and Smith,
1990). In the present study, the regulation of cycle period during
fictive scratch was evaluated.

In some cats, we succeeded in recording episodes of sponta-
neous fictive locomotion and pinna-evoked fictive scratch. Fig-
ure 1 shows an episode of spontaneous fictive locomotion
followed immediately by an episode of fictive scratch. Pinna stim-
ulation stopped fictive locomotion and ~15 s later, an episode of
fictive scratch developed with the typical aiming phase followed
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by vigorous rhythmic alternating activity
between flexors and extensors. This epi-
sode of fictive locomotion had a cycle pe-
riod of 1092 = 190 ms, an extension phase
of 601 = 184 ms, and a flexion phase of
379 = 74 ms. During fictive scratch, the
rhythm was faster with a cycle period of
493 * 23 ms, an extension phase of 68 + 7
ms and a flexion phase of 367 = 23 ms.
During fictive locomotion the extension
and flexion phases respectively occupied
55.0% and 34.7% of the cycle, whereas dur-
ing fictive scratch the extension and flexion
phases respectively occupied 13.8% and
74.4% of the cycle. The control of cycle pe-
riod during this episode switched from
extensor-dominated during fictive loco-
motion to flexor-dominated during fic-
tive scratch. Thus, there is a clear difference
in the structure of the cycle and in the regu-
lation of cycle period between fictive loco-
motion and scratch.

A larger sample of episodes (28 epi-
sodes in 15 cats) was evaluated to deter-
mine how cycle period is regulated during
fictive scratching. Figure 2 shows 2 epi-
sodes of fictive scratch in 2 cats. In Figure
2 A, cycleperiod (351 * 42 ms) changed as
a function of the flexion phase, whereas in
Figure 2 B, cycle period (292 * 21 ms) did
not change as a function of the duration of
the flexion or extension phases, but as a
function of the flexion-interval phase
duration, or “flexor-interval-dominated.”
Across the group (n = 28), flexor-dominated episodes (20 of 28
episodes; cycle period = 328 = 17 ms) accounted for the majority
of fictive scratching episodes, whereas flexor interval-dominated
(7 of 28; cycle period = 315 £ 18 ms) or invariance (1 of 28;
cycle period = 330 ms) accounted for the rest. In the 1 invari-
ant episode 7g g TeLex N and Ty were 0.40, 0.45, and 0.00,
respectively.

Figure 3 compares some parameters of flexor-dominated and
“non-flexor-dominated” fictive scratching episodes (unpaired ¢
tests, p < 0.05). There was no significant difference in cycle pe-
riod and phase durations between flexor-dominated and non-
flexor-dominated episodes (Fig. 3A). As expected, rp px was
significantly greater in flexor-dominated episodes, whereas re; px Nt
was significantly greater during non-flexor-dominated episodes
(Fig. 3B). There was no significant difference in ryx between the
2 types of episodes, confirming that the extension phase is not
important in determining cycle period during fictive scratching.
In flexor-dominated episodes, the flexion phase occupied a signifi-
cantly greater percentage of the cycle period compared with non-
flexor-dominated episodes (Fig. 3C). In non-flexor-dominated
episodes, the flexion-interval phase occupied a significantly greater
percentage of cycle period compared with flexor-dominated epi-
sodes. The extension phase relative to cycle period did not differ in
the 2 types of episodes. Thus, although there is a clear flexor-
dominance in the regulation of cycle period during fictive scratch,
this bias can change if the percentage of the flexion-interval phase
relative to cycle period increases (i.e., if the structure of the rhythm is
altered). We previously showed that the extensor-dominance during
spontaneous fictive locomotion could be altered if the percentage of

Figure 2.
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Phase/cycle period relationships during fictive scratching in the decerebrate cat. Left panels show ENG from extensor
(MG) and flexor (TA) nerves during flexor-dominated (4) and non-flexor-dominated (B) fictive scratching episodes in 2 cats. Right
panels show scatter plots and regression lines for flexion (black circles), extension (gray diamonds), and flexion-interval (white
triangles) phase durations expressed relative to the corresponding cycle period. The dotted line has a slope of 0.5 and passes
through the origin and is used as a reference line.

flexion relative to cycle period increased significantly (Frigon and
Gossard, 2009).

