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Abstract

Spasticity is a condition that can include increased muscle tone, clonus, spasms, and hyperreflexia.
In this study, we report the effect of manually stimulating the dorsal lumbosacral skin on
spontaneous locomotor-like activity and on a variety of reflex responses in 5 decerebrate chronic
spinal cats treated with clonidine. Cats were spinalized 1 month before the terminal experiment.
Stretch reflexes were evoked by stretching the left triceps surae muscles. Crossed reflexes were
elicited by electrically stimulating the right tibial or superficial peroneal nerves. Windup of reflex
responses was evoked by electrically stimulating the left tibial or superficial peroneal nerves. We
found that pinching the skin of the back abolished spontaneous locomotor-like activity. We also
found that back pinch abolished the rhythmic activity observed during reflex testing without
eliminating the reflex responses. Some of the rhythmic episodes of activity observed during reflex
testing were consistent with clonus with an oscillation frequency greater than 3 Hz. Pinching the
skin of the back effectively abolished rhythmic activity occurring spontaneously or evoked during
reflex testing, irrespective of oscillation frequency. The results are consistent with the hypothesis
that locomotion and clonus are produced by common central pattern-generators. Stimulating the
skin of the back could prove helpful in managing undesired rhythmic activity in spinal cord-
injured humans.
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Introduction

Spasticity is a term with varying definitions [see (Nielsen et al., 2007) for a discussion]. One
of the most cited definitions refers to spasticity as a motor disorder with a velocity-
dependent increase in tonic stretch reflexes or muscle tone (Lance, 1980). However, others
use the more clinically relevant definition of spasticity, which also includes clonus, spasms,
and hyperreflexia (Skold et al., 1999; Dietz, 2000; Nielsen et a/., 2007). In the present paper
we use the latter definition. Spasticity can be debilitating in patients with spinal cord injury
(SCI) but it can be alleviated with various drugs (Adams et al., 2005). However, these drugs
can also produce undesired side effects and interfere with functional recovery, such as
walking (Adams et a/., 2005; Dietz et al., 2007; Kohout et al., 2011). Of obvious interest in
treating spasticity after SCI are approaches that eliminate or reduce spasticity without
interfering with functional recovery.

As mentioned, clonus, or myoclonus, can be considered as a sign of spasticity. In the present
study, clonus is defined as involuntary rhythmic activity in hindlimb muscles crossing the
hip, knee, and/or ankle joints (Bussel et al., 1988; Beres-Jones et al., 2003; Nadeau et al.,
2010) with an oscillation frequency exceeding 3 Hz (Rack et al., 1984; Hidler et al., 1999;
Hidler et al., 2000; Vetrugno et al., 2000). Clonus after SCI can range from manageable to
functionally debilitating (Brown et al., 1994). It is thought that the inability of some SCI
patients to stand or walk independently is due to severe clonus (Fung et al., 1989; Fung et
al., 1990). Therefore, finding effective treatments for clonus that do not interfere with
functional recovery (e.g. walking, postural control) is of critical importance.

Recently, it was shown that strongly pinching the skin of the lower back effectively stopped
rhythmic spontaneous synchronous discharges of multiple leg muscles (i.e. myoclonus) in a
motor complete spinal cord-injured human subject (Nadeau et al., 2010). This is reminiscent
of reports in decerebrate curarized rabbits with intact spinal cords whereby applying manual
pressure to the dorso-lumbosacral skin abolished locomotor-like activity (Viala et al., 1974;
Viala et al., 1978). It was proposed that clonus could be mediated by abnormal regulation of
central pattern generators (CPGs) by sensory inputs. Interactions between sensory inputs
from the hindlimbs and CPGs have been well described in the spinalized cat [reviewed in
(Frigon et al., 2006; Frigon et al., 2008; Rossignol et al., 2011)]. However, other than an
inhibitory effect on rhythmic activity, little is known about interactions between cutaneous
inputs from the back and CPGs within the injured spinal cord.

The present paper stems from observations obtained in adult cats that were spinal transected
(i.e. spinalized) one month before a terminal experiment. The original goal was to evaluate
various reflex pathways before and after injecting clonidine (Frigon et al., 2011; Frigon et
al., 2012). Clonidine is an alpha-2 noradrenergic agonist known to potentiate locomotor
activity in chronic spinal cats (Barbeau et al., 1987). However, after clonidine injection,
triceps surae muscle stretch or nerve stimulation often evoked exaggerated reflex responses
and/or generated rhythmic activity that could continue unabated for several minutes.
Applying manual pressure to the dorso-lumbosacral skin abolished rhythmic activity. In
addition, and of potentially greater clinical significance, during reflex testing, manually
pinching the dorsal lumbosacral skin removed rhythmic activity without completely
abolishing the reflex responses themselves. Therefore, we describe the effects of manually
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stimulating the dorso-lumbosacral skin of the chronic spinalized cat treated with clonidine
on a variety of reflex responses and on rhythmic activity occurring spontaneously or elicited
during reflex testing.

The present data provide a template to better understand the mechanisms and circuitry
involved in reducing undesired rhythmic activity through sensory stimulation in a well-
defined SCI animal model. Identifying and better understanding circuits that might be
involved in gating or filtering undesired activity could lead to more effective treatments for
spasticity in spinal cord-injured humans.

