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Systematic research on the physiological and anatomical characteristics of spinal
cord interneurons along with their functional output has evolved for more than one
century. Despite significant progress in our understanding of these networks and
their role in generating and modulating movement, it has remained a challenge to
elucidate the properties of the locomotor rhythm across species. Neurophysiological
experimental evidence indicates similarities in the function of interneurons mediating
afferent information regarding muscle stretch and loading, being affected by motor axon
collaterals and those mediating presynaptic inhibition in animals and humans when their
function is assessed at rest. However, significantly different muscle activation profiles are
observed during locomotion across species. This difference may potentially be driven
by a modified distribution of muscle afferents at multiple segmental levels in humans,
resulting in an altered interaction between different classes of spinal interneurons.
Further, different classes of spinal interneurons are likely activated or silent to some
extent simultaneously in all species. Regardless of these limitations, continuous efforts
on the function of spinal interneuronal circuits during mammalian locomotion will
assist in delineating the neural mechanisms underlying locomotor control, and help
develop novel targeted rehabilitation strategies in cases of impaired bipedal gait in
humans. These rehabilitation strategies will include activity-based therapies and targeted
neuromodulation of spinal interneuronal circuits via repetitive stimulation delivered to the
brain and/or spinal cord.

Keywords: interneurons, locomotion, motoneurons, spinal neural circuits, spinal reflexes

INTRODUCTION

The motor cortex along with other brain areas such as the midbrain, hindbrain, cerebellum, and
basal ganglia are involved in decision making and planning for movement initiation (Dubuc et al.,
2008; Jordan et al., 2008; Knikou, 2012; Drew and Marigold, 2015; Grillner and Robertson, 2015).
However, the quality of movement relies heavily on the translation of descending inputs and the

Abbreviations: CIN, commissural interneuron; CNS, central nervous system; CPG, central pattern generator; DRP, dorsal
root potential; EMG, electromyographic; EPSP, excitatory postsynaptic potential; GABA, y-aminobutyric acid; IaIN, Ia
interneuron; IbIN, Ib interneuron; IPSP, inhibitory postsynaptic potential; NMDA, N-methyl-D-aspartate; PAD, primary
afferent depolarization; PIN, propriospinal interneuron; RC, Renshaw cell.
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feedback from the periphery by spinal motoneurons and
interneurons that form multiple spinal neuronal networks.
Interneurons are multifunctional in that their role is context-
dependent, for example, a given interneuron can operate as a
first-order neuron or as a last-order interneuron in different
spinal reflexes, be incorporated in multiple networks, and
can ultimately contribute to a variety of different movements
(McCrea, 1998; Burke, 1999; Berkowitz, 2010). The complexity
of the spinal interneuronal networks is also exemplified by their
ability to adjust the number of motoneurons being recruited,
and generate rhythmic movements that are environmentally
appropriate  (Sherrington, 1910; Hultborn, 2006; Kiehn,
2016).

The function of spinal interneuronal networks and their
contribution to movement have been extensively investigated
in animals (Jankowska, 2001, 2016a,b; Kiehn, 2016). However,
little effort has been made to relate findings derived from
genetic and neurophysiological studies in animals with those
derived from indirect neurophysiological studies in humans
(Jankowska and Hammar, 2002). Lack of recognition of
similarities and/or differences between spinal interneuronal
networks in animals and humans leads to a misunderstanding
of neural control of movement in humans, and subsequent
lack of targeted neuromodulation protocols after a neurological
injury. In this review, we first discuss the direct and indirect
(i.e., conditioning of monosynaptic and/or polysynaptic
reflex protocols) electrophysiological methods used alone or
in combination with anatomical studies to identify types,
function, and integration of interneurons in animals and
humans. Next, we discuss the classification system based
on the expression of specific transcription factors in the
developing nervous system of rodents (Goulding, 2009;
Kiehn and Dougherty, 2013). Last, we discuss the evidence of
spinal interneurons as controllers of locomotion, in terms of
neural network functional organization, in both animals and
humans.

CLASSIFICATION OF SPINAL
INTERNEURONS

Classification of Spinal Interneurons

Based on Reflex Pathways

Historically, the anatomical and physiological properties of
spinal interneurons were derived from intracellular recordings
of synaptic potentials in response to afferent inputs and
their interaction with other neurons. These recordings were
mainly performed in the most primitive vertebrates with
a limited number of neurons and simple neural networks,
more specifically the lamprey (Grillner et al., 1998), tadpole
(Roberts et al., 1998), and zebrafish (Fetcho et al., 2008). Our
understanding of more complex networks stems from decades
of studies in the adult cat spinal cord that resulted in an
identification system based on the type/origin of the afferent
input received, anatomical location and function (Jankowska,
2001, 2016a,b).

Group la Interneurons

Reciprocal inhibition of agonist and antagonist muscles, one
of the most fundamental spinal neural pathways for neural
control of movement, is largely accomblished by the IaINs.
IaINs are last-order glycinergic inhibitory interneurons that
mediate short-latency inhibition of antagonist motoneurons.
Relaxation of an antagonist muscle following the contraction
of its corresponding agonist muscle was first described by
Sir Charles Sherrington in spinal cats (Sherrington, 1907;
Liddell and Sherrington, 1925; Lloyd, 1946), with one
interneuron being intercalated in the reciprocal inhibitory
pathway and latencies compatible with monosynaptic
transmission (Eccles et al, 1956; Araki et al., 1960). The
synaptic actions of IaINs are exerted predominately on the
somata and proximal part of the motoneuron dendrites,
as revealed via recordings of postsynaptic potentials in
motoneurons following spike activity of single IaINs or
on the reversal potential of the Ia IPSPs in cat spinal
motoneurons (Burke et al, 1971; Jankowska and Roberts,
1972).

IaINs differentiate from V1 embryonic neurons during
development (Alvarez and Fyffe, 2007; Goulding, 2009), and their
molecular characteristics are detailed in Section “Classification
of Interneurons Based on Genetics.” IaINs are located in lamina
VII, dorsal or dorsomedial to their associated motor nuclei
(Jankowska and Lindstrom, 1972), and make multiple synaptic
contacts (~4-11 contacts) with each motoneuron (Brown and
Fyfte, 1981; Rastad et al., 1990). The IPSPs amplitude and
conductance values recorded from cat motoneurons following
the activation of IaINs suggest that the neurotransmitter released
by a single IaIN opens approximately 200 glycine-activated
postsynaptic channels (Stuart and Redman, 1990), implying
a powerful control of IaINs on motoneurons of antagonist
muscles.

IaINs receive group I inhibition from muscles antagonistic
to those that supply their monosynaptic excitation, facilitatory
inputs from high threshold muscle afferents, and recurrent
inhibition (for example disinhibition) from RCs and motor axon
collaterals (Hultborn et al., 1971a, 1976a,b; see also Renshaw
Cells). Recurrent inhibition of IaINs is of similar strength to
the Ta mediated-excitation of IaINs during increasing stretch
reflex activity in unaesthetized decerebrate cats (Fu et al,
1978), suggesting that recurrent inhibition controls the depth
of reciprocal inhibiton. IaINs are also subject to presynaptic
inhibition from flexor Ia afferents. This is supported by the
significant depression of EPSPs evoked in quadriceps-coupled
IaINs by quadriceps group I afferents following conditioning
stimulation to the posterior biceps-semitendinosus nerve
(Enriquez-Denton et al., 2000). However, in order to support
this substantial neuronal interaction, anatomical labeling studies
are required. In addition to the wide ipsilateral convergence and
interactions, IaINs monosynaptically connect onto motoneurons
and opposite IaINs of the contralateral side, suggesting a
participation in the neural control of right-left limb coordination
in addition to unilateral flexor-extensor coordination (Fedina
et al, 1975; Hultborn et al., 1976a; Jankowska et al., 1978,
2005).
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It is generally accepted that the neural organization of IaINs in
humans is similar to that described in the cat, with their actions
being indirectly assessed based on surface EMG recordings of the
soleus H-reflex in response to common peroneal conditioning
stimulation, or based on the soleus H-reflex depression following
antagonistic tonic muscle activity (Crone et al., 1987; Capaday
et al,, 1990). The supporting evidence that IaINs mediate the
soleus H-reflex inhibition upon antagonist nerve conditioning
stimulation is that the (1) depression is observed at short (0-3 ms)
conditioning-test intervals (Crone et al., 1987), (2) depression is
present at a conditioning stimulus strength that alpha efferents
are not activated (Mizuno et al., 1971), and (3) soleus-coupled
RCs, at time intervals linked to motoneuron discharges, depress
the reciprocal inhibition induced by activation of soleus group
Ia afferents on tibialis anterior motoneurons (Baret et al,
2003). Based on these findings, we can suggest for similar
synaptic actions of IaINs mediating reciprocal inhibition between
antagonist ankle muscles in animals and humans.

Figure 1 depicts the soleus and tibialis anterior Ia afferents
synapsing onto tibialis anterior and soleus coupled IaINs
respectively, based on evidence from studies performed in
humans. Mutual inhibitory actions between “antagonistic” IaINs
are also illustrated. We acknowledge the complexity of this
neural circuit considering the wide range of inputs to IaINs and
their widespread effect on other neurons over multiple segments
(Hultborn et al., 1976b) but did not illustrate it for clarity
purposes.

Renshaw Cells

Action of RCs on spinal motoneurons, was first described by
Renshaw who also determined that the interval between the
entrance of the inhibitory volley into the spinal cord and the
onset of the inhibited reflex response ranged from 1.0 to 1.2 ms,
suggesting that this “direct inhibition is not mediated by the
direct action of dorsal root fibers on the tested motoneurons”
(Renshaw, 1942, 1946). It was later shown that large motor-
nerve fibers activated RCs by producing antidromic IPSPs on
motoneurons with a delay of 0.5 ms following the initiation of the
earliest spike in a RC (Eccles et al., 1954a). Recurrent inhibition
lasts up to 50 ms with a maximal effect at approximately
10 to 20 ms in decerebrate cats (Eccles et al., 1954a). The
intersegmental inhibitory action of RCs is clearly demonstrated
by the action of a RC on other neighboring RCs, on IaINs, and
on motoneurons located one or two spinal segments away (Ryall,
1970; Hultborn et al., 1971a,b). Intracellular recurrent IPSPs
recorded from motoneurons in the isolated lumbar spinal cord of
neonate rats showed that RCs are susceptible to glycinergic and
GABAergic mechanisms (Schneider and Fyffe, 1992), similar to
that described for the cat.

Renshaw cells are funicular and multipolar cells mostly
located in lamina VII just medial to their associated motor
nuclei and occasionally found in lamina IX (Jankowska and
Lindstrom, 1971; Fyffe, 1990). Most RCs are glycinergic
with only a small subpopulation being y-aminobutyric acid
(GABA)-ergic (Alvarez and Fyfte, 2007). RCs are characterized
by clusters of gephyrin and glycine receptors (Alvarez et al.,
1997), a feature that was recently utilized in identifying

genetic markers, and determined that as IaINs, RCs also
differentiate from V1 embryonic neurons (see Classification
of Interneurons Based on Morphological Features; Alvarez
and Fyffe, 2007; Goulding, 2009). Locally projecting motor
axon collaterals release acetylcholine and glutamate activating
nicotinic receptors, muscarinic, a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors, and NMDA receptors
targeting RCs, that in turn affect motoneurons via a relatively
simple local recurrent inhibitory circuit (Nishimaru et al,
2005; and Ascher, 2008). However,
many motoneurons can excite any particular RC, which in
turn inhibits many motoneurons, creating a more complex
convergence/divergence configuration. RCs mostly project
ipsilaterally except in lower sacral segments in which some
contralateral projections are evident (Jankowska et al,
1978).