Effect of ankle dorsiflexion on the regulation of cycle period
during fictive locomotion and scratching

To determine whether sensory inputs from load and/or stretch-
sensitive receptors influence centrally generated rhythms, slight
sustained dorsiflexion of the left ankle, which stretches ankle ex-
tensors, was applied during episodes of fictive locomotion and
scratch. The effect of ankle dorsiflexion was evaluated during 13
episodes of fictive locomotion in 4 cats and during 11 episodes of
fictive scratch in 4 cats. Figure 4 shows the effects of ankle dorsi-
flexion during 2 fictive locomotor and 2 scratching episodes in 4
cats. It is clear from the raw ENG signals shown in the left panels
that both the duration and amplitude of bursts of activity in
extensors are greatly increased with dorsiflexion during fictive
locomotion (Fig. 4A,B), but not during fictive scratch (Fig.
4C,D). In Figure 4 A, the spontaneous fictive locomotor episode
before dorsiflexion (Ctrl) was extensor-dominated with a cycle
period of 1233 = 18 ms. During dorsiflexion (DF), this episode
remained extensor-dominated but cycle period increased consid-
erably to 1973 * 127 ms. In Figure 4B, the spontaneous fictive
locomotor episode before dorsiflexion was flexor-dominated
with a cycle period of 703 *= 12 ms. During dorsiflexion, this
episode became extensor-dominated as cycle period increased
considerably to 1143 * 82 ms. In Figure 4C the fictive scratching
episode was flexor-dominated before and during dorsiflexion.
On the other hand, in the scratching episode depicted in Figure
4D, the episode was flexor-dominated before dorsiflexion but
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Figure 3. Parameters of the fictive scratching cycle during flexor-dominated and non-
flexor-dominated episodes. A, Average duration of CP ¢, and of the FLEX, EXT, and FLEX-INT
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interval phase duration as a function of cycle period. Each bar is the mean = SE of 20
flexor-dominated and 8 non-flexor-dominated scratching episodes. *p < 0.05, **p <
0.01, **%p < 0.01.

covaried with the extension and flexor-interval phases during

dorsiflexion (multiple linear regression analysis p > 0.05).
Figure 5 compares some parameters of spontaneous fictive

locomotion and fictive scratching episodes before and during
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dorsiflexion (paired t tests, p < 0.05). During spontaneous fictive
locomotion, ankle dorsiflexion significantly increased cycle pe-
riod by increasing the duration of the extension phase, while the
duration of the flexion phase decreased (Fig. 5A). During fictive
scratch, ankle dorsiflexion had no effect on cycle period because
the reduction in the flexion phase was counterbalanced by an
increase in the extension and/or flexor-interval phases (Fig. 5B).
Dorsiflexion reduced 7y px during fictive locomotion and scratch
while increasing rpxr (Fig. 5C,D). During spontaneous fictive
locomotion, before dorsiflexion, 10 of 13 episodes were extensor-
dominated, 2 of 13 were flexor-dominated, and 1 of 13 was in-
variant, which is approximately the same repartition previously
described (Frigon and Gossard, 2009). However, with dorsiflex-
ion 13 of 13 episodes were extensor-dominated, even those that
were flexor-dominated became extensor-dominated (see Fig. 4 B
for example). During fictive scratch, before dorsiflexion 10 of 11
episodes were flexor-dominated and 1 of 11 was flexion-interval-
dominated. During dorsiflexion 7 of 11 remained flexor-
dominated, 1 of 11 was flexion-interval-dominated (not the same
asbefore), 2 of 11 episodes became invariant, and 1 of 11 covaried
with the flexion-interval and extension phases (see Fig. 4D for
example). Thus, during fictive locomotion, ankle dorsiflexion
increases cycle period and strengthens extensor-dominance by
increasing the duration of the extension phase. During fictive
scratch, however, dorsiflexion does not change cycle period but it
weakens flexor-dominance by increasing the duration of the ex-
tension and flexion-interval phases.