Ethical information, animal care, and surgical procedures

All procedures were approved by the Institutional Animal Care and Use Committee of
Northwestern University. All animals were obtained from a designated breeding
establishment for scientific research. Before the experiments, animals were housed and fed
within designated areas, which were monitored daily by veterinarians and trained personnel.
The current data set is compiled from 5 adult cats weighing between 2.5 and 5.0 kg. The
data presented in the current study are derived from experiments performed for answering
other scientific questions (Frigon et al., 2011; Frigon et al., 2012). No additional animals
were used to compile the current data set. This is part of our effort to maximize the scientific
output from every animal experiment.

Terminal experiment—During the terminal experiment, cats were first placed in a clear
plastic cylinder and anesthetized with 1.5-3% isoflurane in a 1:3 mixture of O, and NO,.
After approximately 15 minutes the animal was transferred from the cylinder to a surgical
table and anesthesia was continued with a mask. Once the animal was deeply anesthetized, a
tracheotomy was performed and cats were intubated to deliver the anesthesia. The right
common carotid artery and right jugular vein were cannulated to monitor blood pressure and
for fluid administration, respectively. The level of anesthesia was confirmed and adjusted by
monitoring blood pressure, applying pressure to the paw to detect limb withdrawal, and by
verifying the size and reactivity of the pupils. The animal was then transferred to a
stereotaxic frame for further surgery. Following a craniotomy, the cortex and all neural
tissue rostral to the colliculi was removed (i.e., a precollicular decerebration). At this point,
animals are considered to have complete lack of sentience (Silverman et al., 2005) and
anesthesia was discontinued. A lethal injection of potassium chloride (2 mg/kg) was
administered at the end of the experiment through the right jugular vein and a bilateral
pneumothorax was performed.

Survival surgery—The spinal cord was completely transected at low thoracic levels
approximately 1 month before the terminal experiment. The spinalization was performed
under aseptic conditions in an operating room with sterilized equipment. Prior to surgery,
cats were sedated (Butorphanol, 0.4 mg/kg, i.m.; Acepromazine, 0.05-0.1mg/kg, i.m.;
Glycopyrrolate, 0.01mg/kg, subcutaneous). Induction was done with Propofol (2-3 mg/kg,
i.v.) or Ketamine/Diazepam (0.11 ml/kg in 1:1 ratio, i.v.). Once anesthetized, the cat was
quickly intubated with a flexible endotracheal tube and anesthesia was maintained by
adjusting isoflurane concentration as needed (1.5 — 3%). The fur overlying the back was
shaved with electric clippers and loose hair was vacuumed. A forelimb was shaved and an
i.v. line was placed in a cephalic vein. The level of anesthesia was confirmed and adjusted
throughout the surgery by monitoring cardiac rate, respiratory rate, by applying pressure to
the paw to detect limb withdrawal, and jaw tone. Body temperature was monitored using a
rectal thermometer. Parameters were monitored on a continuous basis (i.e. cardiac and

Exp Neurol. Author manuscript; available in PMC 2013 June 01.



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

1duasnuey Joyiny vd-HIN

Frigon et al.

Page 4

respiratory rates) and recorded every 15 minutes. Cats received fluids i.v. (warmed lactated
ringer solution or saline + 2.5% Dextrose) at a rate of 5-10 ml/kg/hr throughout the surgery
to maintain hemodynamic stability. Ophthalmic ointment was also applied to the eyes.

A laminectomy was performed at the vertebrae overlying spinal segments T12-T13, the dura
was removed, and after local lidocaine application (Xylocaine, 2%), the spinal cord was
completely transected with surgical scissors. The spinal cord is transected at low thoracic
segments to avoid damaging spinal CPGs that control the hindlimbs, which are thought to be
primarily located at L3-L4 in the cat (Marcoux et al., 2000; Delivet-Mongrain et al., 2008).
Hemostatic material (Surgicel) was inserted within the gap, and muscles and skin were sewn
back to close the opening in anatomic layers. A transdermal fentanyl patch (25 mcg/hr) was
taped to the back of the animal 2-3 cm from the base of the tail. During surgery and
approximately 7 hours later, an analgesic (Buprenorphine 0.01 mg/kg) was administered
subcutaneously. Buprenorphine is administered during and approximately 7 hours after
surgery because it is a rapidly acting analgesic, whereas the morphine delivered by the
transdermal patch requires a longer time to take effect. Concurrent administration of
buprenorphine and morphine maximizes analgesia. An oral antibiotic (Baytril, 5 mg/kg) was
given once a day for 5 days after spinalization to prevent infection. The bladder was
manually emptied 1-2 times each day up to the terminal experiment. The animals were
monitored daily by experienced personnel and veterinarians. The hindlimbs of the cats were
frequently cleaned by placing the lower half of the body in a warm soapy bath.