The output of RCs is characterized by burst firing that
outlasts the synaptic input (Eccles et al., 1954a, 1961b).
RCs lengthen the inhibitory synaptic actions on motoneurons
by adding a GABAergic component (Cullheim and Kellerth,
1981). However, long-lasting recurrent IPSPs are largely due to
repetitive discharges of the RC. The temporal summation of
successive slow IPSPs during burst firing explains the typical
recurrent IPSP recorded after a ventral root volley (Eccles
et al., 1954b), with IPSPs that have longer duration than those
produced by IaINs. The long duration of IPSPs is substantiated
by calbindin, a calcium buffering protein found abundantly in
the axons and dendrites of RCs, which may facilitate summation
of successive release events in a synaptic train (Blatow et al,,
2003). In summary, recurrent inhibition decreases the activity
of motoneurons in the subliminal fringe (Brooks and Wilson,
1959), stabilizes the discharge frequency of tonically firing
motoneurons (Granit et al., 1960), inhibits motoneurons to
slow contracting muscle fibers during rapid contractions (Eccles
et al, 196la), synchronizes motoneuron discharge patterns
(Mattei et al.,, 2003), increases short-term synchronization of
motoneuron discharges (Uchiyama and Windhorst, 2007), and
turns off or prevents persistent inward currents (Hultborn et al.,
2003). Together, these findings suggest that recurrent inhibition
may have more functions in motoneuron output than once
thought.

In humans, the actions of RCs in mediating recurrent
inhibition has been demonstrated via indirect methods, and
referred to as homonymous or heteronymous recurrent
inhibition based on the type of stimulus used to condition
the soleus H-reflex (Figure 1). The homonymous recurrent
inhibition of the soleus-coupled RCs is estimated through
the size of the soleus H-reflex following a supramaximal
conditioning stimulus to the posterior tibial nerve at an interval
of 10 ms (Bussel and Pierrot-Deseilligny, 1977). However,
because this method relies on the collision of the conditioning
discharge within the motor axons (orthodromic) and the motor
volley from the test stimulus (antidromic) that depends on
a constant after-hyperpolarization size, findings should be
interpreted with caution (Hultborn et al., 2004). Heteronymous
recurrent inhibition does not depend on this limiting factor,
and is observed as a long-latency (up to 40 ms) soleus H-reflex
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Type of neurons
@—I— Sensory neuron
@—— Motoneuron

Synaptic action
— Excitatory
_l Inhibitory

@ ------- Interneuron (laIN, IbIN, or group Il INs)
@—— Renshaw cell
O eemmene

FIGURE 1 | Spinal interneuronal circuits. Wiring diagram reflecting the connections of the monosynaptic la excitation, polysynaptic group Il excitation, reciprocal la,
RCs, and Ib inhibitory interneurons in humans. Soleus (SOL) group la afferents have monosynaptic excitatory projections to homonymous motoneurons and activate
la inhibitory interneurons (lalNs) that inhibit tibialis anterior (TA) motoneurons. lalNs affected by SOL la afferents are inhibited by RCs activated by recurrent collaterals
from SOL motor axons. Extensor-coupled lalNs inhibit contralateral flexor-coupled lalNs, and vice versa. The Ib inhibitory pathway from medial gastrocnemius (MG)
to SOL motoneurons is also depicted along with presynaptic inhibitory interneurons acting on group la and Il afferent terminals. The function of this complex spinal
interneuronal circuitry is detrimental to motor output and behavior. Note that neurons within the gray matter of the spinal cord are not indicated per their laminae

anatomical position due to illustration constrains.

depression following excitation of quadriceps Ia afferents
(Bussel and Pierrot-Deseilligny, 1977; Meunier et al., 1990).
The supporting evidence that recurrent inhibition mediates the
soleus H-reflex depression in humans is that (1) Ib inhibition
is excluded because it has a shorter latency and duration
compared to recurrent inhibition, (2) after-hyperpolarization
of motoneurons that prevents them from firing is excluded
because the same decrease in firing probability is observed
in motor units susceptible to heteronymous Ia monosynaptic
facilitation, and (3) the threshold for inhibition corresponds
to that of the quadriceps H-reflex discharge (Meunier et al.,
1990).

In the human leg, strong heteronymous recurrent inhibition
is evident between ankle extensors and knee flexors, synergistic
ankle extensors, ankle extensors and hip flexors, and knee

and hip flexors. Moderate to small heteronymous recurrent
inhibition exists between ankle and hip flexors, and ankle
and knee extensors (Meunier et al.,, 1990, 1994). In contrast,
recurrent inhibition between knee extensors and ankle flexors is
absent in cats and baboons, is strong between knee and ankle
flexors in cats, and is absent from either ankle or knee flexors
on distal digit motoneurons in cats (Cullheim and Kellerth,
1978; Turkin et al., 1998; Trank et al., 1999). To the authors
knowledge, no data is available on the recurrent inhibition of
foot and digit muscles in humans. These findings suggest that
the basic principles of organization of recurrent inhibition have
been preserved in animals and humans, while the observed
differences are related to the connectivity pattern of Ia afferent
pathways. Recurrent inhibition appears to affect motoneurons
that participate in a more stereotypical activity, and is absent
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when skilled motor activity is needed as is the case for the digits.
The reduced or absent recurrent inhibition between limb muscles
tends to support that the recurrent Renshaw system is organized
into inhibitory and disinhibitory projections participating in
the control of groups of motoneurons based on the motor
task/movement.

Group Ib Interneurons

The interneurons intercalated in pathways from Golgi tendon
organ Ib afferents (IbINs), are characterized by the convergence
of multimodal inputs including but not limited to group Ia and Ib
afferents. They differentiate from embryonic neurons of various
types (i.e., VO, V2, and V3) depending on whether they project
ipsilaterally, contralaterally or bilaterally (see Classification of
Interneurons Based on Genetics). Due to the wide convergence
on common interneurons, it was proposed that this spinal neural
circuit be referred to as non-reciprocal group I inhibition -
excitation (Jankowska et al., 1981; Jankowska and McCrea, 1983;
Powers and Binder, 1985). However, because the dominant
source is the Golgi tendon organ afferents, Ib inhibition or Ib
excitation is still used in the literature to describe the actions of
these interneurons.

Golgi tendon organ Ib afferents mediating information
regarding active and passive muscle tension are major
contributors to the spinal control of movement and locomotion.
Granit (1950) stated that “muscle action is aided by a central
reflex mechanism of self-regulation, first speeding up, then
damping its activity.” The monosynaptic reflex evoked by
stimulation of the gastrocnemius nerve during contraction
or stretch increased the excitability of extensor motoneurons,
followed by a depression in acutely deafferented cats (Granit,
1950). It was later shown that stimulation of group I afferents
produces a short-latency (1-3 ms) depression of homonymous
and synergistic motoneurons through a disynaptic pathway
(Laporte and Lloyd, 1952). Based on differences in threshold and
conduction velocity of muscle afferents, intracellular recordings
from gastrocnemius motoneurons confirmed that Ib afferent
volleys in spinal cats evoke short-latency IPSPs (Eccles et al.,
1957a,b). At rest, Ib afferents from extensors exert strong
disynaptic inhibitory actions on extensor motoneurons, and
di- or tri- synaptic excitatory actions on flexor motoneurons
(Laporte and Lloyd, 1952; Eccles et al., 1957a,b).

IbINs are located in lamina VI and in the dorsal part
of lamina VII, regions where group I afferents evoke the
largest field potentials (Eccles et al, 1954b). Afferents from
extensor muscles mainly activate IbINs that can be inhibitory
or excitatory with subpopulations depressing the activity of
motoneurons innervating the contracting muscle or exciting
motoneurons innervating other muscles, mainly flexors.
They are abundant in L6-7 spinal segments where their
descending axon branches project as far as Sl in the cat
(Hongo et al., 1983). IbINs receive inputs from corticospinal,
rubrospinal and reticulospinal descending tracts as well as
from propriospinal neurons, and group Ia/II muscle spindle
afferents, cutaneous, and joint afferents. They project to alpha
and gamma motoneurons, to other IbINs, and onto cells of
the ventral and dorsal spinocerebellar tracts (Jankowska et al.,

1983; Harrison and Jankowska, 1985). More importantly, IbINs
terminals exerting IPSPs onto homonymous and synergistic
motoneurons are prone to presynaptic inhibition, which gates
autogenic Ib inhibition exerted onto active homonymous
motoneurons (Zytnicki et al., 1990; Lafleur et al, 1992).
Within a functional context, the presynaptic inhibition of
transmission in Ib pathways controls the amount of contractile
force at the onset of a contraction (Lafleur et al., 1992),
while during rhythmic motor activity the CPG modulates the
presynaptic input to IbINs (Duefas and Rudomin, 1988; Dubuc
et al, 1988). Furthermore, IbINs participate in alternative
interneuronal pathways in which the fraction of interneurons
selected by other IbINs through mutual inhibition or other
segmental and descending inputs determines the final effect on
motoneurons.

In humans at rest, Ib inhibitory actions on motoneurons is
indirectly assessed by testing the effects of electrically induced
synergistic group I volleys on the soleus H-reflex or the post-
stimulus time histograms of single motor units. The supporting
evidence that the resulting inhibition is of Ib origin is (1) the
involvement of large diameter muscle afferents with the threshold
of inhibition close to that of monosynaptic Ia excitation, (2)
the central delay (~ 5-6 ms) is consistent with disynaptic
transmission, (3) the stimulus is below motor threshold and thus
reflex depression is not due to recurrent inhibition, (4) it is
widely distributed to homonymous, synergistic and antagonistic
motoneurons, and (5) reflex inhibition has short duration
(<10 ms) similar to that observed in cats (Araki et al., 1960;
Pierrot-Deseilligny et al., 1979; Cavallari et al., 1992). However,
a drawback in human experiments involves contamination of
Ib inhibition by monosynaptic Ia excitation, and a decrease of
Ib inhibition, via occlusion, by other interneurons being excited
from the conditioning afferent volley. The weak Ib inhibition
exerted from gastrocnemius medialis group I afferents onto
soleus motoneurons in humans (Pierrot-Deseilligny et al., 1979)
may thus be attributed to these methodological limitations, or
to the possibility that Ib inhibition is stronger in the arm than
in the leg as reported also in cats (Illert et al., 1976; Pierrot-
Deseilligny et al., 1979). Collectively, actions of IbINs in the
distal lower limb are stronger in animal compared to human,
likely related to differences between bipedal and quadrupedal
locomotion.