Effect of nerve stimulation on the regulation of cycle period
during fictive locomotion and scratching
Figures 6 and 7 show the effects of electrically stimulating periph-
eral nerves during spontaneous fictive locomotion and fictive
scratch. More specifically, the effects of stimulating the P1, LGS
and Sart nerves were investigated because inputs from ankle ex-
tensors and hip flexors are known to have potent effects on the
rhythm generating circuitry during fictive locomotion (Conway
et al., 1987; Gossard et al., 1994; Guertin et al., 1995; Perreault et
al., 1995; Schomburg et al., 1998; Stecina et al., 2005; Rossignol et
al., 2006; Frigon et al., 2010). The locomotor and scratch cycles
were subdivided into 4 epochs to determine whether the effects of
nerve stimulation on cycle period varied at different time points.
Stimulating the Pl nerve with short trains of 25 pulses at group
I afferent strength during spontaneous fictive locomotion reset
the rhythm, as previously shown (Conway et al., 1987; Gossard et
al., 1994; Frigon et al., 2010), by switching from flexion to exten-
sion (Fig. 6A) or by prolonging the ongoing extension phase,
therefore delaying the following flexion phase (Fig. 6C). How-
ever, during fictive scratching, the same nerve stimulation clearly
failed to reset the rhythm because it could not switch the rhythm
from flexion to extension (Fig. 6B), or delay the next flexion
phase (Fig. 6 D). During spontaneous fictive locomotion, for the
group, stimulating the Pl or LGS nerves during EF, MF, and LF
significantly reduced F1, but had no effect on the duration of the
following extension phase (Fig. 6 E). Stimulation during EXT, on
the other hand, significantly prolonged the extension phase. The
flexion phase (F2) that followed the stimulation was not signifi-
cantly altered at any epoch. During fictive scratch, for the group,
stimulating the Pl or LGS nerves during EF, MF, and LF signifi-
cantly reduced F1 and increased the following extension phase.
Stimulation during the flexion-interval phase significantly pro-
longed the FLEX-INT phase (Fig. 6 F). Stimulating during spon-
taneous fictive locomotion reduced CPg;,,, during EF, MF, and
LF, whereas stimulation during the extension phase increased



7066 - J. Neurosci., May 19, 2010 - 30(20):7061-7071 Frigon and Gossard e Specialized Spinal Rhythm-Generating Mechanisms

CPg;r, (Fig. 6G). The cycle period that fol- A Locomotion —e—Flexor (Ctrl)  -u- Flexor (DF)  —o=Flexor-INT (Ctrl)
lowed stimulation was not different from vDofsif'EXion o Extensor (Ctrl) - Extensor (DF) -=- Flexor-INT (DF)
control cycles. During fictive scratch, CPg;,,, 3000 - for (DF)= 0.94
was significantly decreased with stimu- SmABm - 4 (p < 0.001)
lation during MF, increased during LF, 525007 e _
and unchanged during EF (Fig. 6H). S 2000 y fext ((Cptil)(; 8061‘;
Stimulation during FLEX-INT signifi- MG S 1500 w’ '
cantly increased CPg;,,,. The cycle period = et .
following the stimulation was reduced $ 1000+ A%’ ‘‘‘‘‘‘‘‘‘ (Gt 0.0%
owing W 2 et / (p>0.05)
during LF only. Thus, although the effects A & 500

of Pl stimulation are similar (i.e., an in- EDL G‘;’-“ e =pemtdeeen  (DF)=-0.01
crease of the extension or flexor-interval h+ 500 1500 2500 3500 (P>0.05)
phases) during fictive locomotion and 5000ms Cycle period (ms)

scratching when the train falls during EXT .
or FLEX-INT, there is a clear difference B Locomotion

