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Somatosensory feedback from peripheral receptors dynamically interacts with networks
located in the spinal cord and brain to control mammalian locomotion. Although
somatosensory feedback from the limbs plays a major role in regulating locomotor
output, those from other regions, such as lumbar and perineal areas also shape
locomotor activity. In mammals with a complete spinal cord injury, inputs from the
lumbar region powerfully inhibit hindlimb locomotion, while those from the perineal region
facilitate it. Our recent work in cats with a complete spinal cord injury shows that they
also have opposite effects on cutaneous reflexes from the foot. Lumbar inputs increase
the gain of reflexes while those from the perineal region decrease it. The purpose of
this review is to discuss how somatosensory feedback from the lumbar and perineal
regions modulate the spinal locomotor central pattern generator and reflex circuits after
spinal cord injury and the possible mechanisms involved. We also discuss how spinal
cord injury can lead to a loss of functional specificity through the abnormal activation of
functions by somatosensory feedback, such as the concurrent activation of locomotion
and micturition. Lastly, we discuss the potential functions of somatosensory feedback
from the lumbar and perineal regions and their potential for promoting motor recovery
after spinal cord injury.

Keywords: locomotion, somatosensory feedback, perineal, lumbar, spinal cord injury, spinal reflexes, cutaneous,
micturition

INTRODUCTION

Terrestrial locomotion in mammals is a complex movement that engages all levels of the nervous
system. The basic pattern of locomotion, consisting of flexor and extensor alternation in one limb
and left-right alternation, is generated at the level of the spinal cord by a network of neurons,
the so-called central pattern generator (CPG) (reviewed in Grillner, 1981; Rossignol et al., 2006;
McCrea and Rybak, 2008; Kiehn, 2016; Frigon, 2017; Grillner and El Manira, 2020). The spinal
locomotor CPG receives inputs from peripheral mechanoreceptors located in muscles, tendons,
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joints and skin, collectively termed somatosensory feedback,
as well as from various supraspinal structures. Somatosensory
feedback provides information related to the internal state of the
body (proprioceptive) and external physical conditions (tactile).
Supraspinal structures also receive somatosensory feedback
and inputs related to vision, body orientation (vestibular)
and cognitive processes. Locomotion is generated through the
complex interplay between these control systems.

Complete spinal cord injury (SCI), such as a spinal
transection, permanently abolishes all communication between
the brain and spinal networks controlling leg movements.
However, because of the spinal locomotor CPG and its
interactions with somatosensory inputs, various sensorimotor
functions recover, such as spinal reflexes and locomotion, in
various mammals, such as mice, rats and cats, and even humans
but to a lesser degree (Rossignol and Frigon, 2011). Even more
remarkable, cats with a spinal transection (i.e., spinal cats) can
adjust to treadmill speed (Hurteau et al., 2017; Harnie et al., 2018,
2019), left-right speed differences on a split-belt treadmill (Frigon
et al., 2017; Kuczynski et al., 2017), stepping on an incline (Higgin
et al., 2020) and stepping backward when the treadmill is reversed
(Harnie et al., 2021).

Although somatosensory feedback from the limbs shapes
the output of the spinal locomotor CPG, inputs from other
body regions also generate powerful inhibition or facilitation of
locomotion. For instance, inputs from the lumbar skin inhibit
hindlimb locomotion (Viala and Buser, 1974; Viala et al., 1978;
Frigon et al., 2012b; Hurteau et al., 2015; Merlet et al., 2020),
while inputs from the skin of the perineal region facilitate it
(Barbeau and Rossignol, 1987; Belanger et al., 1996; Leblond et al.,
2003; Langlet et al., 2005; Hochman, 2012; Alluin et al., 2015;
Harnie et al., 2019). Our recent work in chronic spinal cats shows
that somatosensory inputs from the lumbar and perineal regions,
respectively, increase and decrease the gain of cutaneous reflexes
from the foot (Merlet et al., 2020, 2021). Thus, lumbar and
perineal inputs have opposite effects on reflexes, weight support
and locomotor activity. The purpose of this review is to discuss
how somatosensory feedback from the lumbar and perineal
regions modulate the spinal locomotor central pattern generator
and reflex circuits, the possible mechanisms involved and their
potential functions. We also discuss the loss of functional
specificity in response to somatosensory feedback after SCI.
We finish by discussing the functional roles of somatosensory
feedback from lumbar and perineal regions and its potential to
promote the recovery of motor functions after SCI.

SOMATOSENSORY FEEDBACK INHIBITS
OR FACILITATES HINDLIMB
LOCOMOTION

During locomotion, somatosensory feedback from receptors
located in muscles, joints, and skin of the limbs interacts
dynamically with the spinal locomotor CPG to regulate phase
durations and transitions as well as to change the magnitude
of muscle activity to meet task demands (reviewed in Duysens
et al., 2000; Dietz, 2002; Rossignol et al., 2006; Pearson, 2008).

For example, electrically stimulating the ankle extensor nerve at
group I strength resets the rhythm from flexion to extension or
prolongs the ongoing extensor burst during fictive locomotion
in decerebrate cats (Conway et al., 1987; Gossard et al., 1994;
Guertin et al., 1995; Schomburg et al., 1998; Frigon et al., 2010).
Simulating flexor muscle afferents and cutaneous afferents from
the foot also resets or entrains the fictive locomotor rhythm
(Duysens, 1977; Guertin et al., 1995; Perreault et al., 1995;
Schomburg et al., 1998; Lam and Pearson, 2001; Stecina et al.,
2005; Frigon et al., 2010). Resetting and entraining the locomotor
rhythm suggest that inputs have direct access to spinal rhythm-
generating circuitry (Conway et al., 1987; Hultborn et al., 1998;
Schomburg et al., 1998; McCrea and Rybak, 2008; Pearson,
2008; Gossard et al., 2011; Frigon et al., 2012b). In humans,
somatosensory feedback from the limbs also interacts with spinal
networks (reviewed in Duysens et al., 2000; Dietz, 2002). For
example, afferents that signal hip-joint position are critical for
H-reflex modulation at various hip angles (Chapman et al., 1991;
Brooke et al., 1993; Knikou and Rymer, 2002b), and for switching
reflex actions from inhibitory to facilitatory (Knikou and Rymer,
2002a). Although somatosensory inputs from the limbs plays
a major role in regulating the locomotor rhythm, those from
the lumbar and perineal regions also interact with the spinal
locomotor CPG to shape locomotor activity.