Group Il Interneurons

Interneurons contacted by secondary muscle spindle afferents
are located in the intermediate zone/ventral horn (laminae VI-
VIII), and in the dorsal horn (laminae IV-V; Cavallari et al.,
1987; Edgley and Jankowska, 1987; Bras et al., 1989). These
two populations of interneurons differ both morphologically and
functionally, with those located more ventrally having larger
somata and dendritic trees than those located more dorsally,
while only the intermediate neurons are considered as last-order
interneurons because they synapse directly onto motoneurons
(Edgley and Jankowska, 1987; Bras et al., 1989). Intermediate
zone interneurons may be activated by group II muscle afferents
directly or via dorsal horn interneurons (Jankowska et al.,
2002).
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The excitatory inputs that group II interneurons receive
from the periphery are not distributed equally based on muscle
origin. Interneurons located in L3-5 segments are excited by
group II afferents of quadriceps, sartorius, gracilis, deep peroneal
and flexor digitorum longus nerves, while group II afferents
from other muscles provide input to interneurons of more
caudal segments (Edgley and Jankowska, 1987; Lundberg et al.,
1987). Major sources of input to the intermediate zone group
IT interneurons are primary and secondary muscle spindle and
tendon organ afferents (Edgley and Jankowska, 1987). Low
threshold cutaneous afferents and joint afferents may also excite
smaller proportions of group II interneurons (Behrends et al,
1983a,b). The activity of group II interneurons is decreased by
group Ib afferents via IbINs (Edgley and Jankowska, 1987), and
is subject to presynaptic inhibition (Harrison and Jankowska,
1989; Rudomin and Schmidt, 1999). It was recently proposed
that populations of group II and IbINs overlap, and that a given
interneuron may predominantly respond to the activation of
group Ib or group II afferents depending on a complex selection
of inputs resulting from the functional context (Jankowska,
20164a,b).

Group II interneurons exert disynaptic excitatory and
inhibitory actions on motoneurons, and tri- or polysynaptic
actions on motoneurons via neurons located in the dorsal
horn (Cavallari et al., 1987; Edgley and Jankowska, 1987;
Bras et al, 1989), altogether evoking widespread actions to
the motoneurons. One of their most significant contributions
is that they coordinate the contractions of the stretched
muscles, and thus their dominating action is similar to that
of IbINs (i.e., excitation of flexors and inhibition of extensors;
Eccles and Lundberg, 1959). However, due to their wide
convergence/divergence, it is likely that group II interneurons
are involved in various types of reflex circuits, including the
transcortical-mediated stretch reflex (Matthews, 1991), and the
short- and long-latency flexor reflex (Jankowska et al., 1967).

The number of group II afferents is similar to that of
Ia afferents in the cat (Hunt, 1954), and it is possible that
this is also true for humans (Pierrot-Deseilligny and Burke,
2005). The contribution of group II afferents to the neural
control of movement in humans has received less attention
compared to group I afferents, likely due to the lack of
their selective stimulation. Excitation of group II afferents
is suggested based on longer latency effects compared to
monosynaptic Ia excitation, double electrical threshold from
group Ia excitation, and suppressed group II actions by tizanidine
(tizanidine suppresses medium latency stretch responses; Corna
et al., 1995). The medium latency responses recorded from
ankle muscles in response to stretch with subjects standing
on a rotating platform is used extensively to delineate their
function in humans (Schieppati et al., 1995; Schieppati and
Nardone, 1999). This method, however, cannot be used at
rest or during voluntary movement because the medium
latency responses are suppressed (Schieppati and Nardone,
1999). In addition, the H-reflex modulation pattern, post-
stimulus time histograms of single units, and ongoing EMG
activity in response to peripheral electrical stimulation are used
for the study of group II excitation. For example, medialis

gastrocnemius nerve stimulation evokes a large facilitation of the
semitendinosus H-reflex, and tibial nerve stimulation produces a
complex excitatory pattern on the quadriceps H-reflex involving
group II excitation at long interstimulus intervals (Simonetta-
Moreau et al, 1999; Marque et al, 2005). The late high
threshold group II excitation was confirmed from recordings
in human single motor units (Simonetta-Moreau et al., 1999;
Marque et al., 2005), although similar excitatory events cannot
be demonstrated during movement or walking in humans.
Alternatively, modulation of ongoing EMG activity following
peripheral nerve stimulation, and differences in latencies of early
and late excitation are reported to be the same for all three
methods (Marchand-Pauvert et al., 2005). Evidence suggests that
the late excitation is mediated by group II afferents in humans
(Pierrot-Deseilligny and Burke, 2005), but overlap from different
types of afferents mediating their action via group II or via
alternative interneurons cannot be excluded. Collectively, group
II interneurons have widespread effects on different classes of
spinal interneurons and motoneurons that constitute one of
the main barriers in parallelism of their effects in animals and
humans.

Interneurons Involved in Presynaptic Inhibition

The synaptic efficacy of sensory feedback from the periphery
entering the spinal cord is continuously filtered by presynaptic
inhibition ensuring smooth movement. Karl Frank and
Michelangelo Fuortes at the National Institutes of Health
were the first to describe this mechanism in mammals (Frank
and Fuortes, 1957). They postulated that muscle afferent
volleys produce depression of the monosynaptic reflex by
decreasing the EPSPs of motoneurons without concomitant
changes in the time-course of EPSP depression, postsynaptic
membrane potentials or excitability of the motoneurons (Frank
and Fuortes, 1957). At that time, the authors theorized that
this depression might be exhibited on the dendritic tree. It
was later shown that the exerted inhibition coincided with
DRPs and depolarization of group Ia afferent fibers in spinal
cats when conditioning stimulation was delivered to the
posterior biceps-semitendinosus nerve, and gastrocnemius
motoneurons were activated by a maximum Ia gastrocnemius-
soleus volley (Eccles et al., 1961c, 1962). In the isolated frog
spinal cord, DRPs were larger from extensor muscles and
smaller or absent from flexor muscles (Carpenter and Rudomin,
1973).

Presynaptic inhibition can start as early as 5 ms and
can last up to 200 ms or even 1000 ms, with pulse trains
evoking stronger presynaptic inhibition compared to single
pulses (Eccles et al.,, 1961c, 1962). It is caused by PAD and
involves local modulation of transmitter release at the Ia-
motoneuron synapse by means of activation of GABA, receptors
(Rudomin, 1990; Rudomin and Schmidt, 1999). The subsequent
response depends on the excitability of the cell membrane as
well as chloride homeostasis that determine the direction of
chloride ion displacement. GABA, receptors in the afferent
terminals increase the efflux of chloride ions, producing PAD
and presynaptic inhibition via a reduction of the propagated
action potential amplitude in the intraspinal afferent terminals
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(Eccles and Krnjevic, 1959; Rudomin and Schmidt, 1999).
The presynaptic terminals of axo-axonal synapses in contact
with the terminals of Ia afferent fibers are also thought to
release GABA, which then activates GABA, receptors on the
afferent terminals allowing the efflux of chloride ions from
the terminals and consequently their depolarization (Willis,
2006). The exclusive proprietary role of GABAergic interneurons
in the process of presynaptic inhibition has been recently
questioned (Hochman et al., 2010), with evidence showing an
additional involvement of acetylcholine, amino acids and gap
junctions in PAD genesis (Hochman et al., 2010; Bautista et al.,
2012).

Presynaptic inhibition is a powerful - highly selective spinal
mechanism. First, it is not distributed equally to all collaterals
of the same Ia afferents thereby affecting specific groups of
motoneurons differently. For example, presynaptic inhibition
may be present in some collaterals, reduced in one collateral or
inhibited in other collateral of the same afferent axons (Eguibar
et al., 1994). Second, direct activation of last-order interneurons
produce PAD in some but not in all intraspinal collaterals of the
same la afferents, and individual afferents can display different
PAD patterns (Quevedo et al, 1997; Rudomin and Schmidt,
1999; Rudomin et al., 2004). Thus, the asymmetry of presynaptic
inhibition allows for selective control even though Ia and Ib
afferents converge onto common interneurons. Lastly, terminal
arborizations of the afferent fibers by means of presynaptic
control mechanisms can function either as a simple unit or
in a fractional manner, allowing information to pass only to
selected groups of spinal motoneurons critical for each phase of
locomotion (Rudomin, 2002, 2009).

In humans, the presence of presynaptic inhibition of Ia
afferent terminals has been documented based on conditioning
reflex protocols confirmed by motor unit studies, including
soleus H-reflex depression following vibration of distal ankle
tendons (Burke and Schiller, 1976; Morin et al., 1984), soleus
H-reflex conditioning by common peroneal nerve stimulation
at long conditioning-test intervals (Berardelli et al., 1987; Crone
et al., 1987), and assessment of modulation of heteronymous
monosynaptic Ia facilitation exerted from quadriceps Ia afferents
onto soleus motoneurons (Fournier et al., 1986; Hultborn et al.,
1987; Meunier et al., 1993).

Detailed investigations in animal and human provide
convincing evidence that the basic organization and function
of group Ia, Ib, and II interneurons including RCs and
interneurons mediating presynaptic inhibiton have been
preserved across species. While the methods in humans are
non-direct, conditioning reflex protocols and motor unit
studies have confirmed the function and organization of
these spinal interneurons. Similarities include a segmental
neural organization of IaINs comparable across species,
wide convergence of recurrent inhibition targeted to specific
groups of motoneurons based on the type of their function
or the motor task/movement being executed, multidirectional
synaptic actions on motoneurons by group II interneurons,
and a presynaptic inhibitory network with similar neuronal
characteristics. A weaker activity of IbINs between ankle
synergistic motoneurons is evident in humans compared to

animals, but this maybe related to differences in the distribution
pattern of muscle afferents. An additional difference across
species may be the depth of modulation of actions imposed by
these interneurons onto motoneurons during movement, but
this requires further experimentation.

Classification of Interneurons Based on

Morphological Features

Commissural and PINs were named based on their
morphological features rather than on their function. They
are heterogeneous, span several laminae, and are composed of
multiple subpopulations based on either function or genetic
markers.

Commissural Interneurons

The common feature of all CINs populations is that their
axons project across the midline of the spinal cord to the
contralateral gray matter. In the cat and macaque monkey,
CINs are located in laminae IV, V, VI, VII, VIII, and X
within the cervical and lumbar segments of the spinal cord
(Bannatyne et al., 2003; Jankowska et al., 2009; Soteropoulos et al.,
2013). Based on their anatomical orientation and projection,
CINs are divided into short-range (segmental) that project
less than 1.5 segments, and long-range that project for at
least 1.5 segments either rostrally (ascending) or caudally
(descending) or bifurcate and project in both directions (Stokke
et al.,, 2002; Zhong et al., 2006; see Figure 2A). This complex
anatomical arrangement suggests the presence of multiple
subpopulations, some of which still need to be functionally
described.

The CINs located in the cat cervical spinal cord at Cl-
3 project to contralateral neck motoneurons a few segments
rostral or caudal from their somata and participate in bilateral
vestibulocollic reflexes, while the CINs at C3-4 project to
forelimb motoneurons (C6-T1) and are active during targeted-
reaching movements also providing postural stability. In rats,
CINs are located in laminae VII, VIII, and X of lumbar
segments (Quinlan and Kiehn, 2007), but their anatomical
location in the cervical spinal cord has not yet been thoroughly
established. In the neonatal rat lumbar spinal cord, the somata
of CINs have large multipolar dendritic trees (Eide et al,
1999), are not of similar cell type, and each cell type has a
distinct physiological function (Stokke et al., 2002). Hence, their
differentiation from multiple embryonic neurons (VO, V3 and
dI6; see Classification of Interneurons Based on Genetics) during
development supports the non-homogenous and multifunctional
nature of these interneurons.