Dorsiflexion

with stimulation during the flexion phase. v fers (DF)= 0.95

Most notably, stimulation during EF and SmABW 1400 R 001}

LF fails to reset the rhythm by eliciting an /g 1200 o e ()= 0.77

extension during fictive scratching. = 1000 e (o < 0_061)

Stimulating the Sart nerve with short MG % goo| o

trains of 25 pulses at 5T (recruiting both S 6001 £ )

group I and II afferents) during spontane- TA o | gL Mext (C(tr|)>—006255)

ous fictive locomotion primarily reset the e 4007 4 e

rhythm by switching from flexion to ex- EBL a 200 | =Aheopmm e 1 (DF)= 0.00

tension (Flg. 7A),.or slightly pro%onged 0 %6 i000 000 9800 (p>0.05)

the ongoing extension phase, delaying the Cycle period (ms)

following flexion phase (Fig. 7C), as pre- 2500ms

viously shown (Frigon et al., 2010). How-

ever, during fictive scratching, the same C scraten Dorsiflexion

nerve stimulation during early flexion S5

produced a large prolongation of the flex- PBSt — eiex (Ctrl)= 0.56

ion phase with a concomitant increase in £ 2001 (p< 0_001)\ Feex (DF)= 0.75

cycle period (Fig. 7B). Stimulation during MG = _____/ (p <0.001)

the flexion-interval phase had no effect on -% 1 2 s M (DF)= 0.46

the onset of the following flexor burst but 3 M (p <0.001)

prolonged its duration (Fig. 7D). During o Feeexnr (Ctrl)= 0.28

spontaneous fictive locomotion, for the g 50 (P <_0‘01)

group, stimulating the Sart nerve during & | gpoiﬁgwﬁa At — fexr (1(3;); 006%:;

EF, MF, and LF significantly re'duced F1, %20 240 260 280 300 (Ctrl)= 0.01

but had no effect on the duration of the Cycle period (ms) (p > 0.05)

following extension phase (Fig. 7E). Stim-

ulation during EXT, on the other hand, [) Scratch o

significantly prolonged the extension vDorS|ﬂe><|on e (Ctrl)= 1-13\ -

phase. The flexion phase that followed the PESH 220 (p<0.001) rF;X““T((p <)5_ 001 )

stimulation was not significantly altered ’g180 l

at any epoch. During fictive scratching, = 1 S Ieex (DF)=0.16

for the group, stimulating the Sart nerve MG 2 140 (p>0.05)

significantly prolonged F1 during EF, but N Y S v - et (Ctrl)=0.12

reduced F1 during MF (Fig. 7F). The TA S 1001 A N (p>0.05)

flexion-interval phase that followed was _g:% &, o080 fexr (DF)=0.84
duced during LF. Stimulation durin o 60% ) Sfo=0—S=—r (= 01001),

re g 8 © N _

FLEX-INT prolonged the flexion-interval EDL 20 | Fexr (Ctr)= 0.15

phase. F2 was significantly increased dur- 280 300 320 340 (p>10:08)

ing MF, LF, and FLEX-INT. During spon- 500ms Chcleiperiad ({0s)

taneous fictive locomotion, for the group,

stimulating the Sart nerve during EF, MF, Figure 4.  Effects of ankle dorsiflexion during spontaneous fictive locomotion and fictive scratching. The left panels show ENG
from extensor (SmAB and MG during fictive locomotion and PBSt and MG during fictive scratching) and flexor (TA and EDL) nerves
during extensor-dominated (4) and flexor-dominated (B) locomotor episodes in 2 cats, and during 2 flexor-dominated (C, D)
. . . . scratching episodes in 2 cats. Right panels show scatter plots and regression lines for extension (gray) and flexion (black) phase
during EXT slightly increased CP,;r, (Fig. durations relative to cycle period before (Ctrl) and during (DF) dorsiflexion. During fictive scratching, the flexion-phase interval

7G)j The cycle pe.rlod that followed stim- (white) duration as a function of cycle period is also represented. The dotted line has a slope of 0.5 and passes through the origin
ulation was not different from control cy-  414is used as a reference line.