Inhibition of the Spinal Locomotor CPG
With Mechanical Stimulation of the
Lumbar Region
Studies in rabbits and cats have shown that activating
mechanoreceptors of the lumbar region inhibits spinal neuronal
circuits that generate weight support and locomotion (Viala and
Buser, 1974; Viala et al., 1978; Frigon et al., 2012b; Hurteau
et al., 2015; Merlet et al., 2020). In curarized decerebrate
rabbits with intact or transected spinal cords, mechanical or
selective electrical stimulation of a dorsal lumbosacral cutaneous
nerve, at an intensity that recruits Aδ fibers, instantly abolished
fictive locomotor-like activity (Viala and Buser, 1974; Viala
et al., 1978). More recently, it was shown that pinching the
lumbar skin abolished locomotor-like activity during terminal
experiments in chronic spinal decerebrate cats treated with
clonidine, an α2-noradrenergic agonist known to facilitate
hindlimb locomotion or locomotor-like activity in spinal cats
(Frigon et al., 2012b). In this study, however, the hindlimbs
were restrained. Pinching the lumbar skin resets the locomotor-
like rhythm to flexion and maintained it in flexion. In another
study in awake chronic spinal cats not treated pharmacologically,
also with the hindlimbs restrained, mechanically stimulating
the lumbar region with vibration or manual pinch abolished
locomotor-like activity initiated by electrically stimulating the
superficial peroneal or distal tibial nerve (Merlet et al., 2020).
During treadmill locomotion, pinching the lumbar skin abolished
weight support and hindlimb movements in chronic spinal
cats (Hurteau et al., 2015). In rabbits and cats, the powerful
inhibitory effect persists as long as the mechanical stimulation is
applied. In humans, the inhibitory mechanism from the dorsal
lumbar region to spinal locomotor networks appears to have

Frontiers in Neuroscience | www.frontiersin.org 2 July 2021 | Volume 15 | Article 720542

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-720542 July 22, 2021 Time: 16:58 # 3

Merlet et al. Modulation of Spinal Network

been conserved because pinching the lumbar skin in a subject
with a motor complete SCI abolished spontaneous involuntary
rhythmic activity (Nadeau et al., 2010).

The most consistent inhibitory effects were observed with
cutaneous stimulation centered at mid lumbar levels, from L2
to L5 in rabbits and cats (Viala and Buser, 1974; Hurteau et al.,
2015). The area of effective stimulus is large in rabbits (> 0.3 cm2)
(Viala and Buser, 1974) and cats (> 1 cm2) (Hurteau et al.,
2015). In rabbits, the inhibitory effect was attributed to the
activation of Aδ fibers from the lumbosacral skin (Viala et al.,
1978). This study performed two experiments where they 1)
recruited different groups of fibers through a progressive increase
in electrical stimulation intensity and 2) isolated selective groups
of fibers (Viala et al., 1978). In both experiments, the activation
of Aδ fibers was clearly inhibitory whereas the activation of
other afferents was moderately (Aα, Aβ) or strongly (C fibers)
excitatory (Viala et al., 1978). However, a slight pressure to the
lumbar region was sufficient to reduce weight support in chronic
spinal cats (Hurteau et al., 2015), indicating the involvement of
non-nociceptive afferents from low-threshold mechanoreceptors
in the inhibition. Thus, it is possible that Aα and Aβ fibers are also
involved. Moreover, although the majority of Aδ fibers are high
threshold nociceptive afferents, a subset of these fibers responds
to non-nociceptive low threshold stimuli (Abraira and Ginty,
2013). After removing the skin, applying pressure to a spinous
process also blocked locomotion, consistent with the involvement
of inputs other than cutaneous in the inhibition of the spinal
locomotor circuitry (Viala et al., 1978). Thus, at present, we
cannot confirm with certainty the type of afferents involved
in the inhibition of weight bearing and hindlimb locomotion
with stimulation of the lumbar region. Additionally, a systematic
investigation is required to determine the dermatomes and
somatosensory afferent types with potential inhibitory actions on
rhythmic activity in humans.

Facilitation of the Spinal Locomotor CPG
With Mechanical Stimulation of the
Perineal Region
Stimulation of the skin of the perineal region (scrotum, vulva,
base of tail and inguinal fold) facilitates hindlimb locomotion
and weight support in spinal mammals. For decades, researchers
have used perineal stimulation to initiate fictive locomotion
in acute spinal decerebrate curarized preparations treated with
clonidine or L-3,4-dihydroxyphenylalanine (L-DOPA) (Forssberg
and Grillner, 1973; Pearson and Rossignol, 1991; Pearson et al.,
1992; McCrea et al., 1995; Bennett et al., 1996) and to facilitate
or reinforce hindlimb locomotion in chronic spinal mammals
(Barbeau and Rossignol, 1987; Belanger et al., 1996; Leblond
et al., 2003; Langlet et al., 2005; Hochman, 2012; Alluin et al.,
2015; Harnie et al., 2019). However, the increase of spinal
neuronal excitability is mediated by an undefined mechanism
(Pearson and Rossignol, 1991; Harnie et al., 2019). We recently
showed, in chronic spinal cats with the hindlimbs restrained, that
stimulating the perineal region with vibration or pinch facilitated
or triggered rhythmic locomotor-like activity (Merlet et al.,
2021). In this study, a base rhythm was initiated by electrically