Experimental design

A schematic illustration of the experimental set-up is shown in a recent publication (Frigon
et al., 2012). The Achilles tendon of the left hindlimb was freed from surrounding tissue,
leaving only a small piece of the calcaneal bone attached. The tendon was connected
through an in-series force transducer attached to a linear motor (Copley Controls) controlled
by custom-made software to alter muscle length. Force signals were low-pass filtered at
1000 Hz and sampled at 10000 Hz. Both hindfeet were held with a clamp. The left knee
joint was also fixed with a custom-made clamp attached to the femoral epicondyles. Hip,
knee, and ankle joint angles were ~120°, 160°, and 90° for both hindlimbs. The hindpaws
were not contacting the table surface.

Bipolar wire electrodes were inserted into the soleus (Sol, ankle extensor), lateral
gastrocnemius (LG, ankle extensor/knee flexor), semitendinosus (St, knee flexor/hip
extensor), anterior sartorius (Srt, hip flexor/knee extensor), and tibialis anterior (TA, ankle
flexor) of the left hindlimb and in the right St for electromyography (EMG). EMG signals
were amplified (x1000) with a multichannel amplifier (AM Systems Model 3500), bandpass
filtered (300-3000 Hz), and sampled at 10000 Hz simultaneously with force data. Bipolar
stimulating cuff electrodes were placed around the left and right tibial (Tib) and superficial
peroneal (SP) nerves near the ankle joint.

Experimental protocol

Reflex responses were evoked after injecting clonidine through the right jugular vein (i.e.
250-500 pg/kg) with or without pinching the dorso-lumbosacral skin of the back. The
actions of clonidine last approximately 5 hours (Chau et al., 1998) and reflex testing was
completed within 3 hours of injection. The pinch consisted of holding the skin between the
thumb, index, and middle finger at a constant moderate pressure. For the “pinch trials”, the
pinch was initiated 20 s before the stretch or nerve stimulation and continued until the end of
the trial (i.e. 15 s post-stretch or stimulation). Pinches were also performed during episodes
of spontaneous rhythmic activity. The same experimenter performed the pinch in all
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experiments. Viala et al. 1978 reported that natural stimulation (i.e. exerting manual
pressure to the skin) is more effective than electrical stimulation of afferents.

Stretch reflex (Fig. 1A)—Several ramp-hold-return stretches of the left triceps surae
muscles were performed. Stretches consisted of a 5 mm lengthening in 0.25 s, a 3.5 s hold,
and a return to the initial length in 0.25 s, for a total duration of 4 s. Such stretches are
similar in terms of time course and amplitude to postural perturbations used in rabbits
(Musienko et al., 2010). The left triceps surae muscles were stretched from an initial muscle
length that corresponds to a 90° ankle joint angle. Muscle stretches were performed at
intervals of no less than 1 minute.

Crossed reflexes (Fig. 1B)—Crossed responses were evoked by stimulating the right
Tib or SP nerves. Motor thresholds (T) were first determined. For the right Tib nerve, the
motor threshold was the stimulation intensity required to evoke a small plantarflexion of the
right toes. The motor threshold for SP nerve stimulation was the stimulation intensity
required to evoke a small flexion response at the knee. Nerves were stimulated at 40 Hz for
2.5so0r 20 s (0.2 ms pulse width) at 2T or 5T at short and long triceps surae muscle lengths.
The stimulation intensities required to evoke the motor thresholds were verified throughout
the experiment and adjusted accordingly. Nerve stimulations were performed at intervals of
no less than 1 minute.

Wind-up (Fig. 1C)—A series of 10 pulses to the left Tib or SP nerves was given to
evaluate the presence and modulation of wind-up in chronic spinal cats before and after
injecting clonidine. In the present study we only describe the effect of back pinch on the
series of 10 pulses. Motor thresholds were determined identically to crossed reflexes but on
the left side. The series of 10 pulses (0.2 ms pulse width) was given at 2T or 5T at a
stimulation frequency of 1 Hz or 2 Hz.

Measurements

All measurements were done with Spike2 version 6.0. EMG waveforms were rectified and
smoothed with a 0.03 time constant for measurements. EMG waveforms with noise or large
stimulation artifacts were removed from the analyses. Triceps surae force waveforms were
not rectified or smoothed. Windows used for force and EMG measures are shown in Figure
1.

For stretch-evoked responses (Fig. 1A), the mean force produced by the left triceps surae
muscles during stretch was calculated as the average force value between cursors a and b.
EMG activities were calculated as the area under the curve (modulus function in Spike2)
between cursors a and b for all muscles. The same measures were taken starting from the
end of the triceps surae muscle stretch to 5 s later (i.e. between cursors ¢ and d).

For crossed reflex response (Fig. 1B) evoked during stimulation of the right Tib and SP
nerves, triceps surae muscle force and EMG activities for all muscles were measured as the
area under the curve between cursors e and f. The same measures were taken duringa 5 s
post-stimulation window starting at stimulation offset (i.e. between cursors f and g).