cles. During fictive scratching, Sart nerve
stimulation considerably increased CPg;,,

or LF significantly reduced CP,, relative
to control cycles, whereas stimulation



Frigon and Gossard e Specialized Spinal Rhythm-Generating Mechanisms

A Fictive locomotion B Fictive scratching

_ 1800 E=3 _ 350 I Ctrl

[} (%)

E 1600 E .0 . OF
300 T

< *kk s

% 1400 %

5 1200 5 2507

] =] *

& 1000 | 8 200 -

< o

S 800 2 450 =

(=} o

3 600 3

o . 2 100

g 400 — g o

3 3

> >

(@) (8

=Lkl bl
0 0
CPuex  FLEX EXT

CPiex  FLEX EXT FLEX-INT

12 12
1.0 104 1
08

08|
06

0.6
0.4 2

.
02 L 04 i
-0.2 0.0

Feiex Texr Trex Fexr

Slope of phase duration/cycle period O
Slope of phase duration/cycle period D

Tewexnt

Figure 5.  Effects of ankle dorsiflexion during spontaneous fictive locomotion and fictive
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during dorsiflexion. Each bar is the mean == SE of 20 flexor-dominated and 8 non-flexor-
dominated scratching episodes. *p << 0.05, **p << 0.01, ***p < 0.01.

during EF and reduced CP;,,, during mid-flexion (Fig. 7H ). The
cycle period that followed was increased with stimulation during
MF, LF and FLEX-INT, which was due to an increase in F2.
Because cycle period is much shorter during fictive scratching,
compared with fictive locomotion, the train continued into the
next flexion phase, which likely explains the last result. Inputs
from the Sart nerve appear to mostly influence the scratch
rhythm-generating circuitry during early flexion, and this out-
come is opposite to what is observed during spontaneous fictive
locomotion.

Discussion

In the present study, cycle period during fictive scratching was
adjusted by predominantly varying flexion phase duration (i.e.,
flexor-dominated), contrary to spontaneous fictive locomotion,
which is primarily extensor-dominated (Frigon and Gossard,
2009). Moreover, sensory inputs from load- and/or stretch-
sensitive receptors from ankle extensors and from sartorius ex-
erted markedly different effects on cycle period, phase durations,
and phase transitions during fictive locomotion and scratch, pro-
viding evidence that locomotion and scratch are produced by
specialized rhythm-generating mechanisms.

Evidence for specialized rhythm-generating mechanisms

Cycle period can be regulated by changing the duration of the
extension phase, the flexion phase, or both. During fictive loco-
motion occurring spontaneously, or in cats with a spinal transec-
tion, cycle period varied more with extension phase duration
(i.e., extensor-dominated) (Frigon and Gossard, 2009); which
closely resembles intact walking where cycle period varies with
stance duration (Goslow et al., 1973; Grillner et al., 1979;
Halbertsma, 1983; Grillner and Dubuc, 1988). Conversely, cycle
period during fictive scratch varied with flexion phase duration
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(Figs. 1,2). A flexor-dominated pattern is also found during nor-
mal scratch (Kuhta and Smith, 1990).

However, it should be noted that cycle period is primarily
flexor-dominated during fictive locomotion evoked by electri-
cally stimulating the MLR, a rhythm where the flexion phase
generally occupies >50% of the cycle (Yakovenko et al., 2005).
On the other hand, during spontaneous fictive locomotion, cycle
period is primarily extensor-dominated and the extension phase
is usually >50% of the cycle (Frigon and Gossard, 2009). Because
MLR stimulation is usually performed following a precollicular/
postmammillary section while spontaneous fictive locomotion
occurs following a precollicular/premammillary section without
electrical stimulation, different descending drives on a set of cou-
pled symmetric oscillators could account for the different pat-
terns of dominance (Yakovenko et al., 2005). However, in some
locomotor episodes, cycle period was determined by variations in
the shorter period (Frigon and Gossard, 2009). Moreover, during
fictive locomotion in complete spinal cats (acute or chronic) the
rhythm is always extensor-dominated (Frigon and Gossard,
2009); thus the pattern of dominance cannot be solely attributed
to different descending drives.