stimulating the superficial peroneal and distal tibial nerves at
0.5 Hz. The electrical stimuli initiated flexor bursts approximately
every 2 s and extensor bursts occurred spontaneously and
were terminated by the next electrical stimulus. Thus, electrical
stimulation initiated and entrained the rhythm. The addition
of mechanical stimulation (pinch or vibration) of the perineal
region significantly modulated the rhythmic activity initiated by
the electrical nerve stimulation by increasing the frequency and
amplitude of bursts in hindlimb muscles. It also disrupted the
entrainment of the rhythm by the electrical stimuli by reducing
cycle duration, possibly imposing its own entrainment. After
stopping perineal stimulation, the electrical nerve stimulation
resumed entraining the rhythm. Although perineal stimulation
improves locomotor performance in chronic spinal cats with
weak locomotor activity, it has a negligible or even detrimental
effect on cats with an already robust locomotor pattern (Harnie
et al., 2019). Indeed, in spinal cats with a robust hindlimb
locomotion, perineal stimulation disrupts the pattern, producing
exaggerated flexion or extension movements and improper left-
right alternation. In other words, too much excitability to the
spinal locomotor CPG is detrimental.

What type of afferent fibers mediate the facilitatory effect
from the perineal region? The skin and muscles around the
perineal region are innervated by the pudendal nerve inserting
at the level of the second, third and fourth sacral roots (Martin
et al., 1974). To our knowledge, no studies have determined
the type of cutaneous fibers that mediate the excitatory effect
on the spinal locomotor CPG. However, stimulating nociceptive
or non-nociceptive sacral afferents is known to evoke fictive
locomotor-like activity in isolated spinal cord preparations of
neonatal mouse and rats (Lev-Tov et al., 2000; Strauss and Lev-
Tov, 2003; Etlin et al., 2013; Mandadi et al., 2013). Thus, it is likely
that low- and high-threshold afferents from the perineal region
facilitate hindlimb locomotion.

SOMATOSENSORY FEEDBACK FROM
LUMBAR AND PERINEAL REGIONS,
RESPECTIVELY, INCREASE AND
DECREASE REFLEX GAIN

One approach to determine how inputs from the lumbar and
perineal regions affect spinal sensorimotor circuits is to evoke
reflexes while applying mechanical stimulation to the lumbar or
perineal regions. One study showed that somatosensory feedback
from the lumbar skin altered responses to stretch of the triceps
surae muscles in decerebrate spinal cats treated with clonidine
where the hindlimbs were restrained (Frigon et al., 2012b).
A 2.5 s ramp-and-hold stretch evoked locomotor-like bursts in
extensor and flexor muscles bilaterally that continued after the
stretch. The same stretch applied while pinching the lumbar
skin mainly produced a large sustained activity in the ipsilateral
semitendinosus, a muscle not stretched, with no activity in the
ipsilateral soleus.

Recently, we investigated the modulation of cutaneous reflexes
from the foot by stimulating the lumbar (Merlet et al., 2020)
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and perineal (Merlet et al., 2021) regions in chronic spinal
cats with the hindlimbs restrained. These cats did not receive
a pharmacological treatment. To evoke cutaneous reflexes, we
electrically stimulated (trains of 3 pulses at 300 Hz every 2 s)
the superficial peroneal and distal tibial nerves at ankle level
and recorded responses in ipsilateral and contralateral muscles.
We showed that mechanically stimulating the lumbar region
with vibration or pinch increased ipsilateral and crossed short-
latency excitatory cutaneous reflex responses while perineal
stimulation, in contrast, decreased reflex responses. In other
words, stimulating the lumbar region inhibits locomotor
and weight bearing activity but increases reflex gain while
perineal stimulation produces an opposite effect, facilitation
of locomotion and weight bearing while reducing reflex gain.
Interestingly, perineal stimulation could also change the type
of reflex response evoked by nerve stimulations, from positive
to negative responses. Figure 1 illustrates the main effects of
mechanically stimulating the lumbar and perineal regions on
rhythmic activity and on electrically evoked cutaneous reflexes
in hindlimb muscles of chronic spinal cats with the hindlimbs
restrained.

MECHANISMS INVOLVED IN
MODULATING SPINAL LOCOMOTOR
CPG ACTIVITY AND CUTANEOUS
REFLEXES

How do inputs from the lumbar and perineal regions inhibit or
facilitate hindlimb locomotion? In contrast to stimulating the
lumbar region, inputs from the perineal region do not reset
the rhythm to flexion or extension. Instead, perineal inputs
appear to boost the overall excitability of the network generating
locomotion by increasing the magnitude of muscle activity and
the cadence. Let us explain these results by considering that
the spinal locomotor CPG is separated in two levels, rhythm
generation and pattern formation, a concept originally proposed
by Perret et al. (1988) [see McCrea and Rybak (2008) for
a review and discussion]. In this organization, the rhythm
generator sets the timing (i.e., the clock function) while the
pattern formation layer controls motoneuron activations. As
inputs from the lumbar skin often reset the rhythm to flexion,
this is generally taken as evidence that signals have direct access
to the rhythm generator (Hultborn et al., 1998; McCrea and
Rybak, 2008; Pearson, 2008; Gossard et al., 2011; Frigon, 2012).
On the other hand, inputs from the perineal region do not
reset the rhythm. Instead, they increase the magnitude of muscle
activity with a slight increase in cadence. Thus, inputs from the
perineal region would primarily access the pattern formation
level with weak to no effects on the rhythm generator, as the
pattern formation level also has some rhythmogenic capabilities
(McCrea and Rybak, 2008).