For responses evoked during a series of 10 pulses (Fig. 1C) by stimulating the left Tib or SP
nerves, triceps surae muscle force and EMG activities for all muscles were measured as the
area under the curve between cursors h and i. Cursor i was placed 1 s and 0.5 s following the
10t pulse at stimulation frequencies of 1 Hz and 2 Hz, respectively. The same measures
were taken during a 5 s post-stimulation between cursors i and j.
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A trial was considered to have rhythmic activity when at least 5 alternating bursts between
extensors (i.e. LG, Sol) and flexors (i.e. St, Srt) were present during or following stretch of
left triceps surae muscles or stimulation of the right Tib or SP nerves. Although the TA is an
ankle flexor it was not used to determine alternation because it could be co-active with
extensors (e.g. Figs. 3A, 5D, or 7A) or flexors (e.g. Fig. 5A). Wind-up stimulations of the
left Tib or SP nerves are not included in this analysis because the series of 10 pulses
generates bursts and could entrain the rhythm. The time interval from onset of the 15t burst
to offset of the 5! burst was determined. Cycle frequency was determined by dividing the
number of bursts selected (i.e. 5) by the time interval from burst 1 onset to burst 5 offset and
expressed in Hz. Burst onset and offset were determined visually.

Statistical analysis

Results

All statistical tests were done with SPSS version 18.0 for measures of force and/or EMG.
Statistical analyses were performed using the Wilcoxon signed-rank test for paired data to
determine statistical differences between pinch trials and preceding trials. For crossed reflex
responses, data obtained from right Tib or SP nerve stimulation at 2T and 5T were pooled
for statistical analyses. For wind-up responses, data from left Tib and left SP nerves at 2T,
5T, 1 Hz, and 2 Hz were pooled for statistical analyses. Statistical significance was set at p <
0.05. All values in the text and figures are the mean + standard deviation (SD).

Episodes of rhythmic activity were termed “locomator-like” when they occurred
spontaneously and with an oscillation frequency of 1.5 Hz or less (Frigon, 2011). Seven
episodes of spontaneous locomotor-like activity were recorded in 4 cats with an average
cycle frequency of 0.54 + 0.29 Hz (range 0.26 — 1.11 Hz). Pinching the back of the skin
effectively abolished locomotor-like activity in 100% of trials. Episodes of rhythmic activity
were classified as “clonus-like” when they were triggered by left triceps surae muscle stretch
or by stimulating the right Tib or SP nerves and with an oscillation frequency greater than 3
Hz (Rack et al., 1984; Hidler et al., 1999; Hidler et al., 2000; Vetrugno et al., 2000). Overall,
42 of 59 reflex trials without back pinch possessed episodes of rhythmic activity with an
average cycle frequency of 2.45 + 1.08 Hz. Of those 42 episodes of rhythmic activity, 12
could be classified as clonus-like (i.e. cycle frequency = 3 Hz). No stretch or crossed reflex
trials (0/37) with back pinch had rhythmic activity. Therefore, manually stimulating
cutaneous inputs from the back consistently abolishes locomotor-like and clonus-like
activity in the chronic spinalized cat, irrespective of oscillation frequency.

Effect of back pinch on locomotor-like activity

Figure 2 shows a representative example of the effect of manually pinching the dorsal
lumbosacral skin during an episode of spontaneous locomotor-like activity in one cat. The
pattern consisted of alternation between the extensors (Sol, LG) and the ipsilateral St and
alternation between the left and right St, consistent with locomotor activity. However, the
TA was co-activated with Sol and LG, which can be observed during clonus in spinal cord-
injured humans (Cook, Jr., 1967; Gottlieb et al., 1977; Latash et al,, 1989; Hidler et al.,
2000; Beres-Jones et al., 2003).

As can be seen, back pinch stopped the bursting pattern in left Sol, LG, and TA while
producing sustained activity in St bilaterally. The locomotor-like pattern resumed
immediately after terminating the back pinch. The reset to flexion suggests that sensory
inputs generated by pinching the skin of the back have direct access to the rhythm-
generating circuitry [recently reviewed in (Frigon et al., 2010a; Frigon et al., 2010b; Gossard
et al., 2011; Frigon, 2012)]. Spontaneous locomotor-like activity was observed in all cats
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following clonidine administration and pinching the back effectively stopped locomotor-like
activity in 100% of trials.

Effect of back pinch on stretch-evoked responses

We recently showed that hindlimb muscle responses evoked by stretching the left triceps
surae muscles were considerably altered in acute and chronic spinal cats (Frigon ef al.,
2011). We also showed that clonidine produced no consistent changes in stretch-evoked
responses (Frigon et al., 2012). After clonidine injection, some cats showed an increase in
stretch-evoked responses while other cats showed a decrease or no change. In the present
study we compared the effect of back pinch on stretch-evoked responses in chronic spinal
cats treated with clonidine.

Figure 3 shows the effect of back pinch during and after stretch of the left triceps surae
muscles in one cat. In the trial that preceded back pinch, stretching the triceps surae muscles
evoked bilateral rhythmic bursts during and after stretch (Fig. 3A). While the dorsal
lumbosacral skin was manually pinched the same stretch primarily produced sustained
activity in the left St and no rhythmic bursts were present (Fig. 3B). One minute following
the back pinch trial the left triceps surae muscles were again stretched and rhythmic bursts
reappeared bilaterally (Fig. 3C).