That locomotion and scratch are produced by a single rhythm
generator was largely based on 3 observations (Deliagina et al.,
1975, 1981; Baev, 1978; Berkinblit et al., 1978b; Gelfand et al.,
1988; Perreault et al., 1999). First, rhythmically active neurons for
locomotion and scratch can be colocalized at the same spinal
segments (Gelfand et al., 1988), and segments L3-1L4 in the cat
appear to be critical for generating locomotion (Marcoux and
Rossignol, 2000; Langlet et al., 2005) and scratch (Berkinblit et al.,
1978a). However, rhythmogenic activity is distributed over sev-
eral spinal segments during locomotion (Cowley and Schmidt,
1997; Kiehn, 2006) and scratch (Deliagina et al., 1983) and, con-
sequently, it is not surprising to find rhythmically active neurons
at the same spinal segments in both movements. Moreover,
although some interneurons can be active during scratch and
locomotion, some interneurons are specialized for one task
(Berkowitz, 2007, 2008). In other words, some neurons active in
one task are silent in another. Thus, colocalization of rhythmi-
cally active neurons during locomotion and scratch does not in-
dicate that both rhythms are produced by the same configuration
of the rhythm-generating circuitry, only that some neuronal ele-
ments are shared to produce multiple movements.

The second observation was that muscle groups or interneu-
rons active in flexion or extension during locomotion remained
active in the same phase during scratching (Deliagina et al., 1975,
1981). However, there are several exceptions. For example, the
PBSt is most often coactive with flexors such as TA and EDL
during fictive locomotion, whereas during scratch it discharges
with extensors, such as SmAB, LGS, and MG (Fig. 2) (Deliagina et
al., 1975, 1981; Berkinblit et al., 1980; Degtyarenko et al., 1998;
Lafreniere-Roula and McCrea, 2005). Other examples include
flexor digitorum longus (Degtyarenko et al., 1998) and peroneus
longus (Lafreniere-Roula and McCrea, 2005; Stecina et al., 2005),
which are grouped into different synergies during locomotion
and scratch. Although it cannot be excluded that the same
rhythm generator produces a flexor command in locomotion
and an extensor command during scratch, it is easier to concep-
tualize different rhythm-generating mechanisms in the two
behaviors. Moreover, although some spinal interneurons are
phase-locked during scratch and locomotion (Berkinblit et al.,
1978a; Baev and Kostyuk, 1981; Gelfand et al., 1988), others have
their peak discharge rate during different phases (Berkinblit et al.,
1978a,b; Berkowitz, 2008).
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The third observation was that sensory
inputs exerted similar effects during
scratch and locomotion (Perreault et al.,
1999). For example, stimulating the Pl
nerve during the flexion phase of fictive
scratching reduced flexor burst dura-
tion and advanced extensor burst onset
(Perreault et al., 1999). Although this was
taken as evidence for resetting of the
scratch rhythm, extensor burst onset was
not immediately triggered by the stimula-
tion (see Perreault et al., 1999, their Fig.
6). In Perreault et al. (1999), while stimu-
lation during extension slightly increased
extensor burst duration, cycle period was
rarely altered, as in the present study (Fig.
6). This is strikingly different from what is
seen during spontaneous fictive locomo-
tion where Pl nerve stimulation during
flexion terminates flexion and rapidly ini-
tiates extension, whereas stimulation dur-
ing extension prolongs the extension
phase and cycle period concurrently (Fig.
6). One possible explanation for discrep-
ancies in the comparison between fictive
locomotion and scratch is that the fictive
locomotion was induced by MLR stimu-
lation in Perreault et al. (1999) while it
occurred spontaneously in our study (see
Frigon and Gossard, 2009). Differences in
the actions of hip or ankle muscle afferent
stimulation during MLR-evoked and
spontaneous fictive locomotion are dis-
cussed in detail in Frigon et al. (2010).