Where do sensory inputs from the lumbar and perineal
regions project to in the spinal cord in relation to the neuronal
circuits involved in locomotion? In the cat, lumbar skin afferents
project to segments L4 and L5 (Kuhn, 1953). These spinal

segments contain motoneuron pools that innervate hip flexors
(e.g., iliopsoas and sartorius), the quadriceps, as well as hip
adductors (Vanderhorst and Holstege, 1997). The mid-lumbar
segments in the cat also contain critical rhythm generating
elements for locomotion (Marcoux and Rossignol, 2000; Langlet
et al., 2005). Thus, anatomically, inputs from the lumbar skin
project directly to segments that likely contain the spinal
locomotor CPG. In the cat, afferents from the perineal region
enter the spinal cord more caudally, at sacral segments S1-S3
(Kuhn, 1953). One study showed that electrically stimulating
the sensory pudendal or superficial perineal nerves evoked field
potentials in medial parts of laminae V, VI and X at S1-S3 in
the spinal cord of chloralose anesthetized or decerebrate cats
(Fedirchuk et al., 1992). In cats, the rostral sacral segments
contain motoneuron pools that innervate the bladder, the
urethral sphincter muscle and pelvic floor muscles (Vanderhorst
and Holstege, 1997). They also contain motoneurons of hindlimb
muscles, such as the hamstring (e.g., semitendinosus, biceps
femoris) and gluteal (e.g., gluteus medius and maximus) muscles,
ankle extensors (e.g., triceps surae, plantaris) and distal muscles
of the hindpaw (Vanderhorst and Holstege, 1997). Motoneurons
innervating tail muscles are also located at sacral levels (Wada
et al., 1990). Thus, perineal afferents also project directly to
spinal segments that contain motoneurons to multiple hindlimb
muscles. Although, the main core of the spinal locomotor CPG
is likely at mid-lumbar segments in the cat, rhythmogenic
capabilities are distributed over several spinal segments. One
study showed that injecting α noradrenergic blockers from T10 to
L7, the most caudal segment investigated, prevented spontaneous
locomotion in decerebrate cats (Delivet-Mongrain et al., 2008),
suggesting that noradrenergic mechanisms in these segments are
important for rhythmogenic capabilities.

How do sacral segments interact with lumbar circuits
that generate hindlimb locomotion? Lev-Tov and colleagues
have investigated this question using the isolated spinal cord
preparation of the neonatal rat [reviewed in Lev-Tov et al.
(2010), Cherniak et al. (2014)]. The sacral spinal cord contains
rhythm-generating elements that are strongly activated by
somatosensory afferents and by noradrenergic and glutamatergic
agonists. Interestingly, under most experimental conditions,
the sacral rhythm-generating network is concurrently active
with the lumbar spinal locomotor CPG. For instance, bath
application of the glutamatergic agonist N-Methyl-D-aspartate
(NMDA) and serotonin to the isolated neonatal rat spinal cord
generates rhythmic motor bursts at lumbar and sacral levels
(Cherniak et al., 2014). With spinal transection at the lumbosacral
junction, the lumbar rhythm continues while the sacral rhythm
stops (Cherniak et al., 2014). In contrast, with methoxamine,
an α-1 noradrenergic agonist, applied to the isolated spinal
cord, spinal transection at the lumbosacral junction abolishes
the lumbar rhythm while the sacral rhythm continues. These
results indicate powerful bi-directional interactions between
rhythm-generating networks located at lumbar and sacral levels.
Functionally, these interactions could help coordinate tail and
hindlimb movements in certain mammals, such as rats and
cats. Studies have shown that inputs from somatosensory
afferents entering at sacral levels project, through crossed and
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FIGURE 1 | Modulation of hindlimb muscle activity and electrically evoked cutaneous reflexes when pinching the lumbar or perineal skin. (A) Each panel shows the
electromyography (EMG) activity from the ipsilateral (I) and contralateral (C) semitendinosus (St, blue), lateralis gastrocnemius (LG, red), iliopsoas (IP, blue) and vastus
lateralis (VL, red) while stimulating the superficial peroneal nerve before, during (in gray) and after pinch of the lumbar and perineal regions. The timing of the
stimulation (Stim) is shown below the EMGs. Panels are from two representative cats. (B) Short-latency ipsilateral and contralateral reflex responses evoked by
stimulating the superficial peroneal (SP) are shown for each period of the trial in selected hindlimb muscles. Waveforms are averages of 13–15 stimulations per
period for a representative cat in an 80 ms window. To better visualize short-latency inhibitory responses, we superimposed averaged traces that received a
stimulation (line in blue or red) with averaged traces without stimulation (line in gray). On the right, the results of reflex responses modulation of selected muscles with
lumbar or perineal pinch are illustrated (↑, significant increase; ↓, significant decrease;↔, non-significant difference in reflex responses). The figure is modified and
reproduced with permission from Merlet et al. (2020, 2021).

uncrossed projections, directly to the lumbar locomotor CPG
and indirectly via propriospinal relay neurons (Lev-Tov et al.,
2000; Strauss and Lev-Tov, 2003). As stated earlier, these inputs
originate from low- and high-threshold somatosensory afferents
(Lev-Tov et al., 2010). Whether similar interactions between