Pooled data show that back pinch had no significant effect on left triceps surae muscle force
or EMG measures during left triceps surae muscle stretch (Fig. 4). However, left triceps
surae muscle force and EMG activities for the left Sol and right St produced during the 5 sec
period following stretch were significantly diminished while the EMG activity for the left St
was increased. Therefore, stimulating cutaneous inputs from the lumbosacral back reduces
some reflex responses without influencing the main stretch reflex component, which is the
homonymous force and EMG responses from the left triceps surae muscles.

Effect of back pinch on crossed responses

Stimulating the right Tib or SP nerves at high frequency for a few seconds evokes crossed
extensor reflex responses in cats with an intact spinal cord. Crossed extensor reflexes are
abolished following acute spinalization but show signs of recovery in 1 month chronic
spinalized cats and clonidine potentiates these responses (Frigon et al., 2012). In the present
study we compared the effect of back pinch on crossed reflex responses in chronic
spinalized cats treated with clonidine.

Figure 5 shows the effect of back pinch during and after stimulating the right Tib nerve at 40
Hz for 2.5 s in one cat (Fig. 5A-C) and at 40 Hz for 20 s in another cat (Fig. 5D-E). In the
trial that preceded back pinch, Tib nerve stimulation evoked a large response in the right St
and crossed activation of the left Sol and Srt muscles with weak activation of the left St (Fig.
5A). A spontaneous locomotor-like rhythm was observed before stimulation. Following
stimulation the rhythm was faster. Pinching the back abolished spontaneous locomotor-like
activity and diminished crossed activation of the left Sol and Srt muscles during stimulation
without visibly altering the response in the right St (Fig. 5B). The left St was tonically active
before, during, and after stimulation. Stimulating the Tib nerve one minute following the
back pinch trial produced similar crossed activation and rhythmic activity as observed in the
trial preceding the back pinch trial (compare Fig. 5C with 5A).

Stimulating the Tib nerve for 20 s before and during back pinch was performed in 3 cats (6
back pinch trials with preceding controls) and yielded qualitatively similar results. In the
example shown in Figure 5D the stimulation generated a rhythm characterized by co-
activation of Sol and TA muscles on the left and sustained activation of the right St. With
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back pinch, rhythmic activity was abolished, a brief burst was observed in the left St, and
sustained activation of the right St was unaffected (Fig. 5E). Thus, back pinch potently
abolishes rhythmic activity that occurs spontaneously or that is triggered by nerve
stimulation.

Pooled data show that back pinch reduced left triceps surae muscle force and the EMG
activity of left Sol, left LG, left TA, left Srt, and right St evoked during stimulation of the
right Tib and SP nerves (Fig. 6). On the other hand, activity in the left St was increased by
back pinch during stimulation. In the 5 s window following nerve stimulation, back pinch
reduced left triceps surae muscle force and the EMG activity in left Sol, left LG, left TA,
and left Srt. Therefore, stimulating cutaneous inputs from the lumbosacral back reduces
crossed reflex responses to most muscles during and after nerve stimulation but produces an
increase in the St. This indicates independent modulation of crossed inputs to various motor
pools.

Effect of back pinch on wind-up

Wind-up of reflex responses is used to indirectly evaluate persistent inward currents that
mediate sustained activity of sensory or motor neurons within the spinal cord [reviewed in
(Perrier et al., 2002)]. In the present study, wind-up was evoked by stimulating the left Tib
or SP nerves with 10 electrical pulses (1 or 2 Hz at 2T or 5T). Figure 7 shows 10
stimulations of the left SP nerve at 2 Hz and 5T in one chronic spinal cat before, during, and
after back pinch. In the trial shown in Figure 7A, SP nerve stimulation triggered rhythmic
activity that persisted following the stimulation. With back pinch, the force produced was
smooth and peak force increased with each successive pulse (i.e. wind-up) reaching a
plateau around the 7t stimulation (Fig. 7B). Although no rhythmic activity was present
during or after stimulation with back pinch it returned in the following trial (Fig. 7C). From
these data it is clear that back pinch does not abolish reflex responses evoked by cutaneous
nerve stimulation or the wind-up phenomenon.

Pooled data show that back pinch reduced triceps surae muscle force and the EMG activity
of left Sol, left LG, and right St during 10 stimuli delivered to the left Tib and SP nerves
(Fig. 8). On the other hand, activity in the left St was increased by back pinch during
stimulation. In the 5 s window following nerve stimulation, back pinch reduced triceps surae
muscle force and the EMG activity in left Sol, left LG, left Srt, and right St. Back pinch also
increased EMG activity of the left St in the 5 s post-stimulation.

In summary, back pinch abolished locomotor-like activity and rhythmic bursts that occurred
during and following muscle stretch or nerve stimulation. The force generated by the left
triceps surae muscles and the EMG activity of most muscles were reduced with back pinch,
with the notable exception of the activity of the left St, which was generally increased
during and after triceps surae muscle stretch or various nerve stimulations.