Furthermore, other observations from
the present study argue for some distinction
in control mechanisms at the rhythm-gen-
eration level during fictive locomotion and
scratch. For example, sustained stimulation
of stretch-sensitive ankle extensor afferents
by dorsiflexing the ankle considerably in-
creased cycle period by prolonging the ex-
tension phase during fictive locomotion,
but during fictive scratching the slight in-
crease in extension and flexion-interval
phases was counterbalanced by reducing the
flexion phase, leaving cycle period un-
changed (Figs. 4, 5). In addition, during fic-
tive locomotion, stimulating the Sart nerve
at 5T in early or mid-flexion terminated
flexion and reset the rhythm to extension
(Fig. 7). During fictive scratch, however, the
same stimulation during early flexion pro-
longed cycle period and flexion phase con-
comitantly (Fig. 7). Therefore, ankle
extensor or hip flexor inputs, which have
potent effects during fictive locomotion,
have weaker or even opposite effects during
fictive scratching.
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Figure 6.  Effects of Pl or LGS nerve stimulation during fictive locomotion and scratching. A-D, Top panels show ENG from

extensor (LGS or MG) and flexor (TA) nervesin 2 cats with short trains of electrical stimuli to the Pl nerve (25p at 1.8T, 200 Hz) during
early flexion in fictive locomotion (A) and scratching (B) and during the late extension (C) or late flexion (D) interval epochs offictive
locomotion and scratching, respectively. The onset of the flexion phase and cycle period is indicated above the TA waveform.
E, F, Average phase duration of the flexion phase F1 or F2 stimulation during EF, MF, LF, and EXT or FLEX-INT epochs, expressed relative to
control flexion phase durations. The duration of the extension or flexion-interval phase (i.e., between F1 and F2) is also shown.
Note that when the stimuli fallin EXT or FLEX-INT the extension or flexion-interval phase is the stimulated phase. G, H, Mean flexor
cycle period (P, and (P, stimulation measured for the same epochs as in E, F. The number of data points used in each
condition to calculate phase durations and cycle periods is indicated below the epoch of G, H. Each baris the mean = SE. Asterisks
indicate significant differences with control cycles (paired ¢ tests). *p << 0.05, **p << 0.01, ***p << 0.01.

Stimulating cutaneous or muscle nerves also evoked different ~ cutaneous nerves were prominent during fictive locomotion and
patterns and modulation of postsynaptic potentials (PSPs) dur-  showed strong phasic modulation, whereas during fictive
ing fictive locomotion and scratch (Degtyarenko et al., 1998). For ~ scratching, PSPs were suppressed with little phase modulation.
instance, PSPs evoked in hindlimb motoneurons by stimulating ~ On the other hand, PSPs evoked by muscle nerve stimulation
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Figure7.  Effects of Sart nerve stimulation during fictive locomotion and scratching. A-D, Top panels show ENG from extensor
(LGS or MG) and flexor (TA) nerves in 2 cats with short trains of electrical stimuli to the Sart nerve (25p at 5T, 200 Hz) during early
flexion in fictive locomotion () and scratching (B) and during the late extension (€) or late flexion (D) interval epochs of fictive
locomotion and scratching, respectively. The onset of the flexion phase and cycle period is indicated above the TA waveform. E, F,
Average phase duration of the flexion phase F1 or F2 stimulation during EF, MF, LF, and EXT or FLEX-INT epochs, expressed relative
to control flexion phase durations. The duration of the extension or flexion-interval phase (i.e., between F1and F2) is also shown.
Note that when the stimuli fall in EXT or FLEX-INT the extension or flexion-interval phase is the stimulated phase. G, H, Mean flexor
cycle period (P, and (P, stimulation measured for the same epochs as in E, F. The number of data points used in each
condition to calculate phase durations and cycle periods is indicated below the epoch of G, H. Each baris the mean = SE. Asterisks
indicate significant differences with control cycles (paired ¢ tests). *p << 0.05, **p << 0.01, ***p < 0.01.

were strongly modulated during fictive locomotion and scratch

J. Neurosci., May 19, 2010 - 30(20):7061-7071 « 7069

(Shefchyk and Jordan, 1985). However,
during fictive scratch these PSPs were
abolished (Degtyarenko et al., 1998).
Thus, processing of peripheral and su-
praspinal inputs is strikingly different
during fictive locomotion and scratch,
which is also exemplified by differences
in presynaptic inhibition (Co6té and
Gossard, 2003).