lumbar and sacral rhythm-generating networks persist in the
adult spinal cord requires investigation, although rhythmic
activity does occur in tail motoneurons of adult cats with a
high spinal transection treated with L-DOPA and nialamide
(Wada et al., 1996).
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How does somatosensory feedback from the lumbar and
perineal regions affect transmission in reflexes from the foot
evoked by stimulating the superficial peroneal and distal
tibial nerves? Cutaneous reflexes from the foot are mediated
through polysynaptic pathways and project to several motor
pools bilaterally via spinal interneurons intercalated between
primary afferents and motoneurons (Lundberg et al., 1977;
Pierrot-Deseilligny et al., 1981; Crone et al., 1987; Jankowska,
1992). In our studies, the modulation of cutaneous reflex
gain with lumbar or perineal stimulation was independent of
background electromyography activity preceding the sensory
volley, consistent with premotoneuronal mechanisms (Merlet
et al., 2020, 2021). Premotoneuronal mechanisms can include
gating the transmission of interneurons within or outside the
reflex pathway or by changing neurotransmitter release at the
primary afferent terminal (e.g., through presynaptic inhibition).
Afferents from the superficial peroneal and distal tibial nerves
project to spinal segments L5 to L7 (Kuhn, 1953). Remember
that lumbar skin and perineal afferents mainly project to
spinal segments L4–L5 and S1–S3, respectively. It is known
that cutaneous afferents upon entering the spinal cord branch
out and project to a few segments rostrocaudally (Abraira
and Ginty, 2013). As such, there is overlap in projections
between cutaneous afferents from the lumbar and perineal
regions and those traveling in the superficial peroneal and distal
tibial nerves. This means that lumbar and perineal afferents
can interact with local interneurons that transmit cutaneous
inputs from primary afferents of the superficial peroneal and
distal tibial nerves or that control presynaptic inhibition of
these afferents. The increase in the gain of reflexes evoked by
stimulating superficial peroneal and distal tibial nerve afferents
during lumbar stimulation could involve a disinhibition of these
afferents. As we observed a generalized decrease in the gain of
reflexes from superficial peroneal and distal tibial nerve afferents
to multiple hindlimb muscles during perineal stimulation, the
simplest explanation is reduced neurotransmitter released from
primary afferent terminals.

A change in the state of the spinal network, triggered by
stimulating the lumbar or perineal regions, likely played an
important role in modulating cutaneous reflexes from the foot.
Mechanically stimulating the lumbar skin stops locomotion.
Thus, the spinal network goes from a locomotor state to another
state not conducive to generate locomotion. We cannot call this
a ‘resting’ state because we frequently observe sustained activity
in flexor muscles. It is possible that the flexor-generating portion
of the spinal locomotor CPG becomes stuck in flexion. Perineal
stimulation, on the other hand, increases the excitability of the
spinal locomotor network. Although this is not a change in
state per se, the locomotor network is in a more excitable state.
We know that locomotion modulates cutaneous reflexes from
the foot in a state-dependent manner. For example, cutaneous
reflexes in spinal cats are modulated with speed (Hurteau et al.,
2017) and with left-right speed differences during split-belt
locomotion (Hurteau and Frigon, 2018). Studies in humans have
also shown that cutaneous reflexes are modulated in a task-
dependent manner (reviewed in Zehr and Stein, 1999), such as
standing versus running (Duysens et al., 1993; Tax et al., 1995)

or walking (Komiyama et al., 2000), and in cycling versus static
contraction (Zehr et al., 2001). In parallel with observations made
in cats, it has been suggested that the task-dependent cutaneous
reflex modulation observed in humans is mediated in part by the
spinal locomotor CPG (Brooke et al., 1997; Duysens and Van de
Crommert, 1998).

It is also possible that the modulation of cutaneous reflexes
is due to the activation of spinal circuits that control other
functions by afferents from the lumbar and perineal regions.
For example, in our spinal cats, we often observe that perineal
stimulation or hindlimb locomotion triggers micturition, even
with a small amount of urine in the bladder, as we thoroughly
empty the bladders before experimentation. Although this
is discussed in more detail later on, it is in line with
other studies in chronic spinal cats that have reported that
bladder contractions, induced by the opiate antagonist naloxone
(Thor et al., 1983), by electrical or mechanical perigenital
stimulation (Tai et al., 2006, 2008) or occurring spontaneously
during micturition (Giuliani and Smith, 1987) also triggered
and/or coincided with hindlimb stepping movements (Jolesz
et al., 1982; Thor et al., 1983; Giuliani and Smith, 1987;
Tai et al., 2006). Micturition is also a potent modulator of
transmission in cutaneous reflexes to hindlimb muscles. For
instance, one study showed that micturition reduced excitatory
post-synaptic potentials in hindlimb motoneurons evoked by
stimulating perineal or pudendal afferents in decerebrate cats
(Fedirchuk et al., 1994). Studies have reported primary afferent
depolarization (PAD), an indicator of presynaptic inhibition,
in perineal and pudendal afferents during micturition, with
no excitability changes occurring with bladder distension in
the absence of micturition (Angel et al., 1994; Buss and
Shefchyk, 1999). Micturition also seems to produce inhibition
of interneurons interposed in the pathways from perineal and
pudendal afferents to hindlimb motoneurons (Buss and Shefchyk,
2003). As illustrated by Shefchyk (2006), the central circuitry
for micturition has access to various inhibitory pathways. Some
of these inhibitory pathways likely influence transmission in
cutaneous afferents from the foot.

Therefore, it is likely that the spinal networks for locomotion
or micturition gate the activity of neurons in reflex pathways
from the superficial peroneal and distal tibial nerves to hindlimb
motoneurons by changing the balance between excitation and
inhibition at one or several modulation sites. To summarize,
we propose that somatosensory feedback from lumbar or
perineal regions, the spinal locomotor CPG and/or the spinal
circuitry for micturition project to a mechanism that controls
neurotransmitter release of primary afferents and the excitability
of neurons within the reflex pathways, thereby increasing or
decreasing reflex gain. The modulatory mechanism, which may
or may not be part of the spinal locomotor CPG, could
involve networks of inhibitory interneurons that regulate pre-
and post synaptic inhibition. Figure 2 illustrates potential
mechanism involved in the modulation of hindlimb locomotion
and cutaneous reflexes, evoked by superficial peroneal nerve
stimulation, with lumbar and perineal stimulation. It is, however,
important to consider that the observed effects on cutaneous
reflexes and hindlimb locomotion in response to stimulation
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FIGURE 2 | Schematic illustration of potential mechanisms modulating hindlimb locomotion and cutaneous reflexes with lumbar or perineal stimulation. Some
potential mechanisms involved in the modulation of hindlimb locomotion and cutaneous reflexes, evoked by superficial peroneal (SP) nerve stimulation, with lumbar
(blue) or perineal stimulation (red) are illustrated. Afferents from the SP nerve project to (1) spinal neurons and elicit reflex responses and to (2) a two-level central
pattern generator (CPG) that includes rhythm generation (RG), and pattern formation (PF) levels. (3) Inputs from the perineal region primarily affect the PF level with
weaker effects on the RG whereas (4) inputs from the lumbar region directly access the RG level. (5) The state of the spinal locomotor CPG controls the modulatory
mechanism. (6) The modulatory mechanism controls neurotransmitter release of primary afferents from the SP nerve and the excitability of neurons within the reflex
pathway. Inputs from the (7) perineal or (8) lumbar region projects to neurons that regulate the excitability of the modulatory mechanism. E, extensors; F, flexors; IN,
interneurons; MN, motoneuron.