Discussion

The present paper extends previous findings that showed that stimulating the lumbosacral
skin of the back can abolish locomotor-like activity (Viala et al., 1974; Viala et al., 1978;
Nadeau et al., 2010). However, we further show that manually stimulating the dorsal
lumbosacral skin did not simply inhibit locomotor-like activity. Instead it filtered the
rhythmic activity during reflex testing that occurred during and following muscle stretch or
nerve stimulation.
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Central pattern generation and clonus

The hypothesis that abnormal function within central pattern-generating circuitry and its
regulation by peripheral sensory inputs is responsible for clonus, or other signs of spasticity,
has been discussed (Dimitrijevic ef al., 1980; Walsh ef al., 1987; Rossi ef al., 1990; Beres-
Jones et al., 2003; Dietz, 2003; Dietz et al., 2007). For instance, Beres-Jones et al. (2003)
found that 1) clonus was frequently present following muscle stretch, 2) imposed stretch of
ankle plantarflexors could generate clonus throughout the legs, and 3) phasic sensory inputs
were not required to trigger clonus. In other studies, Walsh and colleagues (Walsh, 1976;
Walsh et al., 1987) found that ankle clonus was not entrained by imposed oscillations of the
ankle joint. Clonus can also be induced by cutaneous stimulation (Dimitrijevic ef al., 1968;
Dimitrijevic et al., 1980; Latash et a/., 1989), by attempting volitional movement (Latash et
al., 1989), and by nociceptive flexor withdrawal stimuli (Guthrie et al., 1954). These data
are not consistent with the hypothesis that clonus results from recurrent activation of stretch
reflexes [see (Hidler et al,, 1999; Hidler et al., 2000)] and instead point to a central origin for
clonus.

In the present study, rhythmic activity consistent with clonus could be evoked during reflex
testing. Back pinch was equally effective in abolishing rhythmic activity irrespective of its
oscillation frequency and how it was initiated. Therefore, the rhythmic activity that occurred
spontaneously or that was evoked during reflex testing is most likely produced by common
CPGs. However, because the present work was done in an animal model, we cannot
conclusively state that clonus-like activity is the same as the clonus observed clinically in
spinal cord-injured humans.

Regulation of “flexor” activities

During normal locomotion, swing onset is marked by a brief burst in St followed shortly
thereafter by activation of TA (Rossignol, 1996). During spontaneous fictive locomotion,
electroneurograms reveal that St and TA are activated during the flexion phase and alternate
with extensors [see (Frigon et al,, 2010b)], suggesting that they normally receive a “flexor-
related” locomotor command from central pattern-generating circuitry. In the present study,
TA could be co-active with extensors during rhythmic activity, whereas St always remained
in alternation with extensors (e.g. Fig. 2) in chronic spinal cats treated with clonidine.

The spinal transection itself could account for changes in TA activation with respect to
extensors. For instance, SCI alters reciprocal connections between TA and ankle extensors.
Indeed, reciprocal inhibition between TA and ankle extensors is reduced after SCI and
reciprocal facilitation can appear (Boorman et al., 1996; Crone et al., 2003; Xia et al., 2005).
The mechanisms involved in this functional reorganization are unclear but appear to involve
changes in Cl- homeostasis by the potassium-chloride co-transporter KCC2, which is down-
regulated following SCI (Boulenguez et al., 2010; Viemari et al., 2011).

Neuromodulation of central pattern-generating circuitry can also influence activation
patterns across hindlimb muscles [see (Harris-Warrick, 2011; Frigon, 2012) for recent
reviews]. The synchronous activation of extensors, such as LG and Sol, with the ankle flexor
TA could be mediated by clonidine. Indeed, synchronized bursts of flexors and extensors
were shown to appear with high doses of clonidine (4-8 mg/kg) in curarized cats acutely
spinalized at C1 (Zangger, 1981). However, in that study, St, TA and LG discharged
synchronously whereas in the present study extensors remained in alternation with St. It is
unclear if higher doses of clonidine would have produced a similar effect or if the level of
spinalization is a factor in a more widespread synchronization.
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Inhibitory process

In previous studies in decerebrate curarized rabbits with intact spinal cords, pinching or
clipping the dorsal lumbar skin was the most effective for inhibition while some sites, such
as the face and plantar surface of the paws had an excitatory effect on locomotor-like
discharges (Viala ef al., 1974). What is the basis for this inhibitory circuit from cutaneous
receptors of the lumbosacral back to CPGs controlling the hindlimbs? A variety of
vertebrate species have what are termed “hypnotic responses” to external stimuli (Gallup,
Jr., 1974). Animal hypnosis is defined as a behavioural state where the animal is
immobilised and desensitised to external stimuli (Fleischmann et al., 1988; Pozza et al.,
2008). Although this can be achieved in several ways, in mammals, immobilisation can be
induced by pinching or clipping the skin at certain sites, such as the neck (Pozza et al.,
2008). In mammals, this behaviour facilitates the carrying of a newborn by its mother.
Moreover, when a rabbit is turned on its back, the animal becomes immobile after the
lumbar skin touches a rigid surface, remaining motionless for several minutes (Viala et al,
1978). In certain mammals, an inhibitory pathway from the skin of the back to CPGs could
be a means to facilitate mating behaviour [see (Van der Horst et al., 1998)]. This circuit
appears to have been conserved in humans (Nadeau et a/., 2010), although its purpose other
than an evolutionary remnant is unclear.