Commissural interneurons spinal synaptic targets are
motoneurons, interneurons and CINs of the contralateral side
of the spinal cord. Retrograde and anterograde labeling of
CINs and contralateral motoneurons of the isolated spinal cord
showed that an axon bundle crossed the midline in the ventral
commissure, and arborized in the contralateral ventral gray
matter forming close appositions with somata and dendrites
of retrogradely labeled motoneurons (Birinyi et al, 2003).
Membrane potentials recorded from left and right ventral roots,
while antidromic spikes identified the CINs in the presence
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FIGURE 2 | Commissural interneurons of the spinal cord. (A) Projections and terminations of short- and long range commissural interneurons (CINs). (B) CINs play
an important role in the control of locomotion by projections to Renshaw cells, la inhibitory interneurons and other classes of inhibitory interneurons, and by direct
monosynaptic excitation and inhibition to motoneurons. Adapted and modified from Quinlan and Kiehn (2007) and Chedotal (2014).
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of glutamatergic blockers, showed that CINs have excitatory
glutamatergic and inhibitory glycinergic/GABAergic inputs
to contralateral motoneurons (Quinlan and Kiehn, 2007). In
addition, long range intersegmental CINs have excitatory and
inhibitory synaptic inputs to local motoneurons (Quinlan and
Kiehn, 2007; see Figure 2B).

Commissural interneuron receive inputs from descending
motor tracts and relay somatosensory information to spinal
neurons. Antidromic excitation of lumbar neurons by
stimulation of the contralateral hamstring motor nuclei in
the L7 segment evoked EPSPs by stimulation of group I, II
afferents, low threshold cutaneous afferents, and IPSPs from
the gastrocnemius-soleus or plantar nerves (Jankowska and
Noga, 1990). These findings strongly support the notion
that multimodal sensory inputs act on CINs in a pattern
similar to the ipsilateral projecting interneurons of the same
segments (Edgley and Jankowska, 1987). This phenomenon
also suggests that afferents activate ipsilateral and contralateral
projecting interneurons in parallel, coordinating the activity
of motoneurons on both sides of the spinal cord (Edgley and
Jankowska, 1987). Stimulation of reticulospinal tract fibers at
the brainstem level or in the lateral funiculus of the thoracic
spinal cord contralateral to the motoneurons of investigation,
evoked EPSPs, IPSPs, or both in contralateral motoneurons via
a disynaptic linkage (Jankowska et al., 2003). This disynaptic
linkage reflects actions of CINs located in Rexed’s lamina VIII in
the mid-lumbar segments (Jankowska et al., 2003).

In humans, the function of CINs is demonstrated based on
crossed reflex actions from group I or cutaneous afferents on

motoneurons. Specifically, crossed reflex actions are apparent
based on the amplitude modulation of ipsilateral monosynaptic
H-reflexes or surface EMG activity in response to stimulation
of skin and peripheral nerves of the contralateral leg (Stubbs
and Mrachacz-Kersting, 2009; Gervasio et al., 2013). Because
crossed inhibitory responses in the soleus muscle after ipsilateral
tibial nerve stimulation have 40 ms latency, the responses are
likely spinally mediated (Stubbs and Mrachacz-Kersting, 2009).
The contralateral soleus H-reflex depression following ipsilateral
tibial nerve stimulation (Stubbs and Mrachacz-Kersting, 2009;
Stubbs et al., 2011a,b), constitutes strong evidence for neural
coupling between soleus motoneurons of both halves of the spinal
cord. While these recordings are indirect, further research is
needed on the functional activity of these spinal neural networks
during locomotion in humans, and especially on their relative
contribution to recovery of locomotor function after spinal cord

injury.

Propriospinal Interneurons

The existence of neurons connecting spinal cord segments
longitudinally has been acknowledged for more than a century.
Sir Charles Sherrington first demonstrated that neural axons
connect distal and proximal spinal segments and theorized
that they communicate in order to permit long spinal reflexes
(Sherrington and Laslett, 1903). These neurons were later
identified as PINs to denote that they originate, project and
terminate within the spinal cord. Although some PINs may
have intrasegmental connections, their key role relies on forming
ascending and descending connections between multiple spinal
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cord segments to establish relays within and across anatomical
regions of the spinal cord (i.e., cervical, thoracic, lumbar). Short
PINs extend their axons up to a few segments (~1-6 segments),
the number of which remains variable across the litterature.
Their cell body is located in all laminae, except lamina IX, and
throughout the full rostro-caudal extent of spinal cord. Short
PINs form a complex network involved in a wide range of
functions, including but not limited to conveying descending
commands onto forelimb and hindlimb motoneurons during
movement, and form relays to activate the locomotor networks.
The involvement of short PINs in these functions is thoroughly
described elsewhere (Alstermark et al., 1981; Alstermark and
Kiimmel, 1990a,b; Jankowska, 1992, 2016a,b; Zaporozhets et al.,
2006; Cowley et al., 2010) and the following section will focus on
long PINs involved in the spinal control of locomotion.

A substantial population of long ascending and descending
PINs connects the cervical and lumbar enlargements via the
ventrolateral funiculus. Long descending PINs with cell bodies
located in the cervical enlargement terminate bilaterally in all
lumbar segments of the spinal cord with a small subpopulation
(~12%) terminating close to midline (see Figure 3A; Giovanelli
Barilari and Kuypers, 1969; Reed et al., 2006; Brockett et al.,
2013; Flynn et al,, 2017). Although there is an approximately
even number of long descending PINs extending their axon
ipsilaterally and contralaterally, they exhibit a widely different
projection pattern. Ipsilateral PINs are diffusely distributed
across all laminae of the gray matter but more prevalent in
the deep dorsal horn (lamina IV-VI), intermediate gray (VII-
VIII) and ventral horn while contralateral PINs are concentrated
at the ventromedial border of laminae VII-VIII (Reed et al,
2006, 2009; Brockett et al., 2013; Flynn et al., 2017). Long
descending PINs are mostly excitatory whether projecting
ipsilaterally or contralaterally. Interestingly, the remaining
inhibitory population is mostly projecting ipsilaterally (Flynn
et al., 2017), but its specific role remains to be determined. The
highest concentration of terminals in the lumbar spinal cord of
rodents is found in L1-L2, and segments that are suggested to
contain the dominant elements of the rhythmogenic networks
(Cazalets et al., 1995; Kjaerulff and Kiehn, 1996; Cowley and
Schmidt, 1997; Ballion et al., 2001; Brockett et al., 2013).

Ascending projections originating from the lumbar spinal
cord terminate both ipsilaterally and contralaterally in the
cervical spinal cord (see Figure 3B, Giovanelli Barilari and
Kuypers, 1969; Matsushita and Ueyama, 1973; Dutton et al., 2006;
Reed et al., 2009). Lumbar ascending PINs predominantly form
ipsilateral projections that terminate in the intermediate gray
matter and ventral horn throughout the length of the cervical
spinal cord. Further evidence suggests that a large proportion
of these projections terminate in the ipsilateral ventrolateral
motor nuclei of C7-8 segments with contralateral projections
to the contralateral nucleus being sparse (Brockett et al,
2013). Electrophysiological experiments and immunostaining
suggest that an important proportion of long ascending PINs
make direct contact with motoneurons whether they are
ipsilateral or contralateral with the vast majority being excitatory
(Miller et al,, 1973; Brockett et al., 2013). The prominence
of ascending PINs originating from the lumbar intermediate

gray matter terminating ipsilaterally suggests a direct control
of motoneurons, and premotor neurons, in the most caudal
cervical segments controlling elbow and shoulder muscles
(Sterling and Kuypers, 1968; Giovanelli Barilari and Kuypers,
1969; English et al,, 1985; Alstermark et al., 1987; McKenna
et al., 2000; Ballion et al., 2001; Reed et al., 2009). Together,
these studies suggest that long PINs preferentially connect
the caudal cervical and the rostral lumbar segments of the
spinal cord (Miller et al, 1973; English et al, 1985; Reed
et al., 2006, 2009). The anatomical and functional arrangement
of this propriospinal network strongly suggests a role in
synchronizing the lumbar and cervical CPGs and mediating
interlimb coordination during locomotor movement. Long
PINs were also shown to synchronize forelimb and hindlimb
activity during stepping (Miller et al., 1973; Jankowska et al.,
1974). Inhibition of long ascending PINs can disrupt interlimb
coordination (Pocratsky et al., 2017), and blocking transmission
in the thoracic cord uncouples the rhythmic activity from the
cervical and lumbar enlargements (Ballion et al., 2001; Juvin et al.,
2005).

Similar mechanisms persist to coordinate movement of arms
and legs in humans in which PINs also contribute significantly
to neural coupling between cervical and lumbar spinal segments.
Activation of PINs is evident from changes of motoneurons
excitation mediated by peripheral volleys or cutaneous-mediated
depression of the descending motor command passing through
the propriospinal relay. For example, the non-monosynaptic
facilitation of the quadriceps H-reflex and peaks of excitation
of quadriceps motor units following common peroneal nerve
stimulation (Forget et al., 1989a,b; Simonetta-Moreau et al.,
1999), is attributed to the activation of short lumbar PINs by
group I afferents. The changes in the central delay of lumbar
PINs in a rostro-caudal order (Chaix et al, 1997) suggests
that this population is located rostral to motoneurons, as is
the case for the cat. Static contralateral arm flexion decreases
the ipsilateral soleus tendon reflex, whereas static contralateral
arm extension produces reflex facilitation (Delwaide et al,
1977). The exact opposite reflex modulation pattern is observed
when the contralateral limb is flexed or extended (Delwaide
et al., 1977). Similarly, ipsilateral and contralateral sinusoidal
active arm movements depress soleus H-reflex excitability in
seated and standing human subjects (Knikou, 2007). These
findings support the neural coupling between arms and legs
during movement. As reflex responses in the upper or lower
limb muscles have also been postulated following stimulation
of sensory nerves in the wrist or ankle at rest (Zehr et al,
2001), movement mediated activity of spinal neural circuits can
readily be excluded. More importantly, the lumbosacral cord
potentials with an onset latency of 12 ms and excitation threshold
at or above that of motor fibers, supports the existence of a
fast-conducting propriospinal pathway in humans (Sarica and
Ertekin, 1985).

Propriospinal interneurons in humans may also play an
important role in motor recovery after spinal cord injury as PINs
were identified in animals as key players to form relays or detours
in the injured spinal cord and thus are critical in promoting
functional recovery (Bareyre et al., 2004; Vavrek et al.,, 2006;
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FIGURE 3 | Long propriospinal interneurons (PINs) reciprocally connect the cervical and lumbar spinal cord and contribute to locomotor movement in rodents.

(A) Descending PINs form a complex bilateral system with excitatory and inhibitory components to mediate interlimb coordination and to relate information to the
CPG. Their cell body is located through all laminae of the cervical cord, but most originate from laminae VII-VIIl and the deep dorsal horn. They project to
non-motoneuronal elements in similar proportion to the ipsilateral and contralateral rostral lumbar cord through the ventrolateral funiculus (red). The ipsilateral
population terminals are evenly distributed throughout the gray matter, whereas the projections of the contralateral population are concentrated in laminae VII-VIII.
The vast majority of descending PINs are excitatory both on the ipsilateral or contralateral side but the small inhibitory population terminates ipsilaterally.