of lumbar or perineal region could result from changes
within the spinal cord induced by the transection and loss of
supraspinal inputs.

Changes in Reflex Pathways Following
Spinal Cord Injury
After a complete SCI, sensorimotor functions and interactions
in the spinal cord are dramatically altered because of the
loss of descending inputs, resulting in marked modification
and reorganization of synaptic transmission at the level of
primary afferents, interneurons, and motoneurons (reviewed
in Hultborn, 2003; Frigon and Rossignol, 2006; Rossignol and
Frigon, 2011). An immediate effect of complete SCI is the loss of
neuronal excitability. Indeed, brainstem pathways release potent
neuromodulators, such as serotonin and noradrenaline, that
adjust the excitability of spinal neurons (Hammar and Jankowska,
2003; Hammar et al., 2004; Heckman et al., 2009; Noga et al.,
2009, 2011; García-Ramírez et al., 2014). These monoamines
activate intrinsic membrane properties, such as persistent
sodium or calcium inward currents (PICs) that generate
sustained depolarizations (Heckman et al., 2003; Hultborn,
2003). Immediately after SCI, the loss of monoaminergic drive
markedly decreases spinal reflexes due to the decrease in the
excitability of interneurons and motoneurons (Kuhn, 1950;

Conway et al., 1987; Bennett et al., 1999, 2001, 2004; Hultborn,
2003). In humans, stretch reflexes are also absent or depressed
during spinal shock, immediately after SCI (Leis et al., 1996;
Hultborn, 2003). As neuronal excitability returns, highlighted by
the ability to generate PICs and plateau potentials (Bennett et al.,
2001; Murray et al., 2010), spinal reflexes recover and can become
exaggerated or disorganized (Hultborn, 2003; Frigon et al., 2011,
2012a). The same observations have been made in humans with
SCI (Hiersemenzel et al., 2000; Hultborn, 2003).

Cutaneous reflexes are greatly impacted by the spinal
transection because spinal interneuronal networks mediating
cutaneous reflexes receive strong inhibitory projections from
supraspinal structures (Schomburg, 1990) and/or because of
the expansion of cutaneous receptive fields, as reported in
rats (Schouenborg et al., 1992) and humans (Andersen et al.,
2004). For example, stimulating cutaneous nerves during stance
normally evokes short-latency inhibition in extensor muscles
of intact cats (Duysens, 1977; Abraham et al., 1985; Frigon
and Rossignol, 2006, Frigon and Rossignol, 2007, 2008; Frigon
et al., 2009; Hurteau et al., 2018). However, after spinal
transection, the same cutaneous inputs generate a short-latency
excitatory response (Forssberg et al., 1975; Frigon and Rossignol,
2008). In humans, cutaneous transmission is also altered after
SCI (Levin and Chapman, 1987; Fung and Barbeau, 1994;

Frontiers in Neuroscience | www.frontiersin.org 7 July 2021 | Volume 15 | Article 720542

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-720542 July 22, 2021 Time: 16:58 # 8

Merlet et al. Modulation of Spinal Network

Knikou and Conway, 2001). These studies evaluated changes in
transmission of cutaneous pathways by stimulating low threshold
cutaneous afferents and observing modulatory effects on soleus
H-reflexes (Levin and Chapman, 1987; Fung and Barbeau, 1994;
Knikou and Conway, 2001). For example, Levin and Chapman
(1987) reported that transmission in the pathways mediating
the facilitation from the superficial peroneal nerve is depressed
in complete SCI subjects compared with intact individuals.
These reflex changes could be due to modifications in inhibitory
influences within spinal sensorimotor circuits, such as altered
presynaptic and/or reciprocal inhibition (Frigon and Rossignol,
2006, 2008). Other possible changes in reflex circuitry include
the activation of latent connections, changes in synaptic strength
via long−term potentiation or depression and formation of new
connections through axonal sprouting (Frigon and Rossignol,
2006, 2008). Alterations in processing of spinal interneurons
seems a likely mechanism in reflex changes after SCI, which
would directly modify cutaneous transmission.

SPINAL CORD INJURY LEADS TO A
LOSS OF FUNCTIONAL SPECIFICITY IN
RESPONSE TO SOMATOSENSORY
FEEDBACK

In an intact healthy system, the activation of somatosensory
afferents leads to a predictable functional response. However,
after SCI, the same somatosensory stimuli can lead to abnormal
responses, such as occurs with the development of spasticity,
broadly defined as the appearance of hyperreflexia, clonus, and
muscle spasms (reviewed in Dietz, 2000; Biering-Sørensen et al.,
2006; Nielsen et al., 2007). In other words, there is a loss of
functional specificity.