The inhibitory circuit is evidently contained within the spinal cord. The fact that pinching
the back abolished spontaneous locomotor-like activity and filtered rhythmic activity during
reflex testing in spinal transected cats indicates a more or less direct action of cutaneous
inputs on spinal CPGs. Mapping cutaneous projections from the pinched sites from the
dorso-lumbosacral skin to spinal neurons involved in rhythm-generation, presumably at L3-
L4 in the cat (Marcoux et al., 2000; Delivet-Mongrain et al., 2008), is needed to identify the
connectivity of this circuitry. It is also possible that the effect of back pinch is magnified
following spinal lesions due to an expansion of receptive fields (Schouenborg et al., 1992;
Andersen et al., 2004). Pinching the skin reset the locomotor-like rhythm (Fig. 2),
suggesting that neurons receiving direct inputs from cutaneous afferents of the back could be
part of the spinal locomotor CPGs (Conway et al., 1987; Guertin et al., 1995; Hultborn et al.,
1998; Pearson et al., 1998; Schomburg et al., 1998; Rybak et al., 2006; Frigon et al., 2010a;
Frigon et al., 2010b).

Afferents activated by back pinch

Although our experimental paradigm did not allow distinguishing the afferents mediating
the back pinch effect, Viala and colleagues (1978) showed that stimulating Aa., Ap, or C
fibres from the dorsal lumbosacral skin had an excitatory effect on fictive locomotor-like
discharges, whereas activation of A6 fibres produced inhibition. It is likely that the
inhibitory influence on rhythmic activity observed in the present study is mediated by A
afferents from the lumbosacral skin. A more systematic investigation of the afferents from
the lumbosacral skin involved in modulating rhythmic and reflex activity in chronic spinal
cats is however required.

Functional and clinical considerations

Nadeau et al. 2010 found that pinching the skin of the back stopped rhythmic synchronized
discharges in a motor complete spinal cord-injured human, suggesting that the circuitry
presently reported in decerebrate chronic spinal cats and in decerebrate curarized rabbits
(Viala et al., 1974; Viala et al., 1978) is conserved in humans. However, further studies in
human subjects are required to replicate the results of Nadeau and colleagues.

Manually pinching the skin to reduce signs of spasticity is similar in principle to electrically
stimulating the skin with surface electrodes, also called transcutaneous electrical nerve
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stimulation (TENS). It is thought that TENS activates sensory afferents that modulate spinal
inhibitory circuits (Crone et al., 1994; Perez et al., 2003; Ping Ho et al., 2010) but precise
underlying mechanisms remain largely unclear. TENS applied to the legs can effectively
manage signs of lower limb spasticity in spinal cord-injured patients with few side effects
(Goulet et al., 1996; Aydin et al., 2005; Ping Ho et al., 2010). Whether TENS applied over
several days or weeks can induce long-term neuroplastic changes within the spinal cord
remains to be determined.

At present the lack of research on TENS, particularly its underlying mechanisms and the
circuitry involved at the spinal level, limits its use and effectiveness to treat spasticity in
spinal cord-injured subjects. The results presented herein are a first step in understanding the
spinal circuitry that inhibits or filters rhythmic motor activity in a well-defined SCI animal
model and could lead to more effective TENS to manage spasticity in human patients. TENS
applied over the lumbosacral regions could have more widespread effect on spasticity than
focalized stimulation applied over the legs.

In summary, manually stimulating the dorsal lumbosacral skin abolished rhythmic bursts
that occurred spontaneously or were evoked during reflex testing in chronic spinalized cats
treated with clonidine. This suggests that cutaneous inputs from the back have access to
spinal CPGs. Importantly, cutaneous inputs from the back did not abolish reflex responses.
Such stimulation could be useful in treating clonus in spinal cord-injured humans. The 1-
month chronic spinalized cat treated with clonidine appears to be an ideal model to study the
genesis, regulation, and underlying mechanisms of rhythmic activity that resembles clonus.

Highlights
*  Pinching the skin of chronic spinal cats abolished locomotor-like activity
*  Pinching the skin abolished rhythmic activity during reflex testing

* Locomotion and clonus could be produced by shared pattern generators
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Abbreviations

CPGs central pattern generators
EMG electromyography

LG lateral gastrocnemius
SCI spinal cord injury

SD standard deviation

Sol soleus

SP superficial peroneal

St

semitendinosus
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T motor threshold

TA tibialis anterior

Tib tibial
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Figure 1. M easur ements of reflex responses

A) Left triceps surae (LTS) muscle force and electromyography (EMG) measures during
and following stretch of the left triceps surae muscles. The mean force produced by LTS
muscles during stretch was calculated as the average force value between cursors a and b,
corresponding to a 3 s period centered during the hold. EMG activities were calculated as
the area under the curve (modulus function in Spike2) between cursors a and b for all
muscles. The same measures were taken starting from the end of the triceps surae muscle
stretch to 5 s later (i.e. between cursors ¢ and d). B) Triceps surae muscle force and EMG
measures during and following stimulation of the right tibial nerve (RTib n.). Left triceps
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surae muscle force and EMG activities for all muscles were measured as the area under the
curve between cursors e and f. The same measures were taken during a 5 s post-stimulation
window starting at stimulation offset (i.e. between cursors f and g). C) Left triceps surae
muscle force and EMG measures during and following a series of 10 pulses delivered to the
left tibial nerve (LTib n.) nerve. Left triceps surae muscle force and EMG activities for all
muscles were measured as the area under the curve between cursors h and i. Cursor i was
placed 1 s and 0.5 s following the 10t pulse at stimulation frequencies of 1 Hz and 2 Hz,
respectively. The same measures were taken during a 5 s post-stimulation between cursors i
and j. L = left, R = right, Sol = soleus, St = semitendinosus, LG = lateral gastrocnemius
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Figure 2. Effect of back pinch during locomotor-like activity in cat 71510