(B) Ascending PINs form a powerful ipsilateral excitatory pathway from the rostral lumbar cord to motoneurons controlling proximal muscles of the forelimbs.
Ascending PINs originate mostly from the intermediate gray in the lumbar spinal cord and preferentially project ipsilaterally with a very limited number of terminals
found contralaterally. They project to the intermediate gray matter and the ventral horn throughout the length of the cervical spinal cord. However, a large proportion
directly connects to motoneurons in ventrolateral motor nuclei (blue) in caudal cervical segments controlling muscles of the elbow and shoulder. The thickness of the
lines represents more PINS. Figure adapted and modified from Flynn et al. (2011) and Brockett et al. (2013).
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Courtine et al., 2008; Flynn et al., 2011; Benthall et al., 2017)
by being more resistant to injury and degeneration (Conta and
Stelzner, 2004). The plastic potential of PINs and contribution
to recovery in humans is supported by evidence of reemergence
in interlimb reflexes 6 or more months after a cervical spinal
cord injury (Calancie et al., 2005). CINs and PINs connecting
the two halves of the spinal cord and cervicothoracic and
thoracolumbar spinal segments have a similar basic organization
across species. Their importance in human locomotion has
received less attention, but spinal hemisection experiments
in animals (Martinez et al., 2012) provides strong evidence
supporting their significant contribution to locomotion. The
neuronal pathways connecting the two halves of the spinal cords
have not been examined in great detail during locomotion in
humans after spinal cord injury, and warrants further research.

Classification of Interneurons Based on
Genetics

The advancement of molecular genetic techniques in the
last two decades has extended new possibilities to identify
neurons derived from genetically well-defined embryonic cells
that are expressing specific transcription factors. Combining

molecular genetics with classical electrophysiological techniques
accelerated our understanding of the generation and modulation
of the locomotor pattern. Spinal interneurons are divided
into fundamental populations expressing specific transcription
factors originating from distinctive developmental progenitor
domains on the dorso-ventral axis. These include six classes
with dorsal origin (dI1-dl6), and four classes with ventral
origin (V0, V1, V2, and V3), which are considered as putative
constituents of the spinal locomotor neural networks. Exhaustive
reviews of the organization of interneuronal spinal circuits
and their involvement in locomotion can be found elsewhere
(Jessell, 2000; Goulding, 2009; Arber, 2012; Kiehn, 2016;
Gosgnach et al., 2017). This section emphasizes the diversity
of spinal interneurons located ventrally or dorsally (VO, VI,
V2, V3, and dI6) closely associated to the locomotor CPG,
their extensive pattern of connectivity and their involvement
in generating flexible and adaptive locomotor output (see
Figure 4 and Evidence From Animal Studies Using Molecular
Genetic  Approaches and Classical Electrophysiological
Methods).

The VO interneurons derive from Dbx-1 expressing progenitor
cells and are mainly composed of CINs projecting axons to
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FIGURE 4 | Genetically identified interneurons contributing to locomotion. Schematic of the synaptic connectivity of genetically identified populations of interneurons
developing from the ventral spinal cord and involved in (A) intralimb and (B) interlimb coordination during locomotion. Experimentally demonstrated projections are
illustrated by a solid line and predicted connectivity with a dashed line. Figure was developed based on Kiehn (2011, 2016) and Gosgnach et al. (2017).
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the contralateral side of the spinal cord. They can be further
subdivided into a ventral subpopulation (VOv) composed of
excitatory interneurons that express the transcription factor
Evx1/2, and a dorsal subpopulation (VOp) that are inhibitory
and do not express Evx1/2. Together, VOv (25%) and VOp (70%)
account for the majority of VO population but other smaller
subpopulations have been described including the cholinergic
VOc subpopulation which, as VOv, is Evx1/2* but synapse
onto ipsilateral motoneurons (Zagoraiou et al., 2009). Through
their monosynaptic contact to contralateral motoneurons, VOp
contributes to the right-left coordination at slow speeds, whereas
VOy are recruited as the speed of movement increases through
the activation of a last-order motoneuron located in close
vicinity to the target motoneuron on the contralateral side
(Lanuza et al., 2004; Crone et al., 2009; Talpalar et al,
2013).

In contrast to VO and V3, V1 and V2 classes of interneurons
project almost exclusively ipsilaterally. V1 interneurons are
inhibitory interneurons expressing the transcription factor
Engrailed-1. Thirty percent will differentiate into RCs and IaINs
with synaptic contacts onto motoneurons and other IaINs

(Wenner et al.,, 2000; Alvarez et al., 2005) but most of the
population remains to be characterized in term of synaptic target,
molecular signature and functional role. Studies on the neural
properties of these interneurons are undergoing (Britz et al., 2015;
Bikoft et al., 2016). Selectively silencing the entire population
of V1 interneurons drastically decreases the speed of locomotor
bursts (Gosgnach et al, 2006), although it does not impair
ipsilateral coordination.

The V2 population is composed of the V2a and V2b
sub-classes. V2a are excitatory interneurons that express the
transcription factor Chx10 (Jessell, 2000; Stepien and Arber,
2008). V2a neurons display a wide variety of firing and show
diverse projection patterns to VOv, motoneurons and the CPG
(Dougherty and Kiehn, 2010; Stepien et al., 2010). They are
believed to be involved in right-left alternation (Crone et al.,
2008, 2009). In the larval zebrafish, a subpopulation of these cells
is involved in rhythm generation (Eklof-Ljunggren et al., 2012;
Ljunggren et al., 2014). In the neonatal mouse spinal cord, a
subpopulation of V2a interneurons expresses Shox2. Selectively
silencing the entire V2a neurons as well as silencing more
specifically Shox2 V2a neurons has no effect on the locomotor
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rhythm suggesting that a different subpopulation of neurons
is involved in rhythm generation. Potential candidates include
non-V2a, Shox2+ and Hb9+ interneurons (Dougherty et al.,
2013; Caldeira et al., 2017). V2b interneurons are inhibitory
and express the transcription factor GATA2/3. Ablating V2b
together with V1 interneurons leads to impairment of the
ipsilateral coordination between extensor and flexor (Zhang
et al.,, 2014). However, the deficit is not observed when either
V1 or V2b is silenced, suggesting some level of functional
redundancy.

V3 neurons are defined by the expression of the Siml
transcription factor and are mainly commissural. This population
is highly heterogenous in terms of anatomical distribution and
synaptic target. Hence, they are broadly distributed rostro-
caudally as well as dorso-ventrally, found in lamina IV-V-VII-
VIII and making connections to contralateral motoneurons
and interneurons as well as some ipsilateral motoneurons
(Zhang et al., 2008). Experiments suppressing V3 activity causes
asymmetric locomotor output in vitro and uneven gait in vivo,
suggesting a critical role in interlimb coordination during
locomotion (Zhang et al., 2008).

There is no marker to identify the entire population of dI6
interneurons. The population of interneurons originating from
this domain is rather subdivided into three subsets expressing
either the transcription factor DMRT3, or Wtl, or both. The
majority of dI6 interneurons are rhythmically active during
locomotion. Dmrt3 mutant display irregular bursting suggesting
involvement of Dmrt34+ dI6 interneurons in coordinating
locomotor movement (Andersson et al., 2012). The function of
the two other subpopulations remains to be determined.

Most of the efforts to genetically identify interneurons in the
last two decades have focused on interneurons located in the
lumbar spinal cord involved in locomotion with little attention
to other types of interneurons extending through multiple spinal
segments. More recently, subsets of ispilateral cervical and
thoracic long PINs were shown to express Chx10 suggesting a
similar developmental origin as that of V2a interneurons (Azim
et al,, 2014; Ni et al, 2014). A single study investigated the
genetic signature of long descending PINs connecting the cervical
and lumbar spinal cord and reported virtually no colocalization
with Siml and Enl but described a discrete subset of long
descending PINs that was GATA3 positive, suggesting a common
developmental origin to V2b, but not V1 and V3 interneurons
(Flynn et al,, 2017). Further investigations are warranted to
appreciate how genetically identified PINs contribute to the
interenlargement propriospinal network.

In summary, there is a great diversity among the genetically
identified classes of interneurons. Recent work has focused on
their identification based on different transcription factors (Bikoff
et al., 2016; Gabitto et al., 2016). This approach will deepen
our understanding on the function of spinal interneurons when
their physiological signature is related in terms of input — output
and function. In the next section, we discuss in parallel the
spinal control of locomotion when circuit function is examined
with classical electrophysiological methods and pharmacological
manipulations, as well as a combination of methods including
ablation of spinal neurons in animal and human.

SPINAL INTERNEURONAL
ORGANIZATION OF LOCOMOTION

Firing of spinal interneurons is continuously adjusted by
peripheral receptors that transmit information from muscle,
joint, and skin via the dorsal root ganglia to first order
neurons of the dorsal horn. Sensory feedback contributes
up to 30% of the neurons net excitatory drive (Macefield
et al,, 1993), and affects motor output by acting on segmental
and supraspinal neural circuits (Mountcastle, 1957; Mackey
et al, 2016). Sensory feedback, especially from the hand
and foot, project to the spinal cord with a high degree of
somatotopical overlap in laminae II-IV (Levinsson et al., 2002),
supporting for convergence on common interneurons (Kniffki
et al., 1981; Jankowska, 2001). Thus, sensory transformations
performed by dorsal horn reflex interneurons are critical in the
organization of locomotion, and dorsal horn neurons might
be the first key site for interpretation and selection of sensory
information.

Rhythm Generating Interneurons

Spinal interneurons form neural networks that are responsible
for the coordinated activity during locomotion. These neural
networks, termed as CPGs, can generate rhythmic motor activity
in absence of descending and movement-related afferent inputs
to the spinal cord (Grillner and Zangger, 1979; Grillner, 1981;
Kjaerulff and Kiehn, 1996). In animals, locomotor CPGs have
been extensively studied for the last century (reviewed in
Rybak et al, 2015; Kiehn, 2016), however, their existence in
humans has been debated for many years as it is largely based
on similarities between long-latency flexor reflexes to those
observed in L-DOPA treated spinalized animals and epidural
stimulation induced rhythmic locomotor activity (Bussel et al.,
1996; Dimitrijevic et al., 1998). Regardless of our inability to
produce rhythmic locomotor activity in absence of descending
and afferent inputs in humans, the basic function of spinal
interneuronal circuits, that may compose parts of the CPG, are
preserved in humans.