One example showing the loss of functional specificity is
with changes in simple reflex pathways, such as the stretch
reflex. In a healthy system, stretching a muscle generally elicits
excitatory responses in the stretched muscle and its synergists.
However, after SCI, stretch of a given muscle can activate
muscles throughout the legs. Frigon et al. (2011) showed that
stretching the triceps surae muscles did not elicit activity in
the soleus muscle, a mono-articular ankle extensor, of acute
and chronic spinal-transected decerebrate cats, with variable
activity in the bifunctional lateral gastrocnemius muscle, an ankle
extensor and knee flexor. Instead, the stretch of the triceps surae
muscles consistently evoked activity in other muscles, such as the
semitendinosus (knee flexor/hip extensor), the anterior sartorius
(hip flexor/knee extensor) and the tibialis anterior (ankle flexor)
muscles. The same observation has been made in people with SCI.
Dimitrijevic and Nathan (1967) observed a post-stretch discharge
that could spread to several muscles of both legs. This loss of
functional specificity between stretch-related inputs and spinal
neurons likely impairs motor coordination after SCI.

The loss of functional specificity is not limited to simple reflex
pathways. As stated earlier, another example demonstrating the
loss of functional specificity after SCI is the concurrent activation
of micturition and locomotion. In spinal cats, micturition can

be triggered by having the animals step on a treadmill or
by mechanically stimulating the perineal region, which also
elicits stepping movements. Why does concurrent activation
of micturition and hindlimb locomotion occur after spinal
transection? To understand this, we must first understand how
micturition is controlled. For excellent reviews on the control
of micturition in animals and humans, we refer the reader to
de Groat et al. (2001, 2014), Shefchyk (2002, 2006). Contraction
of the smooth muscle of the bladder and the striated urethral
sphincter muscle prevents micturition by closing the urethra (de
Groat et al., 2001; Shefchyk, 2006). Spinal motoneurons, located
at S1-S3, control the urethral sphincter muscle (Vanderhorst and
Holstege, 1997). For micturition to occur, sacral parasympathetic
bladder preganglionic neurons suppress sphincter muscle activity
(Barrington, 1914; Sackman and Sims, 1990; Shefchyk, 2006).
This opens the urethra and lets urine out of the contracting
bladder. Sphincter motoneurons receive excitatory segmental
sensory inputs from perineal (a branch of the pudendal nerve),
pudendal and urethral afferents, as well as descending inputs
from the brain (Fedirchuk et al., 1994; Buss and Shefchyk, 1999;
Shefchyk, 2006). Sphincter motoneurons, in contrast to other
spinal motoneurons, have weak or absent monosynaptic inputs
from primary afferents and they lack functional reciprocal and
recurrent inhibition (Mackel, 1979; Buss and Shefchyk, 1999;
Shefchyk, 2006). Sphincter motoneurons are well suited for tonic
discharge because of their high excitability and membrane input
resistance (Hochman et al., 1991; Sasaki, 1991; Shefchyk, 2006).
This tonic discharge maintains closure of the urethra when the
bladder fills, which is most of the time. Sphincter motoneurons
also display sustained activity, or PICs, which are facilitated
by serotonin and noradrenaline (Paroschy and Shefchyk, 2000).
This undoubtedly contributes to the tonic discharge of sphincter
motoneurons, thus keeping the urethra closed.

Similar to the mesencephalic locomotor region, which
elicits locomotion when electrically stimulated (Shik et al.,
1966), a neuronal circuitry in the brainstem can initiate
micturition without requiring somatosensory feedback, as shown
with electrical stimulation of the brainstem in decerebrate
cats following lumbosacral deafferentation (Shefchyk, 1989).
Micturition occurs by inhibiting urethral sphincter motoneurons
through the activation of a chloride conductance, as shown
in decerebrate cats (Fedirchuk and Shefchyk, 1993; Shefchyk
et al., 1998). This inhibition is mediated by local GABAergic and
glycinergic spinal interneurons (Blok et al., 1997, 1998; Sie et al.,
2001). As stated, hindlimb motoneurons receive excitatory inputs
from perineal and pudendal afferents (Fedirchuk et al., 1994; Buss
and Shefchyk, 1999). However, during micturition, transmission
in these pathways is normally reduced or completely suppressed.
Complete SCI disrupts descending pathways that interact
with neuronal circuits controlling locomotion and micturition,
leading to their concurrent activation. This concurrent activation
suggests that bladder afferents project to the spinal locomotor
CPG or that the neuronal circuits generating micturition and
locomotion share common neuronal elements, or both. The
abnormal activation of micturition with perineal stimulation
could also result from the re-emergence of a suppressed neonatal
response. Activating mechanoreceptors from the perineal region
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in neonatal kittens and rats, when the mother licks the perineal
region of the neonate, has an excitatory effect on neurons
producing bladder contractions (reviewed in de Groat et al.,
2014). Similar reflexes have been identified in human infants
(Boehm, 1966). This micturition reflex gradually disappears
during postnatal development, becoming inhibitory. However,
it re-emerges after SCI in adult mammals and humans
(de Groat et al., 2014).

Two interesting models have been proposed to explain
changes in spinal sensorimotor functions and interactions
after SCI. The first is Wolpaw’s “Negotiated equilibrium
hypothesis” (Wolpaw, 2018). In this model, brain and spinal cord
plasticity interact, or negotiate, to generate new behaviors while
maintaining old ones. For example, this negotiated equilibrium
ensures that we do not forget to walk if we learn to dance, which
likely makes use of shared spinal neuronal circuits. Each behavior
results from plasticity in the brain that induces and maintains
plasticity in the spinal cord. After complete SCI, however, the
control normally provided by the brain is lost and the spinal cord
can no longer update the brain on behavioral performance. In
other words, the brain can no longer negotiate with the spinal
cord to maintain neuronal properties and synaptic functions
in an equilibrium to maintain innate and acquired behaviors.
Without the brain to guide its plasticity, maladaptive changes
occur in the spinal cord. This results in sensorimotor deficits and
loss of function and specificity. With incomplete SCI, although
negotiations between the brain and spinal cord continue, they
are abnormal, depending on the severity of the injury and spared
pathways/circuits.