The level of presynaptic inhibition of
primary afferents (and number of anti-
dromic discharges) is greatly decreased
during fictive scratch compared with fic-
tive locomotion, which is inconsistent
with weak effects from some sensory in-
puts during fictive scratch (Figs. 4—6). If
inputs from primary afferents are not
gated out by presynaptic inhibition dur-
ing scratching, then it must be occurring
further down in spinal pathways. Differ-
ences in accessing the rhythm generator
during fictive locomotion and scratch are
most easily explained by different sensory
gating at the interneuronal level. Our data
does not permit determining the level of
the CPG where the differential integration
and processing of sensory inputs during
locomotion and scratch occur. However,
because such inputs can deeply modify
(and entrain) phase transitions and dura-
tions, it is recognized that they must
access the rhythm-generating circuitry
(Kriellaars et al., 1994; Hultborn et al.,,
1998; Pearson et al., 1998; Rossignol et al.,
2006). Interneurons gating sensory feed-
back need not be part of the rhythm-
generating circuitry but they have to be
controlled by it.

Reconfiguration of the
rhythm-generating circuitry

Specific configurations of the rhythm-
generating interneuronal circuitry might
be required to produce unique features
oflocomotion and scratching. For instance,
during normal walking or “speed-matched”
spontaneous fictive locomotion the exten-
sion phase occupies more of the cycle than
the flexion phase (Frigon and Gossard,
2009). In contrast, during normal or fic-
tive scratch the extension phase is very
brief (Deliagina et al., 1975, 1981). The
descending commands required to initi-
ate fictive locomotion and scratch also
differ. Locomotion is initiated by su-
praspinal structures located in the mesen-
cephalon (Jordan et al., 2008), whereas
scratching is seemingly mediated by pro-
priospinal neurons (Sherrington and
Laslett, 1903; Sherrington, 1906). Certain

but the modulation pattern was often reversed. Stimulating the ~ drugs normally released by pathways originating in the brainstem
MLR also produced short-latency PSPs in hindlimb motoneu-  also change the rhythm from “locomotor-like” to “scratch-like”
rons, which were strongly modulated during fictive locomotion  in neonatal rats (Kiehn and Kjaerulff, 1996). For example, with
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serotonin, the rhythm is fast and PBSt is coactive with extensors
(i.e., scratch-like), whereas with dopamine the rhythm is slow
with PBSt coactive with flexors (i.e., locomotor-like). Thus, dif-
ferent descending drives or modulatory inputs can produce spe-
cific and distinct configurations of the spinal rhythm-generating
network, which could mediate differences in control mechanisms
from one task to another.

Although Orlovsky and collaborators argued for the same
central generator for fictive locomotion and scratch, their model
showed that input-output connections to and from locomotor
and scratch rhythm generators differed (Berkinblit et al., 1978b),
which is most easily accomplished by reconfiguring the rhythm-
generating network, or parts of the circuitry. Work in several
vertebrate species (Berkowitz, 2007, 2008; Li et al., 2007; McLean
et al., 2007, 2008; Liao and Fetcho, 2008) clearly established that
different rhythmic movements are generated by shared and spe-
cialized circuitry. Activating and silencing some neurons from
one task to another would reconfigure the network. Although
this probably occurs continuously to some extent during a given
behavior (McLean et al., 2008), shifting the control of cycle pe-
riod, phase durations, and phase transitions from locomotion to
scratching indicates that both rhythms have very specialized con-
trol mechanisms, which could be due to distinct configurations
of the rhythm-generating circuitry.
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