Contribution of Reflex Pathways to
Locomotion

Group la Muscle Afferents Initiated Reflexes

One of the most studied neuronal circuits is the one engaged
in the spinal stretch reflex due to its significant contribution
to posture and locomotion. The significant contribution of
the muscle spindles to stretch-mediated responses was first
described in decerebrate cats, in which transection of the dorsal
roots completely abolished any muscle response or contraction
following knee joint stretching (Liddell and Sherrington, 1924).
The reflex origin of the response was recognized in early 19th
century but it was not until mid-1950 when its monosynaptic
nature and the exclusive contribution of group Ia afferents to the
afferent limb of the reflex pathway were demonstrated (Lloyd,
1943a; Eccles and Lundberg, 1958; Lundberg and Winsbury,
1960). These neurophysiological properties were later confirmed
in humans. The synaptic Ia afferent transmission at the sacral
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spinal cord is approximately 0.4 ms in humans (Ertekin et al,
1996). This synaptic delay was evaluated based on (1) surface
EMG recordings of the soleus H-reflex following tibial nerve
stimulation, (2) surface EMG recordings of motor responses
following epidural stimulation at L4-5 or L5-S1, and (3) soleus
EMG response recordings following bipolar epidural electrical
stimulation (Ertekin et al.,, 1996). The delay is consistent with
the monosynaptic reflex delay reported in humans by Magladery
etal. (1951a,b) during which anterior root action potentials were
recorded upon tibial nerve stimulation at low intensities, and
in cats following electrical stimulation of the group Ia afferents
from the dorsal roots (Lloyd, 1943a,b). We should note that
the stretch and/or tendon tap reflexes are oligosynaptic and are
not purely Ia-mediated in humans. This is based on the delayed
onset of excitation in single motor units and long-lasting multiple
discharges (25 ms) with tendon percussion, delayed ventral root
responses elicited by Achilles tendon tap, and a sacral cord
conduction delay of 4.1 ms for the Achilles tendon reflex (Burke
et al., 1983, 1984; Ertekin et al., 1995).

The stretch reflex is deeply modulated during locomotion,
a phenomenon that has been attributed to central spinal
mechanisms. Specifically, it reaches its maximal amplitude before
the peak soleus locomotor EMG activity resulting in an increased
reflex during the extension phase and decreased reflex during
the flexion phase of locomotion in mesencephalic cats (Akazawa
et al, 1982). The phase-dependent stretch reflex amplitude
modulation is attributed to modulation in the excitability of alpha
motoneurons, and modulation produced by the CPG affecting
the excitability of motoneurons via premotoneuronal networks.
The rhythmic modulation of Ia EPSPs lends support to the
involvement of a CPG driving afferent volleys (Schomburg and
Behrends, 1978). Similarly to the observations in decerebrate cats,
the short-latency soleus stretch and H-reflexes in humans are
deeply modulated during walking, with both reflexes increased at
heel contact (relative to swing phase), progressively increased in
amplitude from mid to late stance phase, decreasing to zero just
before or during the stance-to-swing transition phase followed
by significant depression during the swing phase and possible
increase in late-swing phase (Capaday and Stein, 1986; Sinkjeer
et al., 1996; Knikou et al., 2009, 2011). At heel contact, proper
force absorbtion from the impact is ensured by concomitant
eccentric contraction of the tibialis anterior and concentric
contraction of the triceps surae, during which the spinal soleus
stretch or H-reflex are mostly downregulated. At this phase,
it is the quadriceps H-reflex in humans that increases while
it remains deeply depressed throughout the remaining step
cycle (Dietz et al, 1990; Larsen et al,, 2006). The increased
quadriceps H-reflex ensures knee joint shock absorption and
stretch-mediated shortening of the knee extensors at heel contact
and early stance phase. The soleus H-reflex is progressively
increased from mid to late stance contributing to the necessary
ankle stiffness needed during push off.

The similar modulation pattern of the ankle stretch and
H-reflex in humans and mesencephalic cats and humans,
attributed to phase-dependent modulation of presynaptic and
postsynaptic spinal inhibitory mechanisms and the CPG
regulating these spinal neural circuits in consolidation or in

absence of supraspinal control (Knikou, 2010), suggests that
quadrupedal and bipedal locomotion may have common neural
ensembles regardless of the evolution of gait.

Contribution of la Interneurons and Renshaw Cells
Reciprocal inhibition is the neural basis for relaxation of
antagonist muscles during flexion-extension movements.
Reciprocal inhibition is centrally controlled in parallel with
the corresponding motoneurons to produce a coordinated
contraction of flexors and relaxation of extensors and vice versa.
During locomotion, the neural control of reciprocal inhibition
is not a simple reflexive action but rather the result of complex
neural mechanisms at multiple segments on both sides of the
spinal cord. Although IaINs and RCs mediating reciprocal and
recurrent inhibition do not generate the locomotor rhythm (Pratt
and Jordan, 1987), as rhythm generation is generally accepted to
depend on glutamatergic excitatory interneurons (see Evidence
From Animal Studies Using Molecular Genetic Approaches and
Classical Electrophysiological Methods), IaINs and RCs shape
and modulate the locomotor pattern. For example, quadriceps
IaINs exhibit a decrease in discharge frequency at the end
of the extension phase of the step cycle, that coincides with
increased rates of firing in extensor RCs (Pratt and Jordan,
1987), while tibialis anterior IaINs are mostly active during the
hyperpolarization of extensor motoneurons (Geertsen et al,
2011) during fictive locomotion. RCs are rhythmically active
and discharge in phase with the motoneurons from which
they are excited (Pratt and Jordan, 1987), consistent with the
reported recurrent IPSPs on motoneurons produced by ventral
root stimulation during all phases of the step cycle (McCrea
et al.,, 1980). Simultaneous extracellular recordings from IaINs
and intracellular recordings from motoneurons during fictive
locomotion in spinal cats confirmed that IaINs are active mostly
in the inactive (flexion) phase when their target motoneurons are
hyperpolarized (Geertsen et al., 2011).

In mice with selective loss of V1 interneurons, some of which
differentiate into RCs and IaINs, flexor-extensor alternation
during locomotor-like oscillations remains unaffected, suggesting
that TaINs and RCs are not responsible for flexor-extensor
coordination (Gosgnach et al.,, 2006). Based on these findings,
the authors suggested that IaINs and RCs play a critical role
in determining the frequency of the CPG rhythm and in
controlling the speed of locomotor movements (Gosgnach et al.,
2006). However, current-clamp recordings revealed pathological
prolonged periods of motoneurons membrane depolarization,
and maintained firing during the depolarized phase resulting
in increased step cycle durations and EMG bursts (Gosgnach
et al., 2006). Thus, elimination of V1 neurons activity may not
be sufficient to prevent the expression of the normal pattern of
alternating flexor and extensor activity and right-left alternation.
Whether this is due to lack of V1 contributing to coordination
or because different classes of neurons are engaged in these
mice models remains to be determined. One might assume that
this is because reciprocal TaINs are not involved in the flexor-
extensor coordination. However, the latter preposition is against
the physiological and anatomical connectivity of IaINs in the cat
spinal cord (Hultborn et al., 1971a,b, 1976a; Jankowska et al.,
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2005), and that nearly all RCs receive excitatory or inhibitory
inputs during locomotor-like rhythmic activity in isolated mice
spinal cords pretreated with NMDA and serotonin (Nishimaru
et al., 2006). In an effort to further address the networks
involved in flexor-extensor coordination, concomitant blockade
of GABA, and glycinergic inhibition from all ventral neurons
uncoupled the coordination in vesicular glutamate transporter 2
knockout mice, supporting that IaINs and RCs are sufficient to
coordinate the flexor-extensor alternation (Talpalar et al., 2011).

During walking in humans, recurrent inhibition and
reciprocal inhibition are modulated in a phase-dependent
manner. The recurrent inhibition, exerted from knee extensors
on soleus motoneurons, decreases in early stance and increases
in late stance phases (Lamy et al., 2008), while the recurrent
inhibition from the tibialis anterior onto the biceps femoris
during the swing phase is replaced by facilitation in the early
stance phase (Marchand-Pauvert and Nielsen, 2002). Further,
the amount of reciprocal inhibition exerted from pretibial
afferents on soleus motoneurons increases linearly with the
contraction level of soleus EMG activity (Capaday et al., 1990),
also documented by an increased short-latency soleus H-reflex
depression following common peroneal nerve stimulation
during the swing phase (Petersen et al., 1999; Mummidisetty
et al, 2013). However, the conditioning afferent volley is
modulated on top of the test afferent volley modulation during
human walking. Thus, the modulation of recurrent inhibition
and reciprocal inhibition per se during human walking may not
exclusively describe the function or contribution of these spinal
interneurons to locomotion. In general terms, similarities in
function of reciprocal and recurrent inhibitory neural circuits in
animals and humans during locomotion do exist.

Contribution of Group | Afferents From Extensors to
Stance

The duration of the step cycle and EMG locomotor bursts
amplitude likely depends on the activity of more than one class of
neuron, including those integrating feedback related to loading,
stretch, and sensations from the foot. It is also well established
that the interneuronally mediated actions of group I extensor
afferents on extensor motoneurons reverse from inhibitory to
excitatory, not through disinhibition, but an excitatory pathway
that becomes active during locomotion. Specifically, stimulation
of ankle extensor group I afferents increases the activity of
extensor motoneurons during stance or promotes initiation
of the extension phase in spinal cats (Conway et al., 1987;
Pearson et al., 1992; Gossard et al., 1994). Extracellular recordings
suggested that these neurons are located in the intermediate
nucleus, while the second-order interneurons are located in
lamina VII below the intermediate nucleus (Gossard et al., 1994;
Angel et al., 2005).

Further experiments during locomotion in cats, suggested that
group I excitatory inputs accounts for 20-50% of the EMG force
during the stance phase (Donelan and Pearson, 2004; Donelan
et al., 2009), while reflexes evoked by changes in muscle length
produce 35% of the force during stance in the cat ankle extensors
(Stein et al., 2000). The latter is consistent with the contribution
of muscle spindle afferents to locomotion, whereas the activity of

the triceps surae in reduced mesencephalic animal preparations
is decreased by half during peripheral nerve block of fusimotor
axons (Severin, 1970).

In humans, unloading of the ankle extensors in the stance
phase reduces the soleus muscle activity by half in early and
mid-stance phases (Sinkjeer et al., 2000). The reduced soleus
EMG activity is attributed to group Ib and/or group II afferents
involving IbINs and group II interneurons as the effect is not
altered when transmission of Ia afferents is blocked by ischaemia
of the leg or when transmission of the antagonistic nerve is
blocked by local anesthesia (Sinkjeer et al., 2000). The reversal of
group I inhibition to group I excitation between ankle synergistic
motoneurons reported during fictive locomotion (Conway et al.,
1987) was either not evident during walking (Stephens and Yang,
1996) or it was observed in one third of the human subjects
being tested (Faist et al., 2006), likely due to the superimposed
modulation of the conditioning afferent volley and the non-direct
nature of recordings in human locomotor studies.

Contribution of Hip Muscle Afferents to Phase
Transition

Hip flexor afferents (group Ia and group II from iliopsoas
and sartorius muscles) regulate the duration of the stance
and/or swing phases and the stance-to-swing and swing-to-
stance transition phases in spinal cats (Grillner and Rossignol,
1978; Andersson and Grillner, 1983; Kriellaars et al., 1994;
McVea et al,, 2005). The swing phase is initiated only when
the hip joint passes a threshold extension angle and the
contralateral limb is in a position to accept load (Grillner and
Rossignol, 1978). Further works provided strong evidence that
hip flexor muscle afferents entrain the fictive locomotor pattern
in absence of any input from the hip joint or from tendon
organ afferents (Pearson and Rossignol, 1991; Kriellaars et al.,
1994; Perreault et al., 1995). Entrainment of the locomotor
rhythm is also produced from other flexor afferents. For
example, tibialis anterior muscle stimulation at high intensities
terminates the ongoing flexion and initiates an extension phase
(Stecina et al., 2005), while tibialis anterior muscle stretch
during the stance phase promotes the onset of flexor burst
activity in the ipsilateral leg and of the contralateral extensor
activity in spontaneously walking decerebrate cats (Hiebert et al.,
1996).