The second model is Martin’s competition model. In this
model descending pathways from supraspinal structures and
somatosensory afferents “compete” for space in the spinal cord
and control of its functions (Jiang et al., 2016, 2019). To
demonstrate this, Jiang et al. (2016) investigated changes in
corticospinal connectivity in the rat spinal cord with chronic
electrical stimulation of proprioceptive afferents or following
dorsal root sections. Stimulating proprioceptive afferents caused
sprouting of their projections and withdrawal of corticospinal
axons. In contrast, dorsal roots sections led to increased
corticospinal connections. Thus, according to the competition
model, after complete SCI, the loss of connections from
supraspinal structures leads to sprouting of somatosensory
afferents that fill the space left by retracting supraspinal axons.
As descending inputs no longer control somatosensory afferents,
this leads to maladaptive changes in spinal cord function.

Therefore, these models could explain sensorimotor deficits
and loss of function and specificity observed after SCI, such as the
concurrent activation of micturition and hindlimb locomotion as
well as the development of spasticity.

FUNCTIONAL AND CLINICAL
CONSIDERATIONS

What is the functional significance of the pathways from the
lumbar and perineal regions to spinal networks that generate
locomotion and weight support? The inhibitory effect of

mechanically stimulating the lumbar region in rabbits reflects
a state of “hypnotic” akinesia (Viala and Buser, 1974). Some
vertebrate species have “hypnotic responses” to external stimuli
(Gallup, 1974), defined as a behavioral state where the animal is
immobilized and desensitized to external stimuli (Fleischmann,
1988; Pozza et al., 2008). In some mammals, including cats,
immobilization can be induced by pinching or clipping the skin
at certain sites, such as the neck, to facilitate the carrying of
a newborn by its mother (Pozza et al., 2008). The inhibitory
effect of mechanically stimulating the lumbar region could
also facilitate mating behavior (Van der Horst and Holstege,
1998) or evoke a rapid transition to a crouching gait to move
the body away from the stimulus (Hurteau et al., 2015). The
functional purpose of the pathway from the perineal region
to the spinal locomotor CPG is not clear. It could play an
important survival function, such as facilitating the switch
from an exploratory to an escape behavior when a predator
contacts this sensitive area (Smith et al., 1988; Lev-Tov and
Delvolvé, 2000; Lev-Tov et al., 2000; Whelan et al., 2000; Delvolvé
et al., 2001; Bonnot et al., 2002; Strauss and Lev-Tov, 2003;
Frigon and Rossignol, 2006; Cherniak et al., 2014; Merlet et al.,
2021). Therefore, the spinal locomotor CPG might increase
or decrease the gain of cutaneous reflexes from the foot to
modulate the effects of somatosensory inputs from the lumbar
or perineal region in order to adapt the animal’s behavior
to task demands.

From a clinical perspective, the inhibitory mechanism from
the dorsal lumbar region to spinal locomotor networks appears
to have been conserved in humans (Nadeau et al., 2010), as stated
earlier. Interestingly, studies have shown that transcutaneous
spinal cord stimulation of the dorsal lumbar region activates the
spinal locomotor network (Gorodnichev et al., 2012; Musienko
et al., 2013; Gerasimenko et al., 2015). It also reduces some
manifestations of spasticity in complete or incomplete SCI
subjects, such as the resistance to passive stretch and the
occurrence of muscle spasms evoked by cutaneous stimulation
(Hofstoetter et al., 2014, 2020; Estes et al., 2017; Inanici et al.,
2021). These reductions might be due to the activation of spinal
circuits receiving inputs from the lumbar skin. Indeed, studies
that stimulate the lumbar skin, electrically or mechanically (e.g.,
a harness supporting bodyweight during locomotor training),
should consider the potential inhibitory mechanism from the
dorsal lumbar region to spinal circuits controlling locomotion
and weight support (Hurteau et al., 2015).

Surprisingly, the potential benefits of stimulating the perineal
region on locomotor recovery in humans has received little
attention. However, in complete or incomplete SCI subjects,
dorsal penile or clitoral nerve stimulation is effective for treating
neurogenic detrusor hyperactivity and increasing cystometric
bladder capacity (Wheeler et al., 1992; Prévinaire et al., 1996,
1998; Kirkham et al., 2001; Dalmose et al., 2003; Hansen et al.,
2005; Yoo et al., 2007; Horvath et al., 2009). Whether stimulating
perineal afferents affects other sensorimotor functions remains
to be investigated. Additionally, studies reported improvements
in multiple aspects of urogenital and bowel functions, such as
bladder capacity, following locomotor training in SCI patients
(Hubscher et al., 2018; Herrity et al., 2021), suggesting a
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potential link between locomotor movements and other non-
locomotor systems.

CONCLUDING REMARKS AND
PERSPECTIVES

Somatosensory feedback is an essential component of
mammalian locomotion control. Although most studies have
focused on feedback from the limbs, inputs from the lumbar and
perineal regions also exert powerful effects on weight support
and hindlimb locomotion. However, despite the potent effects of
somatosensory feedback from the lumbar or perineal regions
on weight support and locomotor activity in mammals with
complete SCI, this area of research as a therapeutic approach
is largely unexplored. We have attempted to summarize how
stimulation of the lumbar or perineal region modulates the
spinal locomotor CPG and the excitability of reflex circuits
activated by foot afferents, as well as the potential mechanisms
involved. Overall, further investigations are required to increase
our knowledge as to how somatosensory feedback from the
lumbar and perineal regions interacts with spinal sensorimotor

circuits and to determine the benefits of stimulating these regions
in pathological conditions. This knowledge could greatly benefit
humans with sensorimotor disorders.
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