The vertical grey bar illustrates synchronous activation of the left soleus (Sol), lateral
gastrocnemius (LG), and tibialis anterior (TA) muscles along with the right semitendinosus
(St). L = left, R = right
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A Preceding trial (1 min) B Back pinch ¢ Following trial (1 min)
e e e W G
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Figure 3. Effect of back pinch on left tricepssurae (L TS) muscle force and electromyography
(EMG) responses evoked by stretching the LTS musclesin cat 71510

Shown are 3 trials performed approximately 3 minutes apart without (A, C) and with (B)
back pinch. The vertical grey bars in A illustrate co-activation of the left soleus (Sol) and
left tibialis (TA) muscles during and following stretch of the LTS muscles. L = left, R =
right, St = semitendinosus
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Figure 4. Pooled data showing the effect of back pinch on left triceps surae muscle for ce and
electromyography (EM G) responses evoked during and following stretch of the left triceps surae
muscles

The EMG activities of the left soleus (Sol), lateral gastrocnemius (LG), semitendinosus (St),
tibialis anterior (TA), left sartorius (Srt), and of the right St were measured as described in
figure 1A and in the methods. The number of paired trials is indicated in brackets at the top
for each graph. Asterisks indicate significant differences between trials without and with
back pinch using the Wilcoxon signed-rank test for paired data at p < 0.05. * p < 0.05; ** p
<0.01; *** p < 0.001.

Exp Neurol. Author manuscript; available in PMC 2013 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Frigon et al. Page 21

A B Cc

Preceding trial (1 min) Back pinch Following trial (1 min)

e e R e e N
ForceWwMN\N\/\r\/\/\/\M N %\1“

Preceding trial (1 min) Back pinch
Force WN\NW\NN\J\MWWV\MMNW\AWN\WM — [

RSt«—Wm—— —W 4mv

Rtbn. | ] | 40 Hz

5s 5s

Figure 5. Effect of back pinch on left triceps surae muscle for ce and electromyography (EM G)
responses evoked by stimulating the right tibial nerve (RTib n.) in cats 7155 (A—C) and 71510
(b-E)

A—C) Shown are 3 trials performed approximately 3 minutes apart without (A, C) and with
(B) back pinch with stimulation of the RTib n. for 2.5 s at 5T. D—E) Shown are 2 trials with
20 s stimulation of the RTib n. at 2T without (D) and with (E) back pinch. The vertical grey
bars in A illustrate alternation of the left soleus (Sol) and left tibialis (TA) muscles following
stimulation, whereas the example in D shows co-activation between the left Sol and left TA
during stimulation. L = left, R = right, St = semitendinosus, Srt = sartorius
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Figure 6. Pooled data showing the effect of back pinch on left triceps surae muscle force and
electromyography (EM G) responses evoked during and following stimulation of theright tibial
(n =15) or superficial peroneal (n = 12) nerves
The EMG activities of the left soleus (Sol), lateral gastrocnemius (LG), semitendinosus (St),
tibialis anterior (TA), left sartorius (Srt), and of the right St were measured as described in
figure 1B and in the methods. The number of paired trials is indicated in brackets at the top
for each graph. Asterisks indicate significant differences between trials without and with
back pinch using the Wilcoxon signed-rank test for paired data at p < 0.05. * p < 0.05; ** p

<0.01; *** p < 0.001.
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Preceding trial (1 min) Back pinch Following trial (1 min)

Figure 7. Effect of back pinch on left triceps surae muscle for ce and electromyography (EM G)
responses evoked by stimulating the left superficial peroneal nerve (LSP n.) with a series of 10
pulsesin cat 71510

Shown are 3 trials performed approximately 3 minutes apart without (A, C) and with (B)
back pinch. The LSP n. was stimulated at 2 Hz and 5T. The vertical grey bars in A illustrate
co-activation between the left soleus (Sol) and left tibialis anterior (TA) following the
stimulation. L = left, R = right, St = semitendinosus, LG = lateral gastrocnemius
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Figure 8. Pooled data showing the effect of back pinch on left triceps surae muscle force and
electromyography (EM G) responses evoked during and following a series of 10 pulses delivered
totheleft tibial (n = 20) or superficial peroneal (n = 8) nerves
The EMG activities of the left soleus (Sol), lateral gastrocnemius (LG), semitendinosus (St),
tibialis anterior (TA), left sartorius (Srt), and of the right St were measured as described in
figure 1C and in the methods. The number of paired trials is indicated in brackets at the top
for each graph. Asterisks indicate significant differences between trials without and with
back pinch using the Wilcoxon signed-rank test for paired data at p < 0.05. * p < 0.05; ** p

<0.01; *** p < 0.001.
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