Entrainment of the locomotor rhythm in humans is difficult
to demonstrate, but hip afferents adjust the step cycle duration
of the contralateral leg (Pang and Yang, 2001), hip extension
shortens the stance phase and advances the swing phase,
and an inverse relationship between hip position and load at
the time of swing phase initiation has also been found in
infants during walking (Pang and Yang, 2000). This indicates
that these two factors do not act in isolation to regulate
the transition, which is similar to that found for reduced
animal preparations during fictive locomotion. These neuronal
interactions are evident during concomitant imposed hip
movements and excitation of Ib afferents that abolishes the soleus
H-reflex facilitation commonly observed during hip extension
and reverses the soleus H-reflex inhibition during hip flexion
to facilitation (Knikou and Rymer, 2002), a pattern largely
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resembling the soleus H-reflex phase-dependent modulation
during waking.

Cutaneous Afferents Initiated Reflexes

and Their Contribution to Locomotion
Cutaneous afferents, especially those arising from the foot
region, contribute to the reflex regulation of locomotion likely
because of their location as they can sense foot placement,
distribution of pressure in metatarsals, and step progression
(Rossignol et al., 2006). In freely walking cats, cutaneous afferents
discharge mainly around touchdown and toe off, whereas
other cutaneous afferents may discharge throughout stance
(Loeb et al.,, 1977). The reflex effects of cutaneous afferents
are characterized by a “reversal of actions” that depends on
the phase of the step cycle during locomotion. For example,
stimulation of the dorsum of the foot during the swing phase
enhances flexion, but when the same stimulation is delivered
during the stance phase, cutaneous afferents promote extension
(Forssberg et al., 1977). Similarly, stimulation of the tibial or sural
nerves at low intensities during locomotion in premammillary
cats increases or decreases triceps surae EMG burst activity
when stimuli are delivered during the extension or flexion
phases, respectively (Duysens, 1977). An opposing reflex action
is observed when stimulation is delivered at high intensities,
supporting the presence of inhibitory and excitatory neural
connections from large and small cutaneous afferents (Duysens,
1977).

Cutaneous afferents of the plantar aspect of the foot alter
the step cycle duration or even entrain the locomotor rhythm.
Stimulation of the plantar aspect of the foot applied during
the stance phase increases the amplitude and duration of the
ongoing extensor muscle activity, prolongs the stance phase
of the ipsilateral limb and/or blocks the contralateral swing
initiation, and when stimulation is delivered during the swing
phase either prolongs the ongoing flexor activity or shortens
the following extensor EMG burst (Duysens and Pearson, 1976;
Duysens and Stein, 1978). Evidence for the phasic control of
cutaneous reflex pathways during fictive locomotion is available
in abundance (Andersson et al., 1978; Quevedo et al., 2005),
supporting the existence of a central spinal mechanism regulating
circuits integrating cutaneous input during locomotion. The
crossed flexor or crossed extensor responses in the intact freely
walking and high decerebrate cat (Duysens et al., 1980; Gauthier
and Rossignol, 1981), support the notion that interneurons
mediating reflex actions of cutaneous afferents may be a
part of the CIN system. Further, the ability of cutaneous
stimuli to alter the amplitude modulation of PADs and DRPs
evoked by muscle group I afferents (Gossard et al., 1989;
Ménard et al, 2002, 2003), supports a sophisticated phase-
dependent control of cutaneous afferents at presynaptic and
premotoneuronal sites during locomotion (Gossard et al., 1989,
1990; Degtyarenko et al., 1996; Burke et al., 2001) that may
be controlled by the CPG. The importance of cutaneous input
to locomotion is evident in cases in which preservation of
minimal cutaneous input is required to promote correct foot
placement and weight support in spinalized cats (Bouyer and
Rossignol, 2003a,b), by the unstable gait observed in piezo

type mechanosensitive ion channel component 2 knockout
mice when the mechanotransduction in Merkel cells, muscle
spindles, and Golgi tendon organs is prevented (Coste et al.,
2010; Tkeda et al., 2014; Woo et al, 2015), and by the
improved locomotor recovery when cutaneous feedback is
enhanced in spinal animals (Muir and Steeves, 1997; Smith et al.,
2006).

In humans at rest, electrical stimulation of low-threshold
afferents evokes complex excitatory and inhibitory short- and
long-latency reflex responses in multiple leg muscles (Aniss et al.,
1992). These complex excitatory and inhibitory reflex responses
are not stereotyped but highly modifiable based on the type and
phase of the motor task (Burke et al., 1991). During walking, the
perceived cutaneous sensation increases at the end of swing phase
(Duysens et al.,, 1995), ensuring appropriate placement of the
foot at heel contact and control of the ankle during early stance.
Low-intensity stimulation of the sural nerve evokes facilitatory
responses in the tibialis anterior muscle at early swing, but
tibialis anterior suppression with weak ankle plantar flexion when
stimulation is delivered at end-swing (Duysens et al., 1992). The
EMG responses of thigh and shank muscles following superficial
nerve stimulation are correlated to the kinematics of the knee
and ankle joints (Zehr et al., 1997), allowing smooth movement
without tripping of the swing phase and correct placement of
the foot in order to accept the weight at the beginning of the
stance. The reversal of reflex actions is also evident in antagonistic
muscles, during which a dominant tibialis anterior response
during swing becomes a facilitatory response in triceps surae at
equivalent latencies during stance (Duysens et al., 1990). These
findings clearly support for complete reflex reversals in the sign
of cutaneous reflexes in human, as originally documented in
the cat (Forssberg et al., 1975), lending further support for the
existence of CPGs engaged in a similar manner in both animals
and humans.

Contribution of Commissural and
Propriospinal Interneurons to Limb
Coordination

Evidence From Animal Studies Using Molecular
Genetic Approaches and Classical
Electrophysiological Methods

Right-left limb coordination may be controlled by neural
networks integrating inputs related to bilateral hip extension
and limb loading. This can be accomplished via continuous
presynaptic regulation of synaptic transmission from group I, II
afferents as well as cutaneous afferents (Gosgnach et al., 2000;
Ménard et al,, 2003), and actions between neurons integrating
synaptic events of flexor reflex afferents to motoneurons
bilaterally (Hultborn et al., 1998; Schomburg et al., 1998). These
pathways likely involve neurons that ensure appropriate control
of bilateral motoneurons of multiple spinal segments in a timely
manner. Thus, CINs, which have axons that cross the midline
and provide communication between the two halves of the spinal
cord regarding motoneuron output, are crucial for the right-left
limb coordination (Buchanan and Grillner, 1987; Buchanan and
McPherson, 1995; Chédotal, 2014).
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The activity of spinal CINs and their importance during
fictive locomotion has been described in the isolated spinal cord
of the lamprey (Birdet et al., 2008), neonatal mouse (Zhong
et al., 2006), and spinal cat (Matsuyama et al., 2004). Most of
the VO and V3 interneurons are commissural. Recent studies
utilizing Dbx1 mutant mice lacking VO interneurons provide
clear evidence for the important role of CINs in locomotion.
Mice with selective loss of VOp and VOy CINs, which respectively
form inhibitory connections with contralateral motoneurons and
excitatory connections with V1 interneurons (RC, IaIN and
others), exhibit episodes of abnormal locomotion with increased
incidence of cocontraction between right and left locomotor
activity, while unilateral phasic flexor-extensor activity largely
remains normal (Lanuza et al.,, 2004). In addition, ablation of
VO inhibitory neurons in transgenic mice leads to an activity
pattern with no clear right-left alternation at low locomotor
speeds, mixed coordination at medium speeds, and alternation
at high locomotor speeds (Talpalar et al.,, 2013). Although not
commissural in nature, V2a neurons project to contralateral
motoneurons through synaptic connections with ipsilateral CINs
VO0y. Increasing evidence suggests that they directly control the
right-left CPG networks in rodents (Crone et al., 2008, 2009;
Dougherty and Kiehn, 2010; Zhong et al., 2010). Ablation of V2a
neurons, increases the variability of the step cycle (frequency and
amplitude), and severely disturbs the right-left leg coordination
(Crone et al., 2008).

Silencing V3 CINs in the awake behaving adult mice markedly
increases the variability of both stance and swing phases of the
step cycle as well as the amplitude of locomotor bursts (Zhang
et al., 2008). Modeling studies suggest that V3 CINs produce
a progressive increase in the locomotor speed accompanied by
sequential changes of gaits (Danner et al., 2016). In mice that
have received training with different locomotor tasks, V3 neurons
were preferentially activated in swimming, while both dorsal
and ventral V3 neurons were actively recruited during running
(Borowska et al., 2013), suggesting a task-dependent recruitment
of these neurons.

Ablation of V2a or V3 interneurons does not abolish rhythmic
activity, although may disrupt right-left alternation (Crone et al,,
2008, 2009; Zhang et al., 2008). This is because the major source
of rhythm generation is believed to rely on other populations
including the Shox2+ non-V2a interneurons (Dougherty et al.,
2013) and a small group of interneurons that are Hb9' and
display rhythmogenic cellular properties and synchronized firing
(Brownstone and Wilson, 2008; Ziskind-Conhaim et al., 2010;
Caldeira etal., 2017). Based on the above evidence, CINs are likely
responsible for driving right-left coordination but are not critical
to rhythm generation (Lanuza et al., 2004; Crone et al., 2008).

In addition to neurons connecting the two halves of the spinal
cord, neurons coupling cervical and lumbar spinal segments
ensure postural stability during locomotion and forelimb-
hindlimb coordination. Classical neurophysiological studies have
shown that the EPSPs of hindlimb motoneurons in response
to forelimb nerve stimulation are modulated in a phase-
dependent manner during fictive locomotion in high spinal cats
(Schomburg et al., 1977). Similarly, stimulation over the skin
of the metacarpals and metatarsals increases activity of flexors

or extensor muscles of the corresponding hindlimb or forelimb
in a phase-dependent manner (Miller et al., 1977). Injection
of intraspinal rabies virus in cervical and lumbar spinal cords
of mice during locomotion produced postural instability and
impaired forelimb and hindlimb coordination (Ruder et al.,
2016), lending support for a significant contribution of long PINs
to postural stability during locomotion.

Genetic identification of neurons connecting the two halves
of the spinal cord and caudal with rostral spinal segments, in
addition to studies postulating synaptic linkages between these
neurons via classical electrophysiological studies, cannot readily
be applicable to humans but they do provide an insight into the
molecular identity of neurons involved in mammalian locomotor
control, and may contribute in the near future to targeted
therapies of impaired gait when the spinal neurons that generate
locomotion are delineated.

Evidence From Human Studies Using
Electrophysiological Methods

Human walking requires a fine coordination between the two
legs during which flexors or extensors on one side of the
body are silent whilst those on the other side are active. This
pattern is enabled by CINs being reinforced by mutual inhibition
between flexors and extensors on the same side. Contribution of
CINs to human walking is clearly evident from the behavior of
interlimb spinal reflexes. Stimulation of the tibial nerve at the
end of ipsilateral swing phase decreases the contralateral soleus
EMG and increases the contralateral gastrocnemius EMG at a
longer latency (Gervasio et al., 2013). This effect is consistent
with observations in intact cats (Duysens and Loeb, 1980). The
inhibition of soleus and subsequent facilitation of gastrocnemius
medialis at the end of ipsilateral swing phase may act as a neural
coupling mechanism of knee and ankle joints preparing the
ankle for heel contact. However, this is not the case for cats
since responses in the contralateral soleus muscle are absent
upon manifestation of excitatory responses in the contralateral
gastrocnemius medialis (Duysens and Loeb, 1980). Mathematical
modeling predicted that the presence of short-latency crossed
responses in humans is correlated to the activity of muscle spindle
secondary afferents (Gervasio et al., 2017), and thus to group II
interneurons. The central latency (~3 ms) of the contralateral
soleus motoneurons reflex response suggests for transmission
through an oligosynaptic pathway (Hanna-Boutros et al., 2014),
while the different intensities required for early and late phases
of inhibition are suggestive for involvement of both group I and
II afferents (Hanna-Boutros et al., 2014). However, cutaneous
afferents are also involved in crossed reflex actions on the basis
that stimulation of the superficial peroneal nerve of the left leg at
100 ms before tibial nerve of the right leg modulates the soleus
H-reflex excitability in a phase-dependent manner (Suzuki et al.,
2016).

When we walk, arms, and legs may move in synchrony or
in opposition. Although, interlimb coordination is considered
as a residual function of quadrupedal locomotion (Dietz, 2002),
evidence suggests that human bipedal locomotion also relies on
neural interactions between cervical and lumbar segments of
the spinal cord. For example, propriospinally mediated group
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I inhibition from plantar muscles can potentially decrease
excessive extensor reflex activity during the stance phase
(Abbruzzese et al., 1996), allowing for a smooth stance-to-swing
transition. During treadmill walking, stimulation of the hand and
foot evokes interlimb cutaneous reflexes in both the arms and legs
that are modulated in a phase-dependent pattern during walking
(Haridas and Zehr, 2003). Stimulation of the foot during walking
evokes large cutaneous reflexes in shoulder muscles. The reflex
responses from hand to foot and from foot to hand are organized
in a reciprocal pattern. Foot stimulation evokes inhibition in
the ipsilateral posterior deltoid muscle during stance, while
facilitation in the contralateral posterior deltoid muscle is present
during contralateral stance. Further, the crossed reflex effects
for each arm are present at the same step cycle phase as are
evident for the leg. For example, inhibition in the ipsilateral
and contralateral tibialis anterior muscle is present during late-
swing following hand stimulation, consistent with the effects
of foot stimulation. The responses to foot stimulation during
early swing were proposed to represent the stumbling corrective
response, while the responses following hand stimulation were
regarded as a protective mechanism in case the hand contacts
an obstacle (Haridas and Zehr, 2003). Further, stimulation of the
superficial radial nerve of both arms produced a significant soleus
H-reflex in the early stance phase that is replaced by facilitation
during standing (Suzuki et al., 2016). We may consider that these
stimulation-induced responses may not function in the same way
during free walking, but the similar muscle activity pattern of
arms and legs during walking, cycling, and stepping (Zehr et al,,
2007) suggests for strong neural links of arms and legs during
locomotor tasks in humans.

Locomotor Electromyographic Activity

The phase-dependent modulation of monosynaptic and
polysynaptic reflex responses within a limb and between limbs
reflects the function of multiple spinal cord interneurons acting
as an integrated whole. Neurophysiological evidence suggests
that common neural ensembles are preserved in both animal and
human. IaINs, RCs, group II interneurons, neurons mediating
sensation from the periphery, and neurons crossing the midline
of the spinal cord or connecting cervicothoracic and lumbosacral
segments are significant contributors to locomotion. Locomotor
EMG activity in animals, non-human primates and humans
during forward and backward walking (Figure 5), undoubtedly
demonstrates that motoneuron pools are active at different
times of the step cycle across species. For example, the triceps
surae/tibialis anterior cocontraction at heel contact in humans
is absent in the cat and rat, the hip adductor gracilis muscle
activity at early- and late-stance and thought out the swing
phase in human is active mostly during the stance phase in
the rat and under a multi-phase modulation pattern in the
cat (Figure 5). Similarly, the knee extensor muscles are active
during the early stance phase in human but throughout the
stance phase in the dog, cat and rat. These different muscle
activation patterns point for participation of additional or
different neuronal ensembles in humans compared to animals,
as a result of bipedal locomotion. When humans walk on four
limbs, the hip flexor and knee extensor muscles are characterized

by prolonged bursts (MacLellan et al., 2012), similar to the
prolonged pattern of proximal limb muscles in cats (Yakovenko
et al., 2002) and monkeys (Courtine et al., 2005). The proximal
limb muscle activity coincides with absent activity of plantar
flexor muscles during stance (MacLellan et al., 2012), a typical
EMG activity for bipedal walking. Interlimb coordination during
four-point crawling is manifested as trot-like, pace-like, and
mix-limb pairing (Patrick et al., 2009; Gallaher et al., 2011).
Similarly, when non-human primates walk bipedally, their gait
differs from that of humans, with absent heel contact, absent
ankle dorsiflexion after foot contact, heel contact during mid- to
late-stance phases, weak push off, more hip flexion, and poorly
developed mechanisms of hip abduction, a critical contributor
to pelvis and trunk control (Elftman and Manter, 1935; Manter,
1938; Prost, 1967; Grillner, 1981).

The altered EMG activity during bipedal and quadrupedal
locomotion suggests a different function of common spinal
neural circuitries across species that can potentially be attributed
to physiological and anatomical adaptations subserving bipedal
gait. For example, heteronymous Ia connections from medialis
gastrocnemius to soleus in humans are absent, very small in
the baboon, and large in the cat (Eccles et al.,, 1957b; Pierrot-
Deseilligny et al., 1983; Hongo et al., 1984). Further, there are
strong heteronymous connections in humans linking muscles
crossing multiple joints as evidenced by the effects exerted from
gastrocnemius to quadriceps motoneurons via Ia afferents. These
neural interactions ensure weight bearing in the stance phase
of walking by slowing down the passive ankle dorsiflexion,
and thus have been adapted in humans to subserve bipedal
gait or unilateral standing. Further, the strong intersegmental
coupling stabilizing the vertical trunk and optimizing energy-
saving pendulum movements (Ivanenko et al., 2004; Hirasaki
et al, 2004) confirms the presence of significant neuronal
differences between bipedal and quadrupedal gaits.

CONCLUDING REMARKS

The function of neurons and intraspinal neural circuits testify
toward the significant contribution of the spinal cord to
locomotion. The spinal cord neural cells in their body,
dendrites, and axons, have encoded information needed for local
recognition, regulation of synaptic strength, transformation of
sensory afferent feedback, and integration of descending inputs.
In order to better understand the functional organization and
capabilities of the spinal cord, we need to understand how spinal
neurons work at multiple levels.

Evidence from animal and human electrophysiological
studies support the notion that the basic neural ensembles in
which inhibitory ipsilateral interneurons (IaINs, IbINs, RCs),
interneurons connecting the two halves of the spinal cord
and spinal segments, and interneurons mediating presynaptic
inhibiton are preserved across species. When the function of
these interneurons is probed at rest, segmental organization
of these interneurons with multidirectional synaptic actions
on motoneurons and interneurons is largely preserved. During
locomotion, the presynaptic inhibitory network, segmental
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FIGURE 5 | Locomotor electromyographic activity in the intact human, monkey, dog, cat, and rat. Duration of leg/hindlimb muscle activity is shown against
normalized step cycle that starts at heel or paw contact; shaded areas mark the stance phase duration. Forward walking is shown as a solid black box whilst
backward walking is a patterned box. Absent boxes among muscles is due to the lack of available data. Walking muscle activation patterns adopted and modified
from Knikou et al. (2009) and La Scaleia et al. (2014) (human EMG); Courtine et al. (2005) (monkey EMG); Deban et al. (2012) and Goslow et al. (1981) (dog EMG);
Buford and Smith (1990) and Yakovenko et al. (2002) (cat EMG); Thota et al. (2005) and Courtine et al. (2009) (rat EMG). SOL, soleus; MG, medialis gastrocnemius;

Spinal Locomotor Networks

LG, lateral gastrocnemius; PL, peroneus longus; TA, tibialis anterior; MH, medial hamstrings; LH, lateral hamstrings; GRC, gracilis; VL, vastus lateral; RF, rectus

femoris.

neural organization of Ia INs, multidirectional synaptic actions
on motoneurons by group II interneurons, and targeted recurrent
inhibition to specific groups of motoneurons are largely similar
in animals and humans, while differences include a weaker
locomotor Ib facilitatory circuit, more widespread actions of
group II afferents, and phase-dependent locomotor muscle
activation patterns. Different locomotor EMG activation patterns
are likely driven by variations among the distribution pattern of
muscle afferents at multiple segmental levels, resulting in altered
convergence and interaction between different classes of spinal
internreurons and more complex circuits.

In both animals and humans, findings are derived from
experiments recording the responses of motoneurons and
interneurons following excitation of muscle, joint, and cutaneous
afferents. However, during a rhythmic motor task such as
locomotion, multiple spinal interneurons are likely activated or
silent to some extent simultaneously. This technical limitation
may be resolved with the ongoing development of microelectrode
arrays able to deliver targeted stimulation to identified neurons
and record separately activity from other neurons, afferents
and motor axons simultaneously. Further, electrophysiological
methods combined with genetic approaches in the developing
rodent spinal cords have provided significant advancement in
the understanding of the contribution of spinal interneurons
to locomotor function (Kiehn, 2011, 2016). However, whether
depletion of a group of cells or altered neuronal function
of the remaining intact cells or both relates to the altered

motor function and locomotion adaptation requires further
quantification. Last, the locomotor pattern in reduced animal
preparations cannot resemble the gait pattern observed in healthy
humans or after a CNS injury that is susceptible to control
or modifiability by the cerebellum, brainstem and peripheral
feedback (Grillner, 1985). Despite an abundance of evidence on
gait recovery by locomotor training in people with spinal cord
injury (Smith and Knikou, 2016), the neurophysiological changes
with respect to function and interaction of PINs, CINs, and
TaINs-IbINs remain poorly understood. In addition, repetitive
stimulation of the brain and/or spinal cord (Knikou, 2014;
Hofstoetter et al., 2017) can be utilized alone or combined
with activity-based therapies to further promote locomotor
function recovery in people with pathological gait; however,
stimulation protocols are still in their infancy and warrant further
investigation since they cannot target a specific neuromodulation
pathway.

Understanding the function of spinal interneuronal circuits
during mammalian locomotion will assist in delineating the
neural mechanisms underlying locomotor behavior and control,
and contribute to the development of novel targeted locomotor
rehabilitation strategies in cases of impaired bipedal gait in
humans. Only by combining molecular genetics, histology, and
physiological approaches in animals and humans will we be able
to map and better understand how spinal cord neural circuits
work, and thus optimize neuromodulation protocols and thereby
neurorehabilitation